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Preface
The fresh-cut fruit and vegetable market is clearly expanding worldwide. In devel-
oped countries, those commodities are provided by the food industry, while in 
the rest of the countries, these products are prepared under uncontrolled condi-
tions that may pose a risk for consumers. Conscientious of the growing interest 
in these kinds of products, researchers are increasing efforts to offer adequate 
technologies and practices to processors in order to assure safety while keeping 
the highest nutritional properties and best sensory properties of the fresh fruits or 
vegetables. This has led to a significant increase in the amount of new scientific 
data available. However, this information needed to be presented in a critical and 
feasible way.

This book is the result of the valuable contribution of experts from industry, 
research centers, and academia working on different topics regarding fresh-cut pro-
duce. We are sincerely thankful to all of them.
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1 The Fresh-Cut Fruit and 
Vegetables Industry
Current Situation and 
Market Trends

M. Alejandra Rojas-Graü, Edward Garner, 
and Olga Martín-Belloso

1.1 IntroductIon

Fresh-cut fruit and vegetables, initially called minimally processed or lightly pro-
cessed products, can be defined as any fresh fruit or vegetable that has been physi-
cally modified from its original form (by peeling, trimming, washing, and cutting) to 
obtain 100% edible product that is subsequently bagged or prepackaged and kept in 
refrigerated storage (IFPA, 2005). Fresh-cut produce includes any kind of fresh com-
modities and their mixtures in different cuts and packaging. Items such as bagged 
salads, baby carrots, stir-fry vegetable mixes, and fresh-cut apples, pineapple, or 
melon are only some examples of this type of product.

The production and consumption of fresh-cut commodities is not new. According 
to the International Fresh-Cut Produce Association (IFPA), fresh-cut products have 
been available to consumers since the 1930s in retail supermarkets. However, the 
fresh-cut industry was first developed to supply hotels, restaurants, catering services, 
and other institutions. For the food service industry and restaurants, fresh-cut pro-
duce presents a series of advantages, including a reduction in the need of manpower 
for food preparation, reduced need of special systems to handle waste, and the pos-
sibility to deliver in a short time, specific forms of fresh-cut products (Watada et al., 
1996). Yet it has not been until the past two decades that fresh-cut fruit and vegetable 
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products have gained popularity and penetration in the produce business as a result 
of a general trend to increase fresh fruit and vegetable consumption (Mayen and 
Marshall, 2005). The fresh-cut fruit and vegetable industry is constantly growing 
mainly due to the consumers’ tendency to consume healthy and convenient foods 
and their interest in the role of food in improving human well-being (Gilbert, 2000; 
Ragaert et al., 2004). In fact, organizations such as the World Health Organization 
(WHO), Food and Agriculture Organization (FAO), United States Department of 
Agriculture (USDA), and European Food Safety Authority (EFSA) recommended 
an increase of fruit and vegetable consumption to decrease the risk of cardiovascular 
diseases and cancer (Allende et al., 2006). In countries such as the United States, the 
consumption of fresh whole fruit increased from 282.1 to 284.6 lb/year per capita 
during the last decade of the 20th century (USDA, 2003), probably as a consequence 
of an increased public awareness regarding the importance of healthy eating habits.

On the other hand, fresh-cut products are a very convenient way to supply consum-
ers with ready-to-eat foods. Washed, bite-size, and packaged fresh fruit and vegeta-
bles allow consumers to eat healthy on the run and to save time on food preparation. 
For instance, the availability of fresh-cut fruits in vending machines in schools and 
at workplaces would constitute an excellent strategy to improve the nutritional qual-
ity of snacks and convenience foods in a time when obesity and nutrition-related 
illnesses affect large percentages of the population (Olivas and Barbosa-Cánovas, 
2005). In addition to the convenience, there are other reasons for the success of fresh-
cut produce, such as the absence of waste material. Waste is generated in peeling and 
coring fruit. However, when utilizing fresh-cut produce, 100% is consumable, and 
there is a substantial decrease in labor required for home produce preparation and 
waste disposal (Garcia and Barrett, 2005).

A study conducted by the IFPA revealed that 76% of surveyed households buy 
fresh-cut produce at least once a month, and 70% buy fresh-cut fruit every few months 
(IFPA, 2003). About 30% of consumers prefer fresh-cut fruits and vegetables to their 
unprocessed equivalents. In addition, Sonti et al. (2003) indicated that women are 
more likely to buy fresh-cut fruit than men, and as the income level increases, the 
probability of consuming fresh-cut fruits also increases.

Fresh-cut fruits and vegetables, prepackaged salads, locally grown items, and 
exotic produce as well as hundreds of new varieties and processed products have 
been introduced or expanded since the early 1980s. Supermarket produce depart-
ments carry over 400 produce items today, up from 150 in the mid-1970s and from 
250 in the late 1980s. Also, the number of ethnic, gourmet, and natural food stores 
that highlight fresh-cut produce continues to rise. Some fresh-cut produce currently 
available in supermarkets is included in Table 1.1. Because of their convenience 
and consistent quality, packaged salads continue to be the most popular fresh-cut 
product. Today, packaged salads account for about 7% of all produce department 
sales. In fact, in countries such as the United States, consumers have made pack-
aged salads the second-fastest-selling item in grocery stores, trailing only bottled 
water (Bhagwat, 2006). According to Garrett (2002), organically grown fruits and 
vegetables are another segment of the fresh produce industry that experienced strong 
growth in the 1990s, including both whole commodities and fresh-cut products.
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1.2 Global Market tendencIes

Today, there are more fresh-cut fruit and vegetables being consumed as people seek 
to replace unhealthy snack foods with healthier fruit and vegetable products. This 
trend has led the fresh-cut industry to increase investment in research and develop-
ment to address issues regarding raw product supply, packaging technology, pro-
cessing equipment, and refrigeration. After its popularity in the fast food sector, 

table 1.1
Prepared Fruit, leafy salad, and Mixed-tray salads*

Prepared Fruits leafy salads Mixed-tray salads

Classic salad Sweet + crunchy salad Potato + egg salad

Pineapple chunks Watercress Sweet + crunchy salad

Luxury fruit salad Crispy salad Lettuce + tomato + cucumber + celery

Melon medley Iceberg lettuce Mediterranean salad

Melon + grape Italian salad Fresh + crispy

Pineapple pieces Rocket salad Ribbon salad lettuce + cucumber

Sliced melon selection Rocket Mixed pepper salad

Tropical fruit salad Baby leaf salad Prawn + pasta salad

Fruit salad Spinach + watercress + rocket salad Tuna niçoise

Pineapple slices Mixed salad Pasta + cheese salad

Fresh fruit salad Alfresco salad Mixed salad white + red cabbage

Mango chunks Bistro salad Sweet pepper salad

Grape + kiwi + pineapple Caesar salad Oriental edamame soya bean

Apple + grape Italian leaf salad Greek salad

Pomegranates Herb salad Crunchy lettuce salad + cucumber

Fruit fingers Ruby salad Crisp mixed salad

Fruit selection French style salad King prawn + pasta salad

Rainbow fruit salad Crisp mixed salad Tuna + pasta

Mango + lime wedge Fine cut salad Egg salad

Mixed fruit salad Crispy leaf salad Poto + peas + bean salad

Fruit cocktail Leaf salad Pasta + pepper salad

Seasonal melon medley Watercress salad Salmon + potato

Mango pieces Four leaf salad Chicken + bacon Caesar salad

Grape + melon Seasonal baby leaf salad Avocado spinach + tomato

Apple segments Mixed leaf salad King prawn noodle salad

Melon selection Crunchy mixed salad Tomato + cheese pasta salad

Summer berry medley Santa plum tomato salad

Apple slices + grapes Tender leaf salad

Fruit medley Watercress + spinach + rocket

Red grape

Source: Garner, E. 2008. European trends in fresh-cut convenience. Conference presented at the 
Freshconex, Berlin, Germany

* 52-week ranking ending December 2007.
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fresh-cut produce became available at a retail level. This led the way for expansion 
in the industry, which continues, including more recent additions of fresh-cut fruits 
at quick-service restaurants and in retail stores.

The production and commercialization of fresh-cut fruits has grown rapidly in 
recent years, but fresh-cut vegetables, salad in particular, dominate the production of 
minimally processed foods. According to Mayen and Marshall (2005), the emerging 
fresh-cut fruit sector will probably overshadow salad sales in the future, because 
fresh-cut fruits are more attractive to young consumers and aging baby boomers and 
in general are more likely to be consumed as snack products. In addition, fresh-cut 
fruits on average have higher margins than bagged salads from retail, which will 
result in ample space for display in the stores.

1.2.1 AmericAn Trends

Recently, there has been a boom of fresh-cut produce all over the world, especially 
in many American countries; however, the main production and consumption are 
concentrated in North America, with the United States as the leader.

In the United States, fresh-cut produce first appeared in retail markets in the 
1940s, but second-quality, misshapen produce was used, quality was unpredictable, 
and shelf life was limited. In the mid-1970s, fast food chains were using shred-
ded fresh-cut lettuce and chopped onions. In the mid-1980s, salad bars opened, and 
fresh-cut produce start replacing canned products (Garrett, 2002). In fact, the main 
expansion of fresh-cut fruits and vegetables in the United Stated occurred in the 
food service sector. In the 1980s, fast food restaurants like McDonald’s and Burger 
King were booming in the United States, so fresh-cut products used in their salad 
bars and ready-to-eat salads, especially fresh-cut lettuce, were the more required 
items. In effect, in 2006, in the United States alone, McDonald’s used 80 million 
pounds of salad greens (including spring mix), 100 million pounds of leaf lettuce and 
iceberg lettuce on sandwiches, 30 million pounds of tomatoes, 54 million pounds of 
apples for apple dippers and fruit and walnut salad, and 6.5 million pounds of grapes 
(McDonald’s, 2006). Nowadays, fresh-cut produce is one of the fastest growing food 
categories in U.S. supermarkets, with packaged salads the most important item sold 
(Figure 1.1). Additionally, the most popular Stock Keeping Unit (SKU)—washed, 
peeled, and packaged—in the United States is mini carrots, available in a number of 
sizes (USDA, 2003).

Fresh-cut fruit and vegetable sales have grown to approximately $15 billion per 
year in the North American food service and retail market and account for nearly 
15% of all produce sales. According to the United Fresh Produce Association (2007), 
the largest portion of U.S. fresh-cut produce sales at retail is fresh-cut salads, with 
sales of $2.7 billion per year. However, the fast food sector is increasing the demand 
for packaged fresh-cut fruits by offering healthier choices on their menus. Scott 
(2008) reported that the U.S. sales of fresh-cut fruit items increased for every prod-
uct, ranging from 7% to 54% growth. Melons were the segment with a faster growth. 
This trend is expected to continue at least during the next few years. A number 
of consumer market research reports have predicted that the demand for fresh-cut 
fruit products will continually increase, with food service establishments and school 
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lunch programs being major customers (Anonymous, 2000; Gorny, 2003). According 
to a study reported by the Perishables Group in 2008, mixed fruits and vegetables, 
watermelon, pineapple, carrots, and mushrooms have the most important sales and 
volume in U.S. fresh-cut items (Figure 1.2).

Currently in the United States, the most important company in fresh-cut fruit 
sales is Ready Pac, with a market share of 23%, followed by private-label store 
brands (31%), Del Monte (13%), Country Fresh (7%), Club Fresh (3%), and Fresh 
Express (1%), according to Information Resources, Inc. (2003). Many of these com-
panies’ fresh-cut fruit includes products such as pineapple, melons, grapes, citrus, 
apples, and kiwi. In the case of fresh-cut vegetables, Fresh Express and Dole reached 
shares of 42% and 48%, respectively, of retail packaged salad sales in 2005, followed 
by Ready Pac (8%) and other companies (4%) (PMA, 2006). Many kinds of lettuces, 
such as radicchio, arugula, and red oak, have gained in popularity in past years 
because of their inclusion in fresh-cut salad mixes and on upscale restaurant menus. 
In fact, salad blends reached a share of 37% of the salads market in 2005, followed 
by iceberg lettuce (13%), romaine lettuce (11%), garden salads (8%), salad kits (6%), 
organic salad blends (4%), premium garden blends (83%), shredded lettuce (3%), 
spinach (3%), and other (12%) (PMA, 2006).

1.2.2 europeAn Trends

In Europe, fresh-cut products were introduced in France in the early 1980s by Florette 
Group. It was the first production unit of fresh-cut vegetables in Europe which sub-
sequently started various activities to export to other countries such as the United 
Kingdom, Italy, and Switzerland. Fresh-cut products have been adapted to each 
country according to consumer preferences, production, distribution, and legislation. 
In Spain, for instance, fresh-cut products were introduced by Vega Mayor, which 
were present on the Spanish and Portuguese markets since 1989. Twenty years later, 
Vega Mayor was acquired by the Florette Group and at the moment is the Spanish 
leader in the fresh-cut vegetables market. Currently, the main manufacturers and 

23%

48%

29%

Fruit Packaged salads Veggies*

FIGure 1.1 Fresh-cut produce sales via supermarket channels, 52-week sales ending June 
30, 2007, $6 billion total. *Carrots = 45% of vegetables. (Adapted from Cook, R. 2008. The 
dynamic U.S. fresh produce industry: an industry in transition. Fresh Fruit and Vegetable 
Marketing and Trade Information, University of California, Davis.)
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traders operating in the Spanish market are Vega Mayor, Verdifresh, Kernel, Tallo 
Verde, Sosegol, and Primaflor (Figure 1.3). However, other producers in the food 
industry have started to commercialize their new fresh-cut products in the last years. 
For instance, Vitacress, which is the second firm leading in sales in the English 
market, after their introduction and success in Portugal, is now beginning their entry 
into the Spanish market through Vitacress Iberia. Another example is the company 
Cofrusa, which offers fresher products, such as salads, ready-to-eat vegetables, and, 
more recently, individual portions of fresh-cut fruits.

Mixed fruits
36%

Other fresh-cut
fruits

6%

Fresh-cut Vegetables Share ($)

Fresh-cut Fruit Share ($)

Strawberries
2%

Grapefruits
3% Apples

5%
Other melons

5%

Cantaloupe
7%

Pineapple
14%

Watermelon
22%

Broccoli
3%

Onions
3%

Celery
2% Squash

1%
Other fresh-cut

vegetables
6%

Carrots
44%Peapods

6%

Mushrooms
17%

Mixed vegetables
18%

FIGure 1.2 Fresh-cut vegetables and fruits share in the United States (in dollars). (Adapted 
from Perishables Group. 2008. U.S. fresh cut produce trends. Conference presented at the 
Freshconex, Berlin, Germany.)
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The European markets for fresh-cut fruits and vegetables vary between countries. 
In some, there is a wide range available in supermarkets, and in others, ready-to-eat 
food is practically a novelty.

The fresh-cut industry is rising in many European countries with the United 
Kingdom, France, and Italy as share leaders. Over the last decade, ready-to-eat 
mixed salad packs have been one of the greatest successes of the UK food industry. 
The United Kingdom is the leader of the sector, supplying 120,000 tons of fresh-cut 
salads in 2004, equal to €700 M ($840 M U.S.); France followed with 77,000 tons 
considering fresh-cut and grilled/steamed vegetables. In Italy, the sales exceeded 
42,000 tons of production, corresponding to €375 M ($450 M U.S.) in 2004 (Nicola 
et al., 2006). Currently, the countries with higher growth in the fresh-cut fruits and 
vegetables market are Germany, The Netherlands, Spain, and United Kingdom 
(Figure 1.4) (Garner, 2008). According to the latest data released by Afhorla (the 
Spanish Association of Washed and Ready-to-Use Fruit and Vegetables) between 
January and April 2006, Spanish sales had reached 14,675 tonnes, 18.5% more than 
the same months in 2005. Fresh-cut products represent 5% of all fruit and vegetables 
consumed in Spain. Some studies indicate that this segment could grow by more 
than 25% annually.

The average European consumes up to 3 kilos of fresh-cut products a year, but 
the differences are quite substantial within Europe. For instance, in the United 
Kingdom the rate is 12 kg per capita per year, France comes second consuming half 
that of its neighbor with 6 kg per capita, and Italians consume around 4 kg. Other 
countries where fresh-cut foods are well established, although far less than those 
already mentioned, are Belgium, The Netherlands, and Germany. In the countries 
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FIGure 1.3 Ranking of fresh-cut fruits and vegetables manufacturers in Spain. Data cor-
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es.)
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of Eastern Europe, with increasingly healthier economies, they are beginning to 
see great growth in this sector, a development that has not been ignored by the large 
international holding companies.

1.2.3 AsiATic Trends

Fresh-cut products were introduced in Korea and Japan in the 1990s and 1980s, 
respectively. Initially, in both countries the main user of fresh-cut products was the 
food service industry for school meals and restaurants, but in recent years, the con-
sumption has expanded to retail markets (Kim and Jung, 2006). In China, the market 
for fresh-cut products has been growing since the late 1990s, with more Western fast 
food industries entering and developing in the Chinese market.

Korea is one of the fastest-growing markets in Asia, with a wide variety of prod-
ucts in the retail segment. In 2006, there were 102 companies producing fresh-
cut produce. No fresh-cut fruits were found on supermarkets until the late 1990s 
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in Korea. However, the fresh-cut fruits industry has recently enjoyed double-digit 
growth rates, reaching an estimated $50 million in 2006 (Kim, 2007). Despite this 
growh, fresh-cut vegetables continue to dominate the production of fresh-cut items, 
with salad made from iceberg lettuce the most popular fresh-cut produce, compris-
ing 48.7% of total fresh-cut vegetables (Figure 1.5).

According to the Korean Fresh-cut Produce Association (KFPA), in Korea, the 
fresh-cut produce market reached approximately $1.1 billion in 2006, up from $530 
million in 2003. In Japan, the sales of fresh-cut produce have grown from approxi-
mately $1 billion in 1999 to $2.6 billion in 2005, which is about 10% of total fresh 
produce sales (Izumi, 2007).

In Japan, the food service sector, which supplies produce to restaurants, fast-
food outlets, and school meals, makes up about 66% of the total fresh-cut market. 
Sales of fresh-cut produce in the retail sector, including supermarkets and conve-
nience stores, are $0.9 billion, 34% of the total market (Kim, 2007). According to a 
study published by the Association of Minimally Processed Fruits and Vegetables 
(AMPFV) in 1999, there are 161 enterprises producing fresh-cut products in Japan 
(AMPFV, 2000).

Iceberg lettuce, onion, cabbage, Japanese radish, edible burdock, potato, Chinese cab-
bage, pumpkin, sweet pepper, cucumber, carrot, watermelon, pineapple, and melon are 
the most popular fresh-cut vegetables and fruits in Japan. In this country, manufacturers 
such as Dole, for example, offer cut lettuce, cabbage mixes, coleslaw, bean salad, tomato 
salad, onion salad, corn salad, Caesar salad, and a wide variety of specialty mixes, which 
make up the bagged category. According to the AMPFV (2004), in Japan, the total input 
of vegetables to fresh-cut production was reported to be 92,672 tonnes in 2002.

Although no exact data show the scale of the fresh-cut fruits and vegetables 
market in China, China will become the largest consumer of these products in the 
future. For example, in Beijing, a new fresh-cut factory was established 3 years ago, 
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FIGure 1.5 Proportion of fresh-cut vegetable items based on processing amount in Korea 
in 2005. (Adapted from Kim, J.G. 2007. Fresh-cut market potential and challenges in Far-East 
Asia. Acta Horticulturae 746: 33–38.)
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and sales reached 3900 tons by 2006. It is estimated that the fresh-cut fruits and veg-
etables market in China will increase at a rate of 20% annually (Zhang, 2007).

1.3 FInal reMarks

Fresh-cut fruits and vegetables are commodities with a rapidly growing sector in the 
food industry, with both retail and food service outlets. At the moment, the main 
factor that has promoted and maintained fresh-cut sales is the technology. However, 
permanent innovations are necessary to drive new growth in this sector. Use of inno-
vative packaging technology that could improve product quality and shelf life, new 
fruit mixtures with more variety, incorporation of flavors, or the use of steamer bags 
for vegetables, are just a few considerations that could expand the markets of fresh-
cut products. Worldwide, there is a wide range of vegetables that could be used to 
broaden and increase the product offerings in the market. However, in many coun-
tries, it is necessary to improve preparation and preservation techniques with the 
purpose of keeping the product safe and of high quality long enough to make the 
distribution of fresh-cut commodities feasible and achievable.
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2.1 IntroductIon

2.1.1 The Types of LAw

The introduction of fresh-cut fruits and vegetables (FcFV) on the market as a new 
type of product extended the production chain of human food. It added some new 
challenges for producers, but it did not introduce a new type of law.

FcFV are subjected to the food law of the country where they are grown, har-
vested, processed, transported, and sold to consumers by caterers and retailers. 
The applicable food law multiplies when they are traded internationally. The food 
laws of all participating countries are then applicable, as is international food law, 
if only in an effort to harmonize the laws of the different legal systems. The Codex 
Alimentarius Commission (CAC) is the international intergovernmental organization 
for food standards, guidelines, and recommended practices. An intergovernmental 
organization can only make recommendations to the governments of the member 
states, but the Codex Alimentarius, the collection of CAC food law, nevertheless, 
has much authority.

National and international food laws makes use of many instruments: binding 
legislation and regulations, along with several voluntary instruments, such as good 
practices, especially Good Agricultural Practices (GAPs) and Good Manufacturing 
Practices (GMPs), for the successive stages in the food production chain with other 
good practices for the remaining stages.

GHP follow the produce from the beginning to the end of the production chain. 
Systems based on the Hazard Analysis and Critical Control Point (HACCP) prin-
ciples are equally applicable throughout the production chain. Governments publish 
guidance documents to explain their legislation; sometimes they prefer the assistance 
of voluntary codes made by the food businesses. Some of these voluntary codes are 
approved by public authorities. Letters from public law authorities remind the food 
business operators of the prescribed levels of hygiene, and the regulatory powers that 
could be used if the industry continues to fail to live up to the expectations that are 
also legal requirements.
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In short, there is a varied array of binding and nonbinding law. Although the term 
binding law may seem to be a tautology, and the term nonbinding law an internal 
contradiction, both types of law exist. The nonbinding legal instruments are very 
important in food law.

The simple structure of binding rules, usually made in legislation for food 
safety, more specific legislation for food hygiene, still more specific rules for 
fresh produce, and finally detailed legislation for fresh-cut fruits and vegetables 
does not exist. It is complicated by the practice of mixing legislation with non-
binding law. Mixing takes place at two levels: legally binding instruments are 
combined with voluntary instruments that can be used as an alternative, under 
certain conditions set by the law. On a deeper level, legally binding instruments 
take the essential elements of a voluntary instrument such as a GHP and prescribe 
it as the law. Enforcement of these binding rules is then an alternative to volun-
tary good practices. The result is a complicated collection of law, soft and hard, 
voluntarily accepted and binding, national and international, intergovernmental 
and supranational, governmental and private. A selection of all of these different 
kinds of relevant law is presented in this chapter. It is representative but by no 
means complete.

2.1.2 The produce

FcFV are the results of an extended food production chain. Final preparation of this 
food has been transferred from consumers and caterers* to a new set of producers 
who depend on new production methods for ready-to-eat food and the logistics of 
transports, distribution, and wholesale to get the FcFV in time to the retailers and 
caterers where the consumers will buy them.

The production of this type of ready-to-eat food requires not only additional steps 
in the production process but also additional food hygiene measures. Preparation 
of FcFV removes their natural protection against desiccation and contamination. 
It increases the contact surfaces between the produce and the oxygen in the atmo-
sphere, frees the moisture, and presents abundant nutrition and ideal living condi-
tions to a host of unwanted creatures. It also excludes the use of production processes 
that could eliminate this contamination, such as freezing or heating to lethal levels, 
and sweetening, acidifying, and other countermeasures to deal with microbial and 
other contamination.

The production of FcFV requires increased control over fruits and vegetables, 
especially backwards in the primary production stage where many potential causes 
for fresh-cut contamination attach themselves easily to the raw material and are dif-
ficult to remove.

The second major concern is the part of the production chain after the FcFV 
have been made: ways have to be found to preserve their freshness during transport, 

* The word caterer is used here to indicate restaurants, canteens, schools, hospitals, and similar institu-
tions where food is offered for immediate consumption. Compare the phrase “foods for catering pur-
poses” in Codex Alimentarius Commission, CODEX STAN 1-1985 Labelling of Prepackaged Foods, 
http://www.codexalimentarius.net/web/more_info.jsp?id_sta=322.
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distribution, catering, or retail, and even beyond the production chain, because food 
safety has to be guaranteed by the producers for the entire shelf life—that is, either 
the period preceding the “use by” date or the “minimum durability date,” as defined 
in Articles 9 and 10 of Directive 2000/13/EC.*

There are several items for which the law for fresh-cut produce has to be different 
from the law for fresh produce.

2.1.3  exAmpLes of Binding And nonBinding LAw 
on fresh-cuT fruiTs And VegeTABLes

FcFV have entered food hygiene law in various ways and to various degrees. EC 
legislation on microbiological contamination is an example of binding law. The EC 
has set food safety criteria for Salmonella in precut fruits and vegetables† and for 
Listeria monocytogenes in relation to three ready-to-eat foods.‡ A food that does not 
satisfy a food safety criterion is banned from the market and banned from export and 
import. It also means that food business operators have to install a testing program 
and conduct studies to investigate compliance with the criteria throughout the shelf 
life of their products.

Process hygiene criteria have been set for Escherichia coli in relation to pre-
cut ready-to-eat fruits and vegetables.§ Food business operators have to ensure that 
the process hygiene criteria are met in the supply, handling, and processing of raw 
materials and foodstuffs under their control. Failure to meet the food safety criteria 
means the duty to destroy the produce when no alternative use is possible. Failure to 
meet the process hygiene criteria creates the obligation to improve the processing or 
the raw material.

FcFV have also attracted nonbinding law.
The CAC made voluntary rules in the “Annex for Ready-to-Eat Fresh Pre-cut 

Fruits and Vegetables” to the “Code of Hygienic Practice for Fresh Fruits and 
Vegetables.”¶

* Article 2(f) European Community, Commission Regulation (EC) No. 2073/2005 of 15 November 2005 
on microbiological criteria for foodstuffs, OJ L 338, 22.12.2005, p. 1–26) http://eur-lex.europa.eu/
LexUriServ/LexUriServ.do?uri=CONSLEG:2005R2073:20071227:EN:PDF and Directive 2000/13/
EC of the European Parliament and of the Council of 20 March 2000 on the approximation of the laws 
of the member states relating to the labeling, presentation, and advertising of foodstuffs, OJ L 109, 
6.5.2000, p. 29, http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=CONSLEG:2000L0013:200
71129:EN:PDF.

† Food category 1.19, Chapter 1. Food safety criteria. Annex I Microbiological criteria for foodstuffs, 
Commission Regulation (EC) No. 2073/2005.

‡ Food categories 1.1, 1.2, and 1.3, Chapter 1. Food safety criteria. Annex I Microbiological criteria for 
foodstuffs, Commission Regulation (EC) No. 2073/2005.

§ Food category 2.5.1, 2.5 Vegetables, fruits, and products thereof, Chapter 2. Process hygiene criteria. 
Annex I Microbiological criteria for foodstuffs, Commission Regulation (EC) No. 2073/2005.

¶ Codex Alimentarius Commission, CAC/RCP 53-2003 Code of Hygienic Practice for Fresh Fruits and 
Vegetables, Annex I, Annex for Ready-to-eat Fresh Pre-cut Fruits and Vegetables, http://www.codex-
alimentarius.net/web/more_info.jsp?id_sta=10200.
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The United States Food and Drug Administration (FDA) published the “Guide 
to Minimize Microbial Food Safety Hazards of Fresh-cut Fruits and Vegetables” as 
voluntary guidance against the background of FDA’s binding regulatory powers.*

2.2 nonbIndInG law

2.2.1 The codex ALimenTArius

The CAC decision-making process is structured to involve as many governments 
as possible and to prepare decisions in as many steps as are necessary to achieve 
consensus. Of course, other international intergovernmental organizations can use 
the Codex in their practice, and a significant development is the use of the Codex 
as the source of law for decisions in the dispute settlement procedures of the World 
Trade Organization.† The Codex is also used by nongovernmental organizations, 
food business operators, consumers, and standardization and certification organiza-
tions. Three Codex documents are basic to FcFV.

The “Recommended International Code of Practice—General Principles of Food 
Hygiene” is the basic document on food hygiene law for the whole world. It was pub-
lished in 1969 and is known as the General Principles of Food Hygiene.‡ The CAC 
presents and recommends in the same document a HACCP-based approach for the 
entire food production chain as a means to enhance food safety.§

The more specific CAC “Code of Hygienic Practice for Fresh Fruits and 
Vegetables” was published in 2003. It has an “Annex for Ready-to-eat Fresh Pre-cut 
Fruits and Vegetables.”

The three Codex documents are cumulative.¶ The “Code of Hygienic Practice for 
Fresh Fruits and Vegetables” accepts the “General Principles of Food Hygiene” and 
adds the specific rules for the fresh fruits and vegetables. The “Annex for Ready-to-
eat Fresh Pre-cut Fruits and Vegetables” in its turn accepts the “General Principles” 
and the “Code of Hygienic Practice” and adds the specifics for fresh-cut produce. 
Table 2.1 presents an overview of the three basic Codex Alimentarius law documents 
for FcFV.

There are many other Codex documents on specific aspects of fruits and veg-
etables. The “Recommended International Code of Practice for Packaging and 
Transport of Fresh Fruit and Vegetables” was made in 1995 for tropical fresh fruit 

* U.S. Department of Health and Human Services, Food and Drug Administration and Center for Food 
Safety and Applied Nutrition, Guidance for Industry: Guide to Minimize Microbial Food Safety 
Hazards of Fresh-cut Fruits and Vegetables, February 2008. http://www.cfsan.fda.gov/~dms/prodgui4.
html.

† Bernd van der Meulen and Menno van der Velde, European Food Law Handbook, Wageningen 2008, 
pp. 468–472.

‡ Codex Alimentarius Commission CAC/RCP 1-1969, Rev. 4-2003 Recommended International Code 
of Practice—General Principles of Food Hygiene including Annex on Hazard Analysis and Critical 
Control Point (HACCP) system and Guidelines for its Application. The Code was adopted by the 
Codex Alimentarius Commission in 1969, revision 4 made in 2003 is the latest revision to date, http://
www.codexalimentarius.net/web/more_info.jsp?id_sta=23.

§ Codex Alimentarius Commission CAC/RCP 1-1969, Rev. 4-2003, p. 3.
¶ CAC/RCP 53-2003, 2.2 Use, see note 6 supra.
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table 2.1
the codex alimentarius law for Fresh-cut Fruits and Vegetables

cac/rcP 1-1969, rev. 
4-2003 General Principles of 

Food Hygiene

cac/rcP 53-2003 code of 
Hygienic Practice for Fresh 

Fruits and Vegetables

cac/rcP 53-2003 annex for 
ready-to-eat Fresh Precut 

Fruits and Vegetables

section I objectives Introduction Introduction
1.1 The Codex General 
Principles of Food Hygiene

1. Objectives of the Code 1. Objective

section II scope, use, and 
definition 2. scope, use, and definitions 2. scope, use, and definitions

2.1 Scope
2.1.1 The food chain
2.1.2 Roles of governments, 
industry, and consumers

2.2 Use
2.3 Definitions

2.1 Scope

2.2 Use
2.3 Definitions

2.1 Scope

2.2 Use
2.3 Definitions

section III Primary Production 3. Primary Production 3. Primary Production
3.1 Environmental Hygiene 3.1 Environmental Hygiene 

3.2 Hygienic Production of Food 
Sources

3.2 Hygienic Primary 
Production of Fresh Fruits 
and Vegetables

3.2.1 Agricultural input 
requirements

3.2.1.1 Water for primary 
production

3.2.1.1.1 Water for irrigation 
and harvesting

3.2.1.1.2 Water for fertilizers, 
pest control, and other 
agricultural chemicals

3.2.1.1.3 Hydroponic water

3.2.1.2 Manure, biosolids, and 
other natural fertilizers

3.2.1.3 Soil

3.2.1.4 Agricultural chemicals

3.2.1.5 Biological control

3.2.2 Indoor facilities 
associated with growing and 
harvesting

3.2.2.1 Location, design, and 
layout

3.2.2.2 Water supply

3.2.2.3 Drainage and waste 
disposal
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table 2.1 (continued)
the codex alimentarius law for Fresh-cut Fruits and Vegetables

cac/rcP 1-1969, rev. 
4-2003 General Principles of 

Food Hygiene

cac/rcP 53-2003 code of 
Hygienic Practice for Fresh 

Fruits and Vegetables

cac/rcP 53-2003 annex for 
ready-to-eat Fresh Precut 

Fruits and Vegetables

3.2.3 Personnel health, 
hygiene, and sanitary 
facilities

3.2.3.1 Personnel hygiene and 
sanitary facilities

3.2.3.2 Health status

3.2.3.3 Personal cleanliness

3.2.3.4 Personal behavior

3.2.4 Equipment associated 
with growing and harvesting

3.3 Handling, Storage, and 
Transport

3.3 Handling, Storage, and 
Transport

3.3.1 Prevention of cross-
contamination

3.3.2 Storage and transport 
from the field to the packing 
facility

3.4 Cleaning, Maintenance, and 
Personnel Hygiene at Primary 
Production

3.4 Cleaning, Maintenance, 
and Sanitation

3.4.1 Cleaning programs
3.4.2 Cleaning procedures and 
methods

3.4.3 Pest control systems
3.4.4 Waste management

section IV establishment: 
design and Facilities

4. Packing establishment: 
design and Facilities

4. establishment: design and 
Facilities

4.1 Location

4.1.1 Establishments

4.1.2 Equipment

4.2 Premises and Rooms

4.2.1 Design and layout permit 
Good Hygiene Practices 
(GHPs), protection against 
cross-contamination

4.2.2 Internal structures and 
fittings

4.2.3 Temporary /mobile 
premises and vending machines

4.3 Equipment

4.3.1 General
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table 2.1 (continued)
the codex alimentarius law for Fresh-cut Fruits and Vegetables

cac/rcP 1-1969, rev. 
4-2003 General Principles of 

Food Hygiene

cac/rcP 53-2003 code of 
Hygienic Practice for Fresh 

Fruits and Vegetables

cac/rcP 53-2003 annex for 
ready-to-eat Fresh Precut 

Fruits and Vegetables

4.3.2 Food control and 
monitoring equipment

4.3.3 Containers for waste and 
inedible substances

4.4 Facilities

4.4 Facilities

4.4.1 Water supply

4.4.2 Drainage and waste 
disposal

3.2.2.3 Drainage and waste 
disposal

4.4.2 Drainage and waste 
disposal

4.4.3 Cleaning

4.4.4 Personnel hygiene 
facilities and toilets

3.2.3.1 Personnel hygiene and 
sanitary facilities

4.4.5 Temperature control

4.4.6 Air quality and ventilation

4.4.7 Lighting

4.4.8 Storage

section V control of operation 5. control of operation 5. control of operation
5.1 Control of Food Hazards
Food business operators should 
control food hazards using 
systems such as Hazard 
Analysis and Critical Control 
Point (HACCP);

Identify operation steps critical 
to food safety;

Implement effective control 
procedures at those steps;

Monitor control procedures to 
ensure effectiveness;

Review control procedures 
periodically. 

5.1 Control of Food Hazards 5.1 Control of Food Hazards
Suppliers (growers, harvesters, 
packers and distributors) have 
to minimize contamination of 
the raw material and adopt 
CAC/RCP 53-2003.

Certain pathogens, Listeria 
monocytogenes and Clostridium 
botulinum present specific food 
safety problems

5.2 Key Aspects of Hygiene 
Control Systems

5.2 Key Aspects of Hygiene 
Control Systems

5.2 Key Aspects of Control 
Systems

5.2.1 Time and temperature 
control

5.2.1 Time and temperature 
control

5.2.2 Specific process steps
Chilling
Thermal processing
Irradiation
Drying
Chemical preservation

5.2.2 Specific process steps
5.2.2.1 Postharvest water use
5.2.2.2 Chemical treatments
5.2.2.3 Cooling of fresh fruits 
and vegetables

5.2.2 Specific process steps
5.2.2.1 Receipt and inspection of 
raw materials

5.2.2.2 Preparation of raw 
material before processing
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table 2.1 (continued)
the codex alimentarius law for Fresh-cut Fruits and Vegetables

cac/rcP 1-1969, rev. 
4-2003 General Principles of 

Food Hygiene

cac/rcP 53-2003 code of 
Hygienic Practice for Fresh 

Fruits and Vegetables

cac/rcP 53-2003 annex for 
ready-to-eat Fresh Precut 

Fruits and Vegetables

5.2.2 Specific process steps 
(Continued)

Vacuum or modified 
atmospheric packaging

5.2.2.4 Cold storage 5.2.2.3 Washing and 
microbiological 
decontamination

5.2.2.4 Precooling fresh fruits 
and vegetables

5.2.2.5 Cutting, slicing, 
shredding, and similar precut 
processes

5.2.2.6 Washing after cutting, 
slicing, shredding, and similar 
precut processes

5.2.2.7 Cold storage

5.2.3 Microbiological and other 
specifications

5.2.3 Microbiological and other 
specifications

5.2.4 Microbial cross-
contamination

5.2.4 Microbial cross-
contamination

5.2.5 Physical and chemical 
contamination

5.2.5 Physical and chemical 
contamination

5.3 Incoming Material 
Requirements

5.3 Incoming Material 
Requirements

5.4 Packaging 5.4 Packaging

5.5 Water
5.5.1 In contact with food
5.5.2 As an ingredient
5.5.3 Ice and steam

5.5 Water Used in the Packing 
Establishment

5.6 Management and 
Supervision

5.6 Management and 
Supervision

5.7 Documentation and Records 5.7 Documentation and Records
In addition, keep current all 
information, keep records of 
processing much longer than 
shelf life

Growers: production site, 
suppliers’ information, use and 
lot numbers of agricultural 
inputs, irrigation practices, 
water quality data, pest control, 
cleaning schedules

5.7 Documentation and Records
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table 2.1 (continued)
the codex alimentarius law for Fresh-cut Fruits and Vegetables

cac/rcP 1-1969, rev. 
4-2003 General Principles of 

Food Hygiene

cac/rcP 53-2003 code of 
Hygienic Practice for Fresh 

Fruits and Vegetables

cac/rcP 53-2003 annex for 
ready-to-eat Fresh Precut 

Fruits and Vegetables

5.7 Documentation and Records 
(continued)

Packers: each lot, incoming 
materials, information from 
growers, lot numbers, data on 
quality processing water, pest 
control programs, cooling 
and storage temperatures, 
chemicals used in postharvest 
treatments, cleaning 
schedules

5.7 Documentation and Records

5.8 Recall Procedures 5.8 Recall Procedures
In addition: keep information 
to trace products from the 
distributor to the field.

5.8 Recall Procedures

section VI establishment: 
Maintenance and sanitation

6.1 Maintenance and Cleaning

6.1.1 General

6.1.2 Cleaning procedures and 
methods

6.2 Cleaning Programs

6.3 Pest Control Systems

6.3.1 General

6.3.2 Preventing access

6.3.3 Harborage

6.3.4 Monitoring and detection

6.3.5 Eradication

6.4 Waste Management

6.5 Monitoring Effectiveness

section VII establishment: 
Personal Hygiene

7.1 Health Status

7.2 Illness and Injuries

7.3 Personal Cleanliness

7.4 Personal Behavior

7.5 Visitors

section VIII transportation
8.1 General

8.2 Requirements

8.3 Use and Maintenance
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table 2.1 (continued)
the codex alimentarius law for Fresh-cut Fruits and Vegetables

cac/rcP 1-1969, rev. 
4-2003 General Principles of 

Food Hygiene

cac/rcP 53-2003 code of 
Hygienic Practice for Fresh 

Fruits and Vegetables

cac/rcP 53-2003 annex for 
ready-to-eat Fresh Precut 

Fruits and Vegetables

section IX Product Information 
and consumer awareness

9.1 Lot Identification

9.2 Product Information

9.3 Labeling

9.4 Consumer Education

section X training 10 training 10 training
10.1 Awareness and 
Responsibilities

Personnel for growing and 
harvesting must know the 
Good Agricultural Practices 
(GAPs), GHPs, their role and 
responsibility in hygiene. 
Knowledge and skills for 
agricultural activities and 
handling fresh fruits and 
vegetables (FFV)

Personnel for packing know 
Good Manufacturing 
Practices (GMPs), GHPs. 
Knowledge and skills to 
handle FFV and minimize 
microbial, chemical, and 
physical contamination

Personnel handling cleaning 
chemicals or other potentially 
hazardous chemicals: 
instructed in safe handling

Aware of their role and 
responsibility

Refer to CAC/RCP 1-1969 Rev 
4 2003 and to CAC/RCP 
53-2003

Required level of training
Packaging systems used for FFV 
with risks of contamination or 
microbiological growth

Importance of temperature 
control and GMPs

10.2 Training Programs 10.2 Training Programs 10.2 Training Programs

Nature of the food, ability to 
sustain growth of pathogenic or 
spoilage microorganisms

Manner of handling and 
packaging, with contamination 
probability

Nature of the food, ability to 
sustain growth of pathogenic 
microorganisms.

Agricultural techniques and 
inputs and the associated 
probability of microbial, 
chemical, and physical 
contamination.

Additional:
The packaging systems used for 
fresh precut fruits and 
vegetables, including the risks 
of contamination or 
microbiological growth 
involved with this method;
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and vegetables. The scope of this Code of Practice was enlarged to packaging and 
transport of all fresh fruits and vegetables by an amendment in 2004 that eliminated 
the word “tropical” from the title and where appropriate from the text.*

There are hundreds of national and international agrarian or marketing quality 
standards for individual fresh fruits and vegetables sold as whole fresh produce.

2.2.2 good prAcTices

Good practices are developed by active and knowledgeable persons and organiza-
tions with no government power or authority to introduce these practices. They have 

* CAC/RCP 44-1995, AMD. 1-2004, Recommended International Code of Practice for Packaging 
and Transport of Fresh Fruit and Vegetables, http://www.codexalimentarius.net/web/more_info.
jsp?id_sta=322.

table 2.1 (continued)
the codex alimentarius law for Fresh-cut Fruits and Vegetables

cac/rcP 1-1969, rev. 
4-2003 General Principles of 

Food Hygiene

cac/rcP 53-2003 code of 
Hygienic Practice for Fresh 

Fruits and Vegetables

cac/rcP 53-2003 annex for 
ready-to-eat Fresh Precut 

Fruits and Vegetables

Extent and nature of processing 
or further preparation before 
final consumption

Storage conditions
Expected length of time before 
consumption

Task with hazards and 
controls.

Processing and packaging 
manners for FFV.

Extent and nature of 
processing or further 
preparation by consumer. 
Importance of good health 
and hygiene for personal 
health and food safety.

Importance of hand washing 
and hand-washing 
techniques.

Importance of using sanitary 
facilities to reduce 
contaminating fields, 
produce, other workers, and 
water supplies.

Techniques for hygienic 
handling and storage of FFV 
by transporters, distributors, 
storage handlers, and 
consumer.

The importance of temperature 
control and GMPs

10.3 Instruction and Supervision

10.4 Refresher Training
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to rely on the force of reason and proven success to convince others that a particular 
good practice is a valuable instrument for specific objectives.

Several organizations promote these good practices. When an international orga-
nization like the CAC goes beyond mere promotion and invests in lengthy negotia-
tions to produce recommended practices, something is added to the good practice as 
it stood before the CAC published its nonbinding instrument. For one, dozens of gov-
ernment representatives have contributed to the discussions about the right formula-
tion of the text. This process involves many consultations in the member states when 
stakeholders and other interested persons and organizations are asked to contribute 
ideas to determine the positions that the national representative will take.*

Reworking a nonbinding good practice into a nonbinding Codex document seem-
ingly has little legal relevance. But governments change the legal character of the 
Codex Alimentarius recommendations and the good practices when they participate 
in CAC decision making. This is reinforced by explicit statements in their own legis-
lation that they will contribute to the construction of international food law and will 
take this law into consideration when they make their own legislation. The EC is an 
example: it became a member of the CAC in 2003 and refers to the Codex at several 
places in its extensive collection of food regulations.†

2.2.3 differenT Types of good prAcTices

Good practices are made by all kinds of organizations for activities in the food pro-
duction chain. Some of these practices are made for particular stages of the food pro-
duction chain in the way that a GAP will be followed by a GMP, and other practices 
for packaging and transport may be made corresponding to the CAC recommended 
international Codes of Practice.

2.2.4 The codex generAL principLes of food hygiene

The General Principles of Food Hygiene deal with all aspects of food hygiene in ten sec-
tions. These are presented with their subject matter in Table 2.1. The additional rules for 
fresh fruits and vegetables and for fresh-cut fruits and vegetables are also indicated.

Sections III to IX follow the food chain from primary production to the con-
sumer. Section III begins with the selection of a suitable site for food production. 
Environmental hygiene and public health require that harmful substances from the 
environment cannot become part of the food in unacceptable levels. Production of 

* See the U.S. Federal Register with prescribed information on Codex activities at http://www.fsis.usd.
gov/Codex_Alimentarius/Related_Federal_Register_Notices/index.asp. See also the Food Safety 
Inspection Service that organizes public meetings with U.S. Delegates to Codex committees before 
their committee meetings to inform the public about the meeting agenda and proposed U.S. positions 
on the issues, http://www.fsis.usda.gov/codex_alimentarius/public_meetings/index.asp.

† Article 13 on international standards in Regulation (EC) No. 178/2002; Recital (18) in Regulation 
(EC) No. 852/2004: “This Regulation takes account of international obligations laid down in the WTO 
Sanitary and Phytosanitary Agreement and the international food safety standards contained in the 
Codex Alimentarius.” See Bernd van der Meulen and Menno van der Velde, European Food Law 
Handbook, Wageningen 2008, pp. 467–482.
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food can take place only where there are no such substances or when changes can be 
made that will prevent this contamination.

The hygienic production of food requires that the practices of primary production 
do not contaminate the food. Producers have to test the way they operate to identify 
the most likely activities or circumstances where contamination can occur and take 
measures to prevent contamination or reduce it to acceptable levels. The HACCP sys-
tem is recommended as a method for this work. Producers are to take measures to

Control contaminations from air, soil, water, feedstuffs, fertilizers (including natu-
ral fertilizers), pesticides, veterinary drugs or any other agent used in primary pro-
duction; control plant and animal health so that it does not pose a threat to human 
health through food consumption, (…) and protect food sources from faecal and other 
contamination.*

The rules on handling, storage, and transport as part of primary production call for 
sorting the harvested material to reject the parts that are unfit for food. The rejected 
material must be disposed of hygienically, and the food has to be protected from the neg-
ative influences of pests, and chemical, physical, and microbiological contaminants.†

Section IV Establishment: Design and Facilities deals with the infrastructure, 
location, and buildings where food is processed after the primary stage. These estab-
lishments must be suited to good food hygiene practices.

Section V Control of Operation deals with food hazards. It recommends to use 
a HACCP system, and deals with time and temperature and specific process steps 
under the heading “Key Aspects of Hygiene Control Systems.”

Section VI addresses the maintenance and sanitation of the establishment.
Personnel and personal hygiene are important items of several sections. Facilities 

have to be present for any necessary cleaning and maintenance and for personal 
hygiene in the primary production phase.‡ In any building or area where food is 
handled, facilities like an adequate supply of potable water, drainage, and waste 
disposal systems have to be present.§

Personnel hygiene requires that the management of the establishment provides 
the means needed for hygienically washing and drying hands, for lavatories, and for 
changing rooms.¶ Personal hygiene is one of the subjects of Section VII as part of 
a set of rules on the consequences of illness and injuries, personal cleanliness, and 
behavior. Persons who suffer from, or are carriers of, an illness that can be transmit-
ted through food have to be prevented from contaminating it. The symptoms have to 
be recognized as early as possible. It is the responsibility of the inflicted person to 

* CAC/RCP 1-1969, Rev. 4-2003, Section III Primary production, 3.2 Hygienic production of food 
sources.

† CAC/RCP 1-1969, Rev. 4-2003, Section III Primary production, 3.3 Handling, storage and transport.
‡ CAC/RCP 1-1969, Rev. 4-2003, Section III Primary production, 3.4 Cleaning, maintenance and per-

sonnel hygiene at primary production.
§ CAC/RCP 1-1969, Rev. 4-2003, Section IV Establishment: Design and Facilities, 4.4 Facilities, 4.4.1 

Water supply; 4.4.2 Drainage and waste disposal; 4.4.3 Cleaning.
¶ CAC/RCP 1-1969, Rev. 4-2003, Section IV Establishment: Design and Facilities, 4.4.4 Personnel 

hygiene facilities and toilets.
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report this condition to the management, and it is the management’s responsibility to 
recognize the symptoms as early as possible and act.

The Recommended International Code of Practice deals with the whole food pro-
duction chain and presents, without using the term, a GHP.

2.2.5  The codex ALimenTArius code of hygienic 
prAcTice for fresh fruiTs And VegeTABLes

The “Code of Hygienic Practice for Fresh Fruits and Vegetables” gives a more 
detailed application of the General Principles of Food Hygiene to fresh fruits and 
vegetables. It recommends explicitly GAPs and GMPs. That combines well with the 
GHP of the General Principles. The main additions are in Section 3 dealing with 
the conditions for hygienic primary production of fresh fruits and vegetables,* and 
Section 5 dealing with control of food hazards and key aspects of hygiene control 
systems. Microbial and chemical contaminants in agricultural inputs must remain 
below the levels that affect the safety of fresh fruits and vegetables.† Personal health 
and hygiene of the people who work on the farms are of the greatest importance.‡ 

The equipment and facilities must be easy to clean and kept clean systematically by 
cleaning procedures and methods.§ Pests have to be kept at bay and rigorously sup-
pressed when they nevertheless show up.¶ Wastes have to be managed to avoid direct 
contamination.**

2.2.6  commodiTy-specific Annexes To The code of hygienic 
prAcTice for fresh fruiTs And VegeTABLes

The Codex Committee on Food Hygiene (CCFH) formulated an extensive request 
for scientific advice on the microbiological hazards associated with fresh produce.††

A Food and Agriculture Organization (FAO)/World Health Organization (WHO) 
Expert Meeting established the following criteria to rank the commodities of con-
cern with regard to microbiological hazards associated with fresh produce:

* CAC/RCP 53-2003, 3.1 Environmental Hygiene, 3.2 Hygienic Primary Production of Fresh Fruits and 
Vegetables, 3.3 Handling, Storage and Transport, and 3.4 Cleaning, Maintenance and Sanitation.

† CAC/RCP 53-2003, 3.2 Hygienic Primary Production of Fresh Fruits and Vegetables, 3.2.1 Agricultural 
input requirements.

‡ CAC/RCP 53-2003, 3.2 Hygienic  Primary Production of Fresh Fruits and Vegetables, 3.2.1 Personnel 
health, hygiene and sanitary facilities. 

§ CAC/RCP 53-2003, 3.2 Hygienic  Primary Production of Fresh Fruits and Vegetables, 3.2.4 Equipment 
associated with growing and harvesting, and 3.4 Cleaning, Maintenance and Sanitation.

¶ CAC/RCP 1-1969, Rev. 4-2003, Section VI—Establishment: Maintenance and Sanitation. 6.3 Pest 
Control Systems, 6.3.1 General, 6.3.5 Eradication: Pest infestations should be dealt with immediately. 
Also: CAC/RCP 53-2003, 3. Primary production, 3.4 Cleaning, Maintenance and Sanitation, 3.4.3 Pest 
control systems: General Principles of Food Hygiene, section 6.3 should be followed.

** CAC/RCP 53-2003, 3. Primary production, 3.4 Cleaning, Maintenance and Sanitation, 3.4.4 Waste 
management.

†† Codex Committee on Food Hygiene, Terms of Reference for an FAO/WHO Expert Consultation to 
Support the Development of Commodity-Specific Annexes for the Codex Alimentarius “Code of 
Hygienic Practice for Fresh Fruits and Vegetables” (ALINORM 07/30/13, Appendix VI).
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Frequency and severity of disease•	
Size and scope of production•	
Diversity and complexity of the production chain and industry•	
Potential for amplification of foodborne pathogens through the food chain•	
Potential for control•	
Extent of international trade and economic impact*•	

The commodities of concern were ranked into three priority groupings with leafy 
greens as the highest priority, level 1.† Leafy greens are grown and exported in large 
volume, have been associated with multiple outbreaks with high numbers of illnesses 
in at least three regions of the world, and are grown and processed in diverse and 
complex ways, ranging from in-field packing to precut and bagged product. The 
ranking is reflected in the work priorities of the Codex Committee on Food Hygiene. 
It has prepared a draft Annex on fresh leafy vegetables, including leafy herbs, to the 
Code of Hygienic Practice for Fresh Fruits and Vegetables.‡

2.2.7  The codex Annex for reAdy-To-eAT fresh 
precuT fruiTs And VegeTABLes

The law on FcFV has to do without a generally accepted formal definition of the con-
cept of fresh-cut produce and the related concept of fresh produce. Each jurisdiction 
can have its own definition or rules for fresh-cut produce without a definition or no 
rules for FcFV.

The CAC, the custodian of the international common consensual fund of basic 
food law concepts, uses the terms fresh-cut fruits and vegetables and fresh fruits and 
vegetables. It makes separate rules for each group in addition to the prescriptions for 
all foodstuffs. But it does this without a definition of the characteristics that make 
these foodstuffs special categories with their own special law. It is not uncommon for 
lawmakers to define several auxiliary concepts and leave the central concept unde-
fined. This is a legal technique based on the implicit assumption that the set of rules 
made for an undefined subject is in a larger sense its legal definition.

The Annex deals with the additional precautions and production steps for FcFV. 
The raw material has to be inspected as it arrives at the production facility.§ Animal 
and plant debris, metal, and other foreign material have to be removed.¶ Water used 
for final rinses must have potable quality, particularly when the products will not be 

* Food and Agriculture Organization of the United Nations and World Health Organization, 
Microbiological hazards in fresh fruits and vegetables, Expert Meeting Report, 2008.

† A definite ranking of the Level 2 Priorities (berries, green onions, melons, sprouted seeds, and toma-
toes) and the Level 3 Priorities (carrots, cucumbers, almonds, baby corn, sesame seeds, onions, garlic, 
mango, paw paw, celery, and maimai) requires more information.

‡ Codex Alimentarius Commission, Joint FAO/WHO Food Standards Programme, Codex Committee 
on Food Hygiene, Fortieth Session, Guatemala, October 2008. Proposed Draft Annex on Fresh Leafy 
Vegetables Including Leafy Herbs to the Code of Hygienic Practice for Fresh Fruits and Vegetables at 
Step 3, CX/FH 08/40/7, October 2008.

§ 5.2.2.1 Annex I CAC/RCP 53-2003 p. 18.
¶ 5.2.2.2 Annex I CAC/RCP 53-2003 p. 18.
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washed again before consumption.* Contamination during cutting, slicing, shred-
ding, and similar processes must be minimized,† and cut produce must be washed 
to reduce some of the cellular fluids that were released during the cutting process. 
This lowers the level of nutrients for microbiological growth. Wash water must be 
replaced frequently to prevent the buildup of organic material and prevent cross-con-
tamination. Antimicrobial agents may be used where their use is in line with GHPs. 
The levels of these agents must be monitored and controlled. Application of antimi-
crobial agents must ensure that chemical residues do not exceed the recommended 
Codex levels.‡ Precut fresh fruits and vegetables must be kept at low temperatures at 
all stages, from cutting through distribution, to minimize microbiological growth.§

Records must be made to provide information about the product and the process-
ing operations. These records must be kept much longer than the shelf life of the 
product to facilitate recalls and foodborne illness investigations.¶

The training programs must deal with packaging systems for fresh precut fruits 
and vegetables, including the risks of contamination or microbiological growth. The 
importance of temperature control and GMPs must be stressed.**

The Codex texts have become part of several guides, practices, schemes, stan-
dards, and legislation. A continuous set of practices from primary production to 
manufacturing and from there to packaging and transport is especially important 
for fresh and fresh-cut fruits and vegetables, because the conditions for microbial 
contamination are determined mainly by primary production and packaging.

2.2.8  codex guideLines on good hygiene prAcTices To conTroL 
Listeria monocytogenes in reAdy-To-eAT foods

The CAC has formulated guidelines on how to apply the General Principles of Food 
Hygiene to control of Listeria monocytogenes in Ready-to-Eat Foods.††

These guidelines are in addition to the CAC RCP 1969 General Principles of Food 
Hygiene. They are necessary, because L. monocytogenes has found a permanent 
foothold in production and consumer premises. This presence of L. monocytogenes 
in establishments that process ready-to-eat food is caused by the following factors:

 1. Inadequate separation of raw and finished product areas
 2. Poor control of employees or equipment traffic
 3. Inability to properly clean and disinfect equipment and premises due to 

poor layout or design and areas inaccessible to cleaning
 4. Use of spray-cleaning procedures that make the bacteria airborne

* 5.2.2.3 Annex I CAC/RCP 53-2003 p. 18.
† 5.2.2.5 Annex I CAC/RCP 53-2003 p. 18.
‡ 5.2.2.6 Annex I CAC/RCP 53-2003 p. 18.
§ 5.2.2.7 Annex I CAC/RCP 53-2003 p. 18.
¶ 5.7 Annex I CAC/RCP 53-2003 p. 18.
** 10.2 Annex I CAC/RCP 53-2003 p. 18.
†† Guidelines on the Application of General Principles of Food Hygiene to the Control of Listeria mono-

cytogenes in Ready-to-Eat Foods (CAC/GL 61-2007), ftp://ftp.fao.org/codex/ccfh40/fh40_05e.pdf.
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 5. Inability to properly control ventilation to minimize condensate formation 
on surfaces in food processing plants

The countermeasures follow from these causes. CAC/GL 61-2007 presents the fol-
lowing examples of guidelines on equipment and on temperature control:

4.3 Equipment
4.3.1 General
Due to the ability of L. monocytogenes to exist in biofilms and persist in harbourage 
sites for extended periods, processing equipment should be designed, constructed and 
maintained to avoid, for example, cracks, crevices, rough welds, hollow tubes and sup-
ports, close fitting metal-to-metal or metal-to-plastic surfaces, worn seals and gaskets 
or other areas that cannot be reached during normal cleaning and disinfection of food 
contact surfaces and adjacent areas.

5.2.1 Time and temperature control
The risk assessments done by the U.S. FDA/FSIS and FAO/WHO on L. monocytogenes 
in ready-to-eat foods demonstrated the tremendous influence of storage temperature on 
the risk of listeriosis associated with ready-to-eat foods that support L. monocytogenes 
growth. It is therefore necessary to control the time/temperature combination used for 
storage. Product temperature should not exceed 6°C (preferably 2°C–4°C).

The Codex Committee on Food Hygiene is developing microbiological criteria for L. 
monocytogenes in Ready-to-Eat Foods.*

2.2.9 foodBorne Viruses

The FAO and the WHO urge governments and food business operators to pay more 
attention to the risks posed by foodborne viruses.†

Fresh produce belong to the main routes for the introduction of viruses in high-risk 
commodities. The sources for virus contamination in fresh produce are contaminated 
water used for irrigation, agrochemical application, or wash water; the use of human 
sewage as fertilizer; and manual handling during harvest and postharvest. The rela-
tive contribution of each is not known.

GAPs, GHPs, GMPs, and guidelines for the quality of irrigation water have to 
address this.

* Codex Alimentarius Commission, Joint FAO/WHO Food Standards Programme, Codex Committee 
on Food Hygiene, Fortieth Session, Guatemala, October 2008. Proposed Draft Microbiological 
Criteria for Listeria monocytogenes in Ready-to-Eat Foods at Step 5/8 (ALINORM 09/32/13 para. 69 
and Appendix II), http://www.codexalimentarius.net/web/archives.jsp?year=09.

† Food and Agriculture Organization of the United Nations (FAO) and the World Health Organization 
(WHO), Viruses in Food: Scientific Advice to Support Risk Management Activities Meeting Report, 
2008, Microbiological Risk Assessment Series 13, http://www.who.int/foodsafety/publications/micro/
Viruses_in_food_MRA.pdf.
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2.3 bIndInG law

Law can be binding as public law in human rights, treaties, customary law, legisla-
tion, regulation, taxation, and administrative and judicial decisions. It can be binding 
as private law in contracts, organizations, and properties.

It is not necessary to create a new branch of law for every extension of the food 
production chain. Existing law can be adequate, ranging from the very basic such as 
contract and industrial property law, to general food law and more specialized food 
law for fresh fruits and vegetables (FFV).

2.3.1 food LegisLATion

Horizontal food legislation contains rules on issues that apply to all food. Essential 
rules on food safety and food hygiene are examples of this type of legislation. 
Vertical food legislation is made to provide rules for specific issues that are not 
covered by the horizontal legislation with the necessary detail. The most general 
of all general food law rules determines the responsibilities of food business opera-
tors with the prescript that only safe food is brought to the market. The CAC has 
made this statement in the “Recommended International Code of Practice—General 
Principles of Food Hygiene” in paragraph 2.1.2 on the roles of governments, indus-
try, and consumers.*

The European Community has made that statement in Regulation (EC) No. 
178/2002, the foundation of its food legislation better known as the General Food 
Law (GFL).† Its central rule on food safety is Article 14 that requires that food will 
not be placed on the market if it is unsafe. It indicates two categories of unsafe food: 
produce that is injurious to health and produce that is unfit for human consumption.‡ 
The broad reach of these rules is assured by Article 17 that establishes the responsi-
bilities of food business operators to make sure that their products meet the require-
ments of food law. The category of persons that carries the primary responsibility is 
defined by the concept “food business operator”:

The natural or legal persons responsible for ensuring that the requirements of food law 
are met within the food business under their control.

* CAC/RCP 1-1969, Rev. 4-2003, p. 4.
† Regulation (EC) No. 178/2002 of the European Parliament and of the Council of 28 January 2002 lay-

ing down the general principles and requirements of food law, establishing the European Food Safety 
Authority and laying down procedures in matters of food safety, OJ 1.2.2002 L 31/1, http://eur-lex.
europa.eu/Result.do?T1=V2&T2=2002&T3=178&RechType=RECH_consolidated&Submit=Search. 

‡ Article 14(1) and (2) Regulation (EC) No. 178/2002 (GFL). The remainder of this article lists the fac-
tors that have to be taken into consideration to establish whether food is unsafe, injurious to health, or 
unfit for human consumption.
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“Food business” is defined as

Any undertaking, whether for profit or not and whether public or private, carrying out 
any of the activities related to any stage of production, processing and distribution of 
food.*

The statement that food is not placed on the market if it is unsafe functions only 
when it has the backup of other parts of the law.

The EC does not have the power to use criminal law as a backup. Instead, it has 
to rely on the obligation of the member states to lay down the rules on measures 
and penalties applicable to infringements of food law. After the first paragraph 
about the responsibilities of the food business operators, the second paragraph of 
Article 17 GFL continues with the enforcement of food law by the member states. 
They have to maintain a system of official controls and other appropriate activities, 
and, finally, to lay down the rules on measures and penalties applicable to infringe-
ments of food law. “The measures and penalties have to be effective, proportionate 
and dissuasive.”†

The United States also has legislation that prescribes that food must be fit for 
consumption by humans:

A food shall be deemed to be adulterated (a) Poisonous, insanitary, or deleterious 
ingredients, (…) (4) if it has been prepared, packed, or held under insanitary conditions 
whereby it may have become contaminated with filth, or whereby it may have been 
rendered injurious to health; (…).”‡ 

The federal government can enforce this requirement with the assistance of criminal 
law. That takes three steps:

 1. Food produced under unsanitary conditions that make it injurious to health 
is adulterated food.§

 2. It is prohibited to introduce adulterated food into interstate commerce.¶

 3. The punishment for this violation of the Federal Food, Drug, and Cosmetic 
Act is imprisonment for no more than 1 year, a fine of not more than $1,000, 
or both. The punishment for a violation after a previous final conviction, or 
committed with the intent to defraud or mislead is imprisonment for not 
more than 3 years, a fine not more than $10,000, or both.**

* Articles 3(3) and 3(2) Regulation (EC) No. 178/2002 (GFL).
† Article 17 Regulation (EC) No. 178/2002 (GFL).
‡ 21 U.S.C. 342(a)(4).
§ §402(a)(4) of the Federal Food, Drug, and Cosmetic Act.
¶ U.S. Federal Food, Drug and Cosmetic Act Chapter III: Prohibited Acts and Penalties, Section 301 (21 

USC §331) 1a.
** U.S. Federal Food, Drug and Cosmetic Act Section 303, at http://www.fda.gov/opacom/laws/fdcact/

fdcact3.htm.
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2.3.2  speciALized food LegisLATion: ec reguLATion 
852/2004 on The hygiene of foodsTuffs

Regulation 852/2004 is the bridge between the GFL and more specific EC hygiene 
legislation.* It has four functions: It provides the basic food hygiene prescripts for all 
stages in the production chain.† It creates the obligation for food business operators to 
put in place, implement, and maintain a permanent procedure based on the HACCP 
principles.‡ It also promotes the development, assessment, dissemination, and peri-
odical review of national and Community guides to good practice for hygiene or for 
the application of HACCP principles.§ The fourth function is to prescribe for which 
subjects additional legislation has to be made.¶ These more specific hygiene regula-
tions deal with food of animal origin,** official controls,†† microbiological criteria for 
foodstuffs,‡‡ and several other subjects.

2.3.3 primAry producers And food hygiene

Regulation (EC) No. 852/2004 separates primary producers from food business 
operators in the other stages of the food chain. Primary producers do not have to use 
procedures based on the HACCP principles.§§ They are subjected to a rudimentary 
set of hygiene rules for primary production and associated operations specified in 
Annex I.¶¶

The general hygiene duty is to protect primary products, as much as possible, 
from contamination. This duty is qualified by any processing in later stages.

Food business operators have to apply Community and national legislative provi-
sions relating to the control of hazards in primary production and associated opera-
tions, including measures to control contamination arising from the air, soil, water, 
feed, fertilizers, veterinary medicinal products, plant protection products, biocides, 
and the storage, handling, and disposal of waste.***

Food business operators producing or harvesting plant products have to keep clean 
and, where necessary, disinfect facilities, equipment, containers, crates, vehicles, 
and vessels; use potable water, or clean water; ensure that staff handling foodstuffs 
are in good health and undergo training on health risks; prevent animals and pests 

* Regulation (EC) No. 852/2004 of the European Parliament and of the Council of 29 April 2004 on the 
hygiene of foodstuffs. OJ L 139, 30 April 2004. Corrected version in OJ L 226, 25 June 6, 2004, http://
eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2007:204:0026:0026:EN:PDF. 

† Articles 3 and 4(1) with Annex I for primary production and 4(2) with Annex II for all subsequent 
production Regulation (EC) No. 852/2004.

‡ Article 5 Regulation (EC) No. 852/2004.
§ Articles 7 to 9 Regulation (EC) No. 852/2004.
¶ Article 4(3) Regulation (EC) No. 852/2004.
** Article 4(1) and (2) Regulation (EC) No. 852/2004.
†† Article 6 Regulation (EC) No. 852/2004.
‡‡ Article 4(3)(a) Regulation (EC) No. 852/2004. Commission Regulation (EC) No. 2073/2005 of 15 

November 2005 on microbiological criteria for foodstuffs (text with EEA relevance), (OJ L 338, 
22.12.2005, p. 1).

§§ Article 5(3) Regulation (EC) No. 852/2004.
¶¶ Article 4(1) and Annex I Regulation (EC) No. 852/2004.
*** §2 and 3(a) II. Hygiene provisions Part A Annex I Regulation (EC) No. 852/2004.
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from causing contamination; and use plant protection products and biocides cor-
rectly. They have to take appropriate remedial action when informed of problems 
identified during official controls.*

Food business operators have to keep records of measures to control hazards and 
give this information to the competent authority and receiving food business opera-
tors on request.†

Especially important is information on any use of plant protection products and bio-
cides, any occurrence of pests or diseases that may affect the safety of products of plant 
origin, and the results of analyses of samples which are relevant for human health.‡

2.3.4 ALL producers AfTer primAry producTion And food hygiene

The food business operators active in the stages after primary production have to 
apply the food hygiene prescriptions of Annex II.§ This is an elaborate set of rules 
organized in twelve chapters which deal with all aspects of food hygiene. Table 2.2 
presents the titles of these chapters.

*  §5 II. Hygiene provisions Part A. Annex I Regulation (EC) No. 852/2004.
†  §7 III. Record-keeping Part A. Annex I Regulation (EC) No. 852/2004.
‡  §9 III. Record-keeping Part A. Annex I Regulation (EC) No. 852/2004.
§  Article 4(2) and Annex II Regulation (EC) No. 852/2004.

table 2.2
Food Hygiene Prescriptions of annex II to ec regulation 852/2004 on the 
Hygiene of Foodstuffs for Food business operators active in the stages after 
Primary Production

annex II General Hygiene requirements for all Food business operators (except 
when annex I applies) ec regulation 852/2004 on the Hygiene of Foodstuffs

chapter title

Introduction

I General requirements for food premises (other than those specified in Chapter III)

II Specific requirements in rooms where foodstuffs are prepared, treated, or processed

III Requirements for movable and/or temporary premises and premises used primarily as a 
private dwelling-house

IV Transport

V Equipment requirements

VI Food waste

VII Water supply

VIII Personal hygiene

IX Provisions applicable to foodstuffs

X Provisions applicable to the wrapping and packaging of foodstuffs

XI Heat treatment

XII Training
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The following is an example of the food hygiene legislation for food business 
operators from Chapter I about the general requirements for food premises:

 1. Food premises are to be kept clean and maintained in good repair and 
condition.

 2. The layout, design, construction, siting and size of food premises are to:
(a) permit adequate maintenance, cleaning and/or disinfection, avoid or mini-

mise airborne contamination, and provide adequate working space to allow 
for the hygienic performance of all operations;

(b) be such as to protect against the accumulation of dirt, contact with toxic 
materials, the shedding of particles into food and the formation of conden-
sation or undesirable mould on surfaces;

(c) permit good food hygiene practices, including protection against contamina-
tion and, in particular, pest control; and

(d) where necessary, provide suitable temperature-controlled handling and stor-
age conditions of sufficient capacity for maintaining foodstuffs at appropri-
ate temperatures and designed to allow those temperatures to be monitored 
and, where necessary, recorded.*

A second example of the rules from Annex II is the complete Chapter V 
Equipment requirements:

 1. All articles, fittings and equipment with which food comes into contact are to:
(a) be effectively cleaned and, where necessary, disinfected. Cleaning and dis-

infection are to take place at a frequency sufficient to avoid any risk of 
contamination;

(b) be so constructed, be of such materials and be kept in such good order, repair 
and condition as to minimise any risk of contamination;

(c) with the exception of non-returnable containers and packaging, be so con-
structed, be of such materials and be kept in such good order, repair and 
condition as to enable them to be kept clean and, where necessary, to be 
disinfected; and

(d) be installed in such a manner as to allow adequate cleaning of the equipment 
and the surrounding area.

 2. Where necessary, equipment is to be fitted with any appropriate control device 
to guarantee fulfilment of this Regulation’s objectives.

 3. Where chemical additives have to be used to prevent corrosion of equipment and 
containers, they are to be used in accordance with good practice.

The general food hygiene requirements function as the necessary legislation on 
the responsibilities of the food business operator. The operator has the obligation to 
apply the HACCP system and is encouraged to use GHPs to prevent problems with 
food hygiene. These instruments have to make recourse to the legislation about spe-
cific acceptable food hygiene conditions unnecessary.

* http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=CONSLEG:2004R0852:20081028:EN:PDF
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2.3.5 guides By goVernmenTs

The EC food hygiene legislation is accompanied by a set of explanations made by 
the executive power. Regulation (EC) No. 178/2002 is explained by a guidance docu-
ment made by the Standing Committee of Representatives of the Commission and 
the Member States on the civil servant level.* The following three examples explain 
elements of Regulation (EC) No. 852 on the hygiene of food:

European Community Commission, Health and Consumer Protection Directorate-
General, Guidance document on the implementation of certain provisions of Regulation 
(EC) No 852/2004 On the hygiene of foodstuffs, Brussels, 21 December 2005, pp. 
1–17.

European Community Commission, Health and Consumer Protection Directorate-
General, Guidance document on the implementation of procedures based on the 
HACCP principles, and on the facilitation of the implementation of the HACCP prin-
ciples in certain food businesses, Brussels, 16 November 2005, pp. 1–26.

European Community Commission, Health and Consumer Protection Directorate-
General, Guidance document on certain key questions related to import requirements 
and the new rules on food hygiene and on official food controls, Brussels, 5.1.2006, 
pp. 1–28.

2.3.6  nATionAL And communiTy guides mAde By The 
orgAnizATions of food Business operATors

Regulation 852/2004 on the hygiene of foodstuffs offers organizations of food busi-
ness operators the opportunity to take the initiative to make national and Community 
guides to good food hygiene practice or to apply HACCP principles. These guides are 
a major instrument to achieve the food hygiene objectives of Regulation 852/2004. 
The guides are voluntary: food business operators do not have to participate in the 
drafting of the guides. When guides are made by other food business organizations, 
they remain voluntary. The guides do not replace the legal obligations of the food 
business operators but help them to fulfill these obligations. The member states have 
to encourage organizations of food business operators to draft national guides. The 
Commission has to do the same on the EC level, but only after a consultation of the 
member states has established the usefulness of Community guides and their scope 
and subject matter.

The relevant Codes of Practice of the Codex Alimentarius have to be used for the 
preparation of the national and Community guides. The EC wants to contribute to 
the development of international food law.†

The guides are made according to similar procedures. National guides are made 
by organizations of food business operators. Their drafts are assessed by the member 
states to verify that the guides are made in consultation with the representatives of 

* European Community, Standing Committee on the Food Chain and Animal Health, Guidance on 
the Implementation of Articles 11, 12, 16, 17, 18, 19, and 20 of Regulation (EC) No. 178/2002 on 
General Food Law, Conclusions of the Standing Committee on the Food Chain and Animal Health, 20 
December 2004.

† Article 13 Regulation (EC) No. 178/2002 GFL.
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organizations whose interests are substantially affected, such as other food business 
operators, consumer organizations, and public authorities. The member states send 
approved national guides to the European Commission to place them in a registra-
tion system available to the member states. The national guides are disseminated by 
the organizations of food business operators that made them.

The Community guides are prepared with the assistance of the Commission in a 
comparable procedure. The Community guides must be assessed in consultation with 
the member states and will be recognized by the Commission after this approval.*

The Commission has published guidelines on how to make Community guides.† 
The title and references of community guides are published in the C series of the 
Official Journal of the European Union. The guides will be publicly available on 
a dedicated page of the Commission’s Health and Consumers Directorate-General 
(DG SANCO) Web site.

The references of national guides are published in the Register of National Guides 
to Good Hygiene Practice.‡ It presents a table of thirty-eight pages with an overview 
of guides in the member states with the following information: title (original), title 
(English), country, language, publisher, edition, ISBN, ISSN, Internet or other con-
tact, and key word.

An example is the following:

Manuale di corretta prassi igienica per i centri di lavorazione e confezionamento dei 
prodotti ortofrutticoli freschi, surgelati, di IV gamma, degli agrumi della frutta a gus-
cio ed essiccata. Title (English): Guide to Good Hygiene Practice for processing and 
packaging centres for fresh, frozen, washed-cut-and-packed fruits and vegetables, citrus 
fruits, nuts and dried fruit. Published by the Associazione nazionale esportatori i, por-
tatori ortofrutticoli e agrumari (ANEIOA) in June 1999 with www.ministerosalute.it as 
internet contact and Fruit and Vegetables as key word.§ 

The European Commission published guidelines on the registration of national guides.¶

2.3.7 specific LegisLATion on microBes

Although most microbiological hazards are related to food of animal origin, some 
microbes cause hazards in the production of FcFV. They are subjected to stringent 

* See Articles 7 to 9 Regulation 852/2004 and Bernd van der Meulen and Menno van der Velde, European 
Food Law Handbook, Wageningen 2008, pp. 353–358.

† European Community, Commission of the European Communities, Health and Consumers Directorate-
General, Guidelines for the Development of Community Guides to Good Practice for Hygiene or 
for the Application of the HACCP Principles, in Accordance with Article 9 of Regulation (EC) No. 
852/2004 on the Hygiene of Foodstuffs and Article 22 of Regulation (EC) No. 183/2005 Laying 
Down Requirements for Feed Hygiene. http://ec.europa.eu/food/food/biosafety/hygienelegislation/
guidelines_good_practice_en.pdf.

‡ http://ec.europa.eu/food/food/biosafety/hygienelegislation/register_national_guides_en.pdf.
§ Page 28 of the Register.
¶ European Community, Commission of the European Communities, Health and Consumers Directorate-

General, Guidelines on the registration of national guides to good practice in accordance with Article 
8 of Regulation (EC) No. 852/2004, Brussels, 15 July 2008, http://ec.europa.eu/food/food/biosafety/
hygienelegislation/national_guides_register_15-07-2008.pdf.
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measures because they can be present in ready-to-eat food. One of these organisms 
is the bacterium Listeria monocytogenes—it survives low temperatures and kills one 
of every five persons it infects.

The reduction of microbiological hazards is an objective of different parts of food 
law such as hygiene codes, good practices, general hygiene legislation, and special-
ized legislation. Commission Regulation (EC) No. 2073/2005 on microbiological 
criteria for foodstuffs* is an example of legislation that adds the determining details 
to the general requirements of hygiene Regulation EC No. 852/2004.† It does this in 
the context of the implementation of good hygiene practice and application of proce-
dures based on hazard analysis and critical control point (HACCP) principles. “The 
safety of foodstuffs is mainly ensured by a preventive approach.”‡ This approach 
and the prescription of microbiological criteria can reinforce each other by using 
the criteria to verify the good functioning of HACCP procedures and good hygiene 
practice. However, the microbiological criteria are also used to ban failing food from 
the market and for hygiene control.

The preventive approach calls for effective good hygiene practices.

2.3.8 specific LegisLATion on microBiAL conTAminATion

The CAC has made guidelines on microbiological criteria for foods and the conduct 
of microbiological risk assessment.§

The EC legislation follows the Codex guideline for microbiological criteria.¶ It 
is also based on reports and opinions of EC committees and panels about the haz-
ards of several types of microbiological contamination of fruits and vegetables eaten 
raw.** One of these types is Listeria monocytogenes. Opinions of the risks related 
to this microbe were first given for food of animal origin†† and later extended to all 

* European Commission Regulation (EC) No. 2073/2005 of 15 November 2005 on microbiological cri-
teria for foodstuffs (text with EEA relevance). OJ L 338, 22.12.2005, pp. 1–26. Consolidated version: 
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=CONSLEG:2005R2073:20071227:EN:PDF.

† Article 4(3)(a) Regulation (EC) No. 852/2004.
‡ Recital 5 Commission Regulation (EC) No. 2073/2005.
§ Codex Alimentarius Commission. CAC/GL 21-1997 Principles for the Establishment and Application 

of Microbiological Criteria for Foods, http://www.codexalimentarius.net/web/more_info.jsp?id_
sta=394.  Codex Alimentarius Commission CAC/GL-30 (1999) Principles and Guidelines for the 
Conduct of Microbiological Risk Assessment, http://www.codexalimentarius.net/web/more_info.
jsp?id_sta=357.

¶ Recital (18) Commission Regulation (EC) No. 2073/2005.
** European Community, Commission of the European Communities, Health and Consumer 

Protection Directorate-General, Directorate C—Scientific Opinions, C2—Management of Scientific 
Committees II; Scientific Cooperation and Networks. Scientific Committee on Food, Risk Profile 
on the Microbiological Contamination of Fruits and Vegetables Eaten Raw. Report of the Scientific 
Committee on Food (adopted on the 24th of April 2002), SCF/CS/FMH/SURF/Final, 29 April 2002. 
At http://ec.europa.eu/food/fs/sc/scf/out125_en.pdf.

†† European Community, Commission of the European Communities, Health and Consumer Protection 
Directorate-General, Directorate B—Scientific Health Opinions, Unit B3—Management of Scientific 
Committees II. Opinion of the Scientific Committee on Veterinary Measures relating to Public Health 
on Listeria monocytogenes, 23 September 1999. http://ec.europa.eu/food/fs/sc/scv/out25_en.pdf.
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food.* These opinions have been updated by an opinion of the competent panel of 
the European Food Safety Authority EFSA.†

Commission Regulation (EC) No. 2073/2005 gives food safety criteria that impose 
limits to the presence of specified microorganisms and their toxins and metabolites 
in twenty-seven different food categories.‡ The regulation introduces two types of 
microbiological criteria, the process hygiene criteria that indicate the acceptable 
functioning of the production process, and the food safety criteria that define the 
acceptability of products on the market.

Process hygiene criteria prescribe food business operators to take measures based 
on their HACCP method and good hygiene practice to carry out the supply, handling, 
and processing of raw materials and foodstuffs.§

Food business operators have to make sure that their products meet the food safety 
criteria throughout the shelf life.¶ This responsibility covers all stages following man-
ufacturing: distribution, storage, and retail. It covers use of the produce and reaches 
into the household of the consumer whose refrigerator temperature is often too high 
and a major cause for microbial contamination. The food safety criteria take this into 
account. The responsibility is limited to the reasonably foreseeable conditions.

Food business operators in the manufacturing stage of the production chain have 
to conduct studies to investigate whether their products meet the criteria through-
out the shelf life. This obligation applies in particular to ready-to-eat foods that are 
able to support the growth of Listeria monocytogenes and may pose a risk for pub-
lic health.** The European Commission developed a guidance document,†† and the 
Community Reference Laboratory for Listeria monocytogenes prepared a technical 
guidance document for laboratories conducting shelf-life studies.‡‡

Food business operators have to perform tests against the microbiological criteria 
of Annex I when they verify the correct functioning of the HACCP-based procedure 

* European Community, Commission of the European Communities, Health and Consumer Protection 
Directorate-General, Directorate C—Scientific Opinions, Directorate C—Scientific Opinions, 
C3—Management of Scientific Committees II; Scientific Cooperation and Networks, Opinion of the 
Scientific Committee on Food in respect of Listeria monocytogenes expressed on 22 June 2000. http://
ec.europa.eu/food/fs/sc/scf/out63_en.pdf.

† Scientific Opinion of the Panel on Biological Hazards on a request from the European Commission on 
Request for updating the former SCVPH opinion on Listeria monocytogenes risk related to ready-to-
eat foods and scientific advice on different levels of Listeria monocytogenes in ready-to-eat foods and 
the related risk for human illness. The EFSA Journal (2007) 599, 1–42. http://www.efsa.europa.eu/cs/
BlobServer/Scientific_Opinion/biohaz_op_ej599_listeria_en.pdf?ssbinary=true.

‡ Annex I Commission Regulation (EC) No. 2073/2005.
§ Article 3(1)(a) and Chapter 2 Annex I Commission Regulation (EC) No. 2073/2005.
¶ Article 3(1)(b) and Chapter 1 Annex I Commission Regulation (EC) No. 2073/2005.
** Article 3(2) and Annex II Commission Regulation (EC) No. 2073/2005.
†† European Community, Commission of the European Communities, Guidance Document on Listeria 

monocytogenes shelf-life studies for ready-to-eat foods, under Regulation (EC) No. 2073/2005 of 15 
November 2005 on microbiological criteria for foodstuffs, Commission Staff Working Document, 
SANCO/1628/2008 ver. 9.3 (26112008) Brussels 2008, http://ec.europa.eu/food/food/biosafety/
salmonella/docs/guidoc_listeria_monocytogenes_en.pdf. 

‡‡ Agence Française de sécurité sanitaire des aliments, AFSSA, Laboratoire d’Etudes et de Recherches 
sur la Qualité des Aliments et sur les Procédés Agro-alimentaires, Technical Guidance Document on 
shelf-life studies for Listeria monocytogenes in ready-to-eat foods, Version 2 – November 2008, http://
ec.europa.eu/food/food/biosafety/salmonella/docs/shelflife_listeria_monocytogenes_en.pdf.
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and the good hygiene practice they use. They have to decide the appropriate sam-
pling frequencies in the context of this procedure and practice. They also have to 
take into account what the instructions for use of the foodstuff will be.*

Commission Regulation (EC) No. 2073/2005 specifies the obligations for food 
business operators to secure that their products meet the microbiological criteria 
and prescribes the detection methods they have to use. The detection methods refer 
to specific International Organization for Standardization (ISO) standards for food 
samples. Samples have to be taken from processing areas and equipment when 
necessary, and then ISO Standard 18593 is the reference method.† The number of 
sample units is specified in Annex I, but the food business operator can reduce the 
number if the producer can demonstrate by historical documentation that effec-
tive HACCP-based procedures are used.‡ Food business operators may use other 
sampling and testing procedures when they can convince the competent authority 
that these procedures provide at least equivalent guarantees.§ Alternative analytical 
methods are accepted when they are validated against the reference method speci-
fied in Annex I and when the operator uses a proprietary method certified by a third 
party in accordance with the protocol of ISO standard 16140 or other internationally 
accepted similar protocols.¶ Other analytical methods are accepted when they are 
validated against internationally accepted protocols and authorized by the compe-
tent authority.**

FcFV are on the Annex I food safety criteria list in relation to two microorgan-
isms. A food safety criterion is set for precut fruits and vegetables (ready-to-eat) in 
relation to Salmonella.†† Food safety measures are taken against Listeria monocyto-
genes in relation to three food categories.‡‡ The first category is ready-to-eat foods 
intended for infants and special medical purposes. In this food category, regular 
testing is not required in normal circumstances for fresh, uncut, and unprocessed 
vegetables and fruits. By implication, regular testing is required for fresh-cut pro-
duce. The two remaining ready-to-eat food categories are for food not intended for 
infants or special medical purposes. Food category 1.2, the ready-to-eat foods able 
to support the growth of Listeria monocytogenes, is to be tested regularly. The test 
result of this category is satisfactory when the food business operator is able to dem-
onstrate that the product will not exceed the limit of 100 cfu/g throughout the shelf 
life.§§ When the operator cannot demonstrate this condition, the following test results 
apply before the food has left the immediate control of the producer—a satisfactory 
result if all observed values indicate the absence of the bacterium, and an unsatisfac-
tory result if its presence is detected in any of the sample units. The third category 

* Article 4(2) Commission Regulation (EC) No. 2073/2005.
† Article 5(2) Commission Regulation (EC) No. 2073/2005.
‡ Article 5(3) Commission Regulation (EC) No. 2073/2005.
§ Article 5(5) Commission Regulation (EC) No. 2073/2005.
¶ Article 5(5)(§3) Commission Regulation (EC) No. 2073/2005.
** Article 5(5)(§4) Commission Regulation (EC) No. 2073/2005.
†† Food category 1.1, 1.2, and 1.3 Chapter 1 Food safety criteria. Annex I Commission Regulation (EC) 

No. 2073/2005.
‡‡ Food category 1.19 Chapter 1 Food safety criteria. Annex I Commission Regulation (EC) No. 

2073/2005.
§§ Cfu/g stands for colony forming units per gram.
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is the ready-to-eat foods unable to support the growth of this bacterium. Products 
with a specified acidity and water activity or a shelf life of less than 5 days belong 
automatically to this category.* Other categories of products can be added when 
scientifically justified. Regular testing is required for fresh-cut produce, but the test 
results are less stringent. They are satisfactory if all the values observed are lower 
than or equal to the limit of 100 cfu/g.

2.3.9  The consequences of fAiLures To meeT The food 
sAfeTy criTeriA And process hygiene criTeriA

The food business operator has to withdraw or recall the product or batch when the tests 
against the food safety criteria specified in Chapter 1 of Annex I are unsatisfactory.†

The food safety criteria define the requirements that apply to the product in a 
definitive manner: Unsatisfactory test results mean that the product is not allowed—
it is unsafe according to Article 14 GFL. Food placed on the market or imported into 
the EC that does not meet the food safety criteria has to be removed.

Process hygiene criteria are set for ready-to-eat precut fruits and vegetables in rela-
tion to E. coli at the manufacturing stage. Unsatisfactory test results have to lead the 
food business operator to improve production hygiene and selection of raw materials.‡

2.3.10 The reguLATory sTyLe of The u.s. food And drug AdminisTrATion

The FDA has its own toolkit to promote food safety. It can use its regulatory pow-
ers to legislate detailed rules, publish guides, give advice, and investigate. Usually, 
several of these instruments are combined.

2.3.11  currenT good mAnufAcTuring prAcTice in mAnufAcTuring, 
pAcking, or hoLding humAn food (cgmp)

The “Current Good Manufacturing Practice in Manufacturing, Packing, or Holding 
Human Food” is an example of very detailed legislation. It is made by the U.S. 
Food and Drug Administration (FDA) based on the regulatory powers given by the 
Federal Food, Drug, and Cosmetic Act and the Federal Public Health Act.§

The name is confusing, because it is not a GMP from the collection of voluntary 
good practices. It is binding regulatory law. This is one example of how legislation 
changes the significance of good practices by referring to them. It can be said to be 

* Products with pH ≤ 4.4 or aw ≤ 0.92, products with pH ≤ 5 and aw ≤ 0.94, Food category 1.3 Chapter 1 
Food safety criteria. Annex I Commission Regulation (EC) No. 2073/2005.

† Article 7 Commission Regulation (EC) No. 2073/2005 and Article 19 Regulation (EC) No. 178/2002, 
GFL.

‡ Food category 2.5.1, 2.5 Vegetables, fruits and products thereof, Chapter 2 Process hygiene criteria. 
Annex I Commission Regulation (EC) No. 2073/2005.

§ United States of America, Code of Federal Regulations (CFR) Title 21: Food and Drugs, Part 
110. Current Good Manufacturing Practice in Manufacturing, Packing, or Holding Human Food. 
(Abbreviated to 21 CFR Part 110), http://ecfr.gpoaccess.gov/cgi/t/text/text-idx?c=ecfr;sid=03c0f0ea8b
688b533744ae63a89f6aa4;rgn=div5;view=text;node=21%3A2.0.1.1.10;idno=21;cc=ecfr.
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an extreme example, because the legislation in this case does not merely refer to a 
settled practice or incorporate a part of it, but it determines it word for word, sen-
tence by sentence as binding legislation.

These food safety practices have to be applied by processors who manufacture, 
process, pack, or hold human food.* This means that this regulation does not cover 
the production processes on the farm. It does cover the production of FcFV.

The CGMP prescribes the duties of the persons who manage food production to 
secure the highest possible levels of food hygiene. It provides rules for all aspects of 
food processing after harvesting for all persons and all materials that can influence 
food hygiene. The CGMP is applied in the buildings or other facilities where human 
food is manufactured, packed, labeled, or held. All reasonable measures and precau-
tions have to be taken to ensure that the personnel working in those facilities report 
their health condition, maintain cleanliness, and are educated and trained in proper 
food handling and food protection principles.

Disease control can serve as an example of the nature of the requirements and the 
degree of detail. It is formulated as follows:

Any person who, by medical examination or supervisory observation, is shown to have, 
or appears to have, an illness, open lesion, including boils, sores, or infected wounds, 
or any other abnormal source of microbial contamination by which there is a reason-
able possibility of food, food-contact surfaces, or food-packaging materials becoming 
contaminated, shall be excluded from any operations which may be expected to result 
in such contamination until the condition is corrected. Personnel shall be instructed to 
report such health conditions to their supervisors.†

Cleanliness is obligatory for all persons working in direct contact with food, food-
contact surfaces, and food-packaging materials. They have to conform to hygienic 
practices at work to the extent necessary to protect against contamination of food.‡ 

The responsibility for assuring compliance by all personnel with all these require-
ments has to be clearly assigned to competent supervisory personnel.§

The duties of the responsible operator with regard to buildings, grounds, other 
facilities, sanitary operations, sanitary facilities, equipment and utensils, process 
controls, storage, and distribution are regulated in the same manner.

The paragraph on sanitary operations opens with the following statement:

 (a) General maintenance. Buildings, fixtures, and other physical facilities of the 
plant shall be maintained in a sanitary condition and shall be kept in repair 
sufficient to prevent food from becoming adulterated within the meaning of the 
act. Cleaning and sanitizing of utensils and equipment shall be conducted in a 
manner that protects against contamination of food, food-contact surfaces, or 
food-packaging materials.¶

* Code of Federal Regulations (CFR) Title 21: Food and Drugs, Part 110. Current Good Manufacturing 
Practice in Manufacturing, Packing, or Holding Human Food. (Abbreviated to 21 CFR Part 110). 

† 21 CFR Part 110 Subpart A. General Provisions § 110.10 Personnel (a) Disease control
‡ 21 CFR Part 110 Subpart A. General Provisions § 110.10 Personnel (b) Cleanliness.
§ 21 CFR Part 110 Subpart A. General Provisions § 110.10 Personnel (d) Supervision.
¶ 21 CFR Part 110. §110.35(a) Sanitary operations.
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The production and process controls are regulated in seventeen items with Point 
13 on protection against contamination formulated as follows:

Filling, assembling, packaging, and other operations shall be performed in such a way 
that the food is protected against contamination. Compliance with this requirement 
may be accomplished by any effective means, including:

 (i) Use of a quality control operation in which the critical control points are identi-
fied and controlled during manufacturing.

 (ii) Adequate cleaning and sanitizing of all food-contact surfaces and food 
containers.

 (iii) Using materials for food containers and food-packaging materials that are safe 
and suitable, as defined in §130.3(d) of this chapter.

 (iv) Providing physical protection from contamination, particularly airborne 
contamination.

 (v) Using sanitary handling procedures.*

The complete section on production and process controls does not mention the HACCP 
system as such, but Point 13(i) refers to the use of the critical control points.

2.3.12 u.s. guides

The 2008 U.S. “Guide to Minimize Microbial Food Safety Hazards of Fresh-Cut 
Fruits and Vegetables” is made by the FDA as a set of nonbinding recommenda-
tions for the industry. It is one of the instruments used by the FDA to deal with the 
food safety hazards of fresh produce. Other instruments are the “Guide to Minimize 
Microbial Food Safety Hazards for Fresh Fruits and Vegetables” made in 1998 (USA 
FFV Guide 1998)† and the “Letter to California Firms That Grow, Pack, Process, or 
Ship Fresh and Fresh-cut Lettuce” sent and published in 2005.‡

Both guides are not binding and do not create rights or obligations, not for the 
producers and not for the FDA or the federal government. They reflect only the lat-
est considered knowledge of the FDA. Producers with alternatives are invited to 
contact the FDA to discuss their ideas.§ The guides are suggestions of food safety 
practices that processors of fresh-cut produce can follow to meet the mandatory 
CGMP requirements. The guides can deal in greater detail with the issues that are 
of particular significance for the producers of FcFV. The regulatory CGMP is made 
for all kinds of products. One can imagine the CGMP, a text of some six thousand 
words, as the regulatory core founded on federal legislation and surrounded by sev-
eral guides explaining the regulation for different groups of produce. The 2008 guide 

* 21 CFR Part 110. Subpart E. Production and Process Controls. § 110.80. Processes and controls.
† U.S. Department of Agriculture, Centers for Disease Control and Prevention, and U.S. Department 

of Health and Human Services, Food and Drug Administration, Center for Food Safety and Applied 
Nutrition (CFSAN), Guidance for Industry. Guide to Minimize Microbial Food Safety Hazards for 
Fresh Fruits and Vegetables, October 26, 1998. http://www.foodsafety.gov/~dms/prodguid.html.

‡ United States of America, Food and Drug Administration, CFSAN/Office of Plant and Dairy Foods, 
Letter to California Firms That Grow, Pack, Process, or Ship Fresh and Fresh-cut Lettuce, November 
4, 2005, http:www.cfsan.fda.gov/~dms/prodltr2.html.

§ USA FcFV Guide 2008, text box preceding 1. Introduction.
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on fresh-cut produce uses fifteen thousand words to explain the CGMP, and the 1993 
guide on fresh produce uses some thirty-two thousand words.

In addition to providing tailor-made advice to producers, the two guides also play 
a role in the regulatory style developed by the FDA to achieve the required level of 
food safety by a combination of instruments.

The FFV Guide USA of 1998 was followed by letters of the FDA to growers of 
fresh lettuce that was processed into fresh-cut lettuce to inform them that signifi-
cant food safety incidents were caused by food hygiene failures in their area. The 
products could not be traced back to individual companies. The letters urged the 
producers to apply the mandatory hygiene prescriptions, and conveyed the agency’s 
“serious concern with the continuing outbreaks of foodborne illness associated with 
the consumption of fresh and fresh-cut lettuce and other leafy greens.” The agency 
used the letters to outline its plans and to specify the actions it expects from the 
industry to enhance the safety of these products. It kindly reminds the producers 
that it is investigating its regulatory options and will consider enforcement actions 
against firms and farms that grow, pack, or process fresh lettuce and leafy greens 
under unsanitary conditions.

The use of the HACCP system is a second example of this “hands-off” approach. 
The FDA notes that U.S. law does not require FcFV producers to apply the HACCP 
system. At the same time, it refers approvingly to the United Fresh Produce 
Association’s recommendation to use HACCP, and the information that this is done 
by most producers.*

2.3.13 sTAndArds

Legislation can promote the use of standards directly by referring to them as techni-
cal norms that have to be applied to carry out the law. Legislation can promote the 
use of standards indirectly by introducing concepts like due diligence into food law. 
The government of the United Kingdom did this after a series of major food safety 
problems. The due diligence concept changes the burden of proof. It means that 
in any proceeding for an offense under the Food Safety Act 1990, a food business 
operator can defend himself by proving “that he took all reasonable precautions and 
exercised all due diligence to avoid the commission of the offence by himself or by 
a person under his control.”†

This worked as a stimulus to pay more systematic attention to food safety issues, 
geared to the prevention and collection of verifiable records of good practices. It 
led the British Retail Consortium (BRC) to introduce the Food Technical Standard 
for retailers to evaluate the work done by the manufacturers of their own brand 
of food products. That proved to be only the first of a series of BRC food-related 
standards. The most recent representatives are the Global Standard for Food Safety 
and the Global Standard for Packaging and Packaging Materials, both published 
in 2008.

* USA FcFV Guide 2008, Section II Fresh-cut Produce and HACCP Systems.
† United Kingdom Food Safety Act 1990, 1990 Chapter 16, Part II Main Provisions 21, http://www.opsi.

gov.uk/acts/acts1990/ukpga_19900016_en_3#pt2-pb4-l1g21.
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The International Organization for Standardization published the ISO 22000 
standard for “Food safety management systems—Requirements for organisations 
throughout the food chain.” It applies the HACCP system in every stage of the pro-
duction chain.

2.3.14 The gLoBAL g.A.p. sTAndArd

A sophisticated combination of instruments for food safety and quality was devel-
oped by the GlobalG.A.P. organization, the globalized successor of EurepGAP, an 
initiative of a group of leading European retailers to transmit the preferences of their 
customers, and some of their own, to primary producers.

GlobalG.A.P. is many things at the same time—a GAPractice, an application of 
the HACCP system to primary production, a standard for certification, and, finally, 
a farm insurance contract.*

The farmers and growers who participate in the scheme have to check the way 
they work at least twice a year against the GlobalG.A.P. standard. First as self-assess-
ment, and then in the certification procedure with an independent certification body, 
selected by the GlobalG.A.P. organization.

The control points and compliance criteria are organized in three frameworks 
arranged according to the specialization in the production processes. The first 
framework is Section AF, the “All Farm Base,” covering the general aspects of pri-
mary production.

The second framework contains several sections of larger product groups such as CB 
Crops Base,” LB “Livestock Base,” and AB “Aquaculture Base.” Each of these groups 
is subdivided into a number of specific products that form the third framework.

Section FV “Fruit and Vegetables” is the first specific product group in the “Crops 
Base.” The 236 potential control points for fruits and vegetables are found by collecting 
them from the “All Farm Base,” “Crops Base,” and FV “Fruit and Vegetable Section.”

They begin with record keeping and a reference system for each field, orchard, 
and greenhouse. That provides the necessary information for traceability, one of the 
major concerns of the retailers. A few examples of the control points and their com-
pliance criterion are as follows:

Section AF, the “All Farm Base”

AF.1 Record Keeping and Internal Self-Assessment/Internal Inspection
AF.1.1 Control point: Are all records requested during the external inspection 

accessible and kept for a minimum period of time of two years, unless a longer 
requirement is stated in specific control points?

Compliance criterion: Producers keep up to date records for a minimum of two years 
from the date of first inspection, unless legally required to do so for a longer period.

AF.2. Site History and Site Management

* For the Internet addresses of the freely available GlobalG.A.P. documents, see the GlobalG.A.P. entries 
in the References. 
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AF.2.1.2. Control point: Is a reference system for each field, orchard, greenhouse, 
yard, plot, livestock building or other area/location used in production estab-
lished and referenced on a farm plan or map?

Compliance criterion: Compliance must include visual identification in the form of 
a physical sign at each field/greenhouse/plot/livestock building/pen or other farm, or a 
farm plan or map that could be cross referenced to the identification system.

Section CB Crops Base

CB.1 Traceability. Traceability facilitates the withdrawal of foods and enables cus-
tomers to be provided with targeted and accurate information concerning impli-
cated products.

CB.1.1 Control point: Is GLOBALGAP (EUREPGAP) registered product traceable 
back to and trackable from the registered farm (and other relevant registered 
areas) where it has been grown?

Compliance criterion: There is a documented identification and traceability system 
that allows GLOBALGAP (EUREPGAP) registered product to be traced back to the reg-
istered farm or, in a Farmer Group, to the registered farms of the group, and tracked for-
ward to the immediate customer. Harvest information must link a batch to the production 
records or the farms of specific producers. (Refer to General Regulations Part III for infor-
mation on segregation in Option 2). Produce handling must also be covered if applicable.

CB.6 Quality of Irrigation Water
CB.6.3 Control point: Has the use of untreated sewage water for irrigation/fertiga-

tion been banned?

Compliance criterion: Untreated sewage water is not used for irrigation/fertigation. 
Where treated sewage water is used, water quality complies with the WHO published 
Guidelines for the Safe Use of Wastewater and Excreta in Agriculture and Aquaculture 
1989. Also, when there is doubt if water is coming from a possibly polluted source 
(because of a village upstream, etc.) the grower has to demonstrate through analysis 
that the water complies with the WHO guideline requirements or the local legislation 
for irrigation water. See Table 3 in Annex AF.1 for Risk Assessments.

Section FV Fruit and Vegetables

FV.4 Harvesting
FV.4.1.1 Control point: Has a hygiene risk analysis been performed for the harvest 

and pre-farm gate transport process?

Compliance criterion: There is a documented and up to date (reviewed annually) 
risk analysis covering physical, chemical and microbiological contaminants and human 
transmissible diseases, customised to the products. It must also include FV.4.1.2 to 
FV.4.1.9. The risk analysis shall be tailored to the scale of the farm, the crop, and the 
technical level of the business.

FV.5.2 Personal Hygiene
FV.5.2.1 Control point: Have workers received basic instructions in hygiene before 

handling
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Compliance criterion: There must be evidence that the workers received training 
regarding transmission of communicable diseases, personal cleanliness and clothing, 
i.e. hand washing, wearing of jewellery and fingernail length and cleaning, etc.; per-
sonal behaviour, i.e. no smoking, spitting, eating, chewing, perfumes, etc.

FV.5.6 Rodent and Bird Control
Control point: FV.5.6.4 Are detailed records of pest control inspections and neces-

sary actions taken, kept?

Compliance criterion: Records of pest control inspections and follow up action 
plan(s). The producer can have his own records. Inspections must take place whenever 
there is evidence of presence of pests. In case of vermin, the producer must have a 
contact number of the pest controller or evidence

FV.5.8 Post-Harvest Treatments
FV.5.8.3 Control point: Are only any biocides, waxes and plant protection products 

used on harvested crop destined for sale in the European Union that are not 
banned in the European Union?

Compliance criterion: The documented post harvest biocide, wax and crop protec-
tion product application records confirm that no biocides, waxes and crop protection 
products that have been used within the last 12 months on the harvested crop grown 
under GLOBALGAP (EUREPGAP) destined for sale within the E.U., have been pro-
hibited by the E.U. (under EC Prohibition Directive List - 79/117/EC.)

GlobalG.A.P. is a business-to-business standard. Retailers developed it to pass 
consumers’ preferences on to the producers who can produce the preferred pri-
mary produce.

Retailers and caterers can use the same instrument with its existing and still to be 
formulated control points and compliance criteria to meet their requirements with 
regard to FcFV right from the start. Prevention of microbiological contamination is 
one of those issues that depend on the development of the best available production 
methods. GlobalG.A.P can be one instrument that primary producers share with 
retailers and caterers to stimulate this development.

2.4 conclusIon

The law that applies to FcFV is mainly general food law and food hygiene law. 
The Codex Alimentarius Commission will increasingly be the forum where dif-
ferent national laws will be harmonized to the level that will be required for 
trade and food safety. Concerns about foodborne diseases and the potential role 
of fresh-cut produce as a medium that transmits the microbes involved, have 
already produced some specific fresh-cut legislation and guidance documents 
on these issues. It is probably just the beginning of far more specific food safety 
law making.
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3.1  sPoIlaGe Pattern and sPoIlaGe MIcroorGanIsMs 
related to FresH-cut FruIts and VeGetables

3.1.1 inTroducTion

In spoilage of fresh-cut fruits and vegetables, two major patterns can be defined, 
which are different but influence each other. A distinction needs to be made between 
physiological spoilage (due to enzymatic and metabolic activity of the living plant 
tissue) and microbiological spoilage (due to proliferation of microorganisms). 
Processing fresh fruits and vegetables removes the natural protection of the epider-
mis and destroys the internal compartmentalization that separates enzymes from 
substrates. Consequently, plant tissues suffer physical damages that make them 
much more perishable than when the original product is intact (Artés et al. 2007). 
Moreover, processing results in a stress response by the produce characterized by 
an increased respiration rate (wound respiration) and ethylene production, leading 
to faster metabolic rates (Rosen and Kader 1989; Howard et al. 1994; Watada et al. 
1996; Saltveit 1999; Kang and Saltveit 2002; Knee and Miller 2002; Laurila and 
Ahvenainen 2002; Surjadinata and Cisneros-Zevallos 2003; Artés et al. 2007). In 
addition to these changes in metabolic rates, damage of the plant tissue leads to 
exposure to air, desiccation, and the bringing together of enzymes with substrates, 
all leading to quality degradation (Klein 1987; King and Bolin 1989; Roura et al. 
2000; Knee and Miller 2002). Next to physiological processes, the release of nutri-
ents on the cut surfaces allows the growth of microorganisms. Under natural condi-
tions, the outer layer of the plant tissue consists of a hydrophobic surface providing 
a natural barrier for microorganisms (Lund 1992). Due to damage of the surface, 
nutrients are released from the plant tissue, which can be used by microorganisms 
as shown by Mercier and Lindow (2000) after inoculating Pseudomonas fluorescens 
on different leaves of vegetable plants. Densities of microorganisms were directly 
correlated with the amount of sugars present on the surface of leaves, and these 
sugars were the limiting factor with regard to colonization. Related to the presence 
of damaged areas, Babic et al. (1996) found that microbiological populations were 
situated on cut surfaces of spinach after 12 days of storage at 10°C. Brocklehurst and 
Lund (1981) found after inoculation of celery, that soft rot could not be caused on 
unwounded tissue, possibly due to limited proliferation. Damaged spots on plant tis-
sue thus provide a better substrate for microbiological growth by providing nutrients 
(King et al. 1991; Zagory 1999). Some of the microorganisms produce pectinolytic 
enzymes degrading texture and as such provide more nutrients for microbiological 
activity (e.g., during soft rotting, spoilage of leafy vegetables such as fresh-cut let-
tuce). Commodities that are susceptible to a high degree of nutrient release will result 
in intense microbiological proliferation (e.g., during spoilage of intensively cut fruits 
and vegetables such as cucumber cubes, zucchini slices, and melon parts). Moreover, 
high microbial loads can induce increasing respiration rates of the produce as shown 
by Saftner et al. (2006) in the case of fresh-cut melon. Yeasts and molds, which 
are less sensitive to a low pH, will develop on fruits with lower pH (e.g., strawber-
ries, raspberries, and nectarines), while on the more pH-neutral vegetables, bacterial 
growth can be detected.
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The above-mentioned intrinsic properties (e.g., pH of the tissue and nutrient avail-
ability) determine the growth rate and the type of microorganisms developing on the 
produce and, consequently, the type of spoilage pattern. Extrinsic properties (e.g., 
storage temperature and gas atmosphere) also influence the spoilage behavior of 
fresh-cut fruits and vegetables. With regard to microbiological processes, Zagory 
(1999) reviewed some experiments with fresh-cut vegetables, illustrating that the 
effect of modified atmosphere on microbiological growth is not consistent and that 
storage temperature rather than gas composition controls microbiological growth. 
Moreover, Nguyen-the and Carlin (1994) stated that the benefits of modified atmo-
sphere for quality are not consistently related to a reduction in the growth of meso-
philic flora. Bennik et al. (1998) reported that the physiological state of the product, 
rather than the inhibition of soft-rot bacteria, plays an important role in the ben-
eficial effects of controlled atmosphere storage of vegetables. However, too low O2 

concentrations or too high CO2 concentrations could induce physiological disorders 
independent of microbiological processes (Giménez et al. 2003). Rocha et al. (1995) 
stated that in the case of fresh-cut oranges, the microbial population does not cause 
spoilage, at least when appropriate temperatures are employed. Rather, some fac-
tors in the fruit together with factors acquired during processing (e.g., interference 
with enzymes) may mediate spoilage. Similar observations were found by Pretel 
et al. (1998). The typical gas conditions applied for packaging fresh-cut fruits and 
vegetables, 3% to 5% O2, combined with 5% to 10% CO2 (and balanced by N2) are 
not directly affecting the microbiological growth on produce. The positive effect of 
modified atmosphere on the quality and spoilage retardation of fresh-cut produce is 
due to the inhibition of metabolic activity of the living plant tissue. In this way, plant 
tissue is keeping for a longer period its natural strength and protection (Jacxsens 
et al. 2002a, 2002b, 2003). Spoilage of fresh-cut fruits and vegetables will thus be 
determined by the rate of physiological and microbiological processes, as there is 
a possible interaction between these two processes (as reviewed by Ragaert et al. 
2007) in the case of fresh-cut vegetables.

3.1.2  oVerView of The mosT imporTAnT 
microorgAnisms reLATed To spoiLAge

Both fresh-cut fruits and vegetables are susceptible to many different contamina-
tion sources, such as seed, soil, irrigation water, animals, manure/sewage sludge 
use, harvesting, processing, and packaging. Total counts of microbiological pop-
ulations on fresh-cut vegetables after processing range from 3 to 6 log CFU/g. 
The bacterial population during storage mainly consists of species belonging to 
Pseudomonadaceae (especially P. fluorescens) and Enterobacteriaceae (especially 
Erwinia herbicola and Rahnella aquatilis) in addition to some species belonging to 
lactic acid bacteria (especially Leuconostoc mesenteroides) (Lund 1992; Nguyen-
the and Carlin 1994; Vankerschaver et al. 1996; Bennik et al. 1998). Unlike bacte-
ria, many different yeast species of comparable numerical importance have been 
identified in fresh-cut vegetables: Candida sp., Cryptococcus sp., Rhodotorula sp., 
Trichosporon sp., Pichia sp., and Torulaspora sp. (Nguyen-the and Carlin 1994). 
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Molds are not so important in the case of fresh-cut vegetables due to the intrinsic 
properties favoring the growth of bacteria and yeasts (Magnuson et al. 1990; King 
et al. 1991; Lund 1992; Moss 1999; Giménez et al. 2003). In the case of fresh-cut 
fruits, intrinsic properties favor growth of yeasts, molds, and in some cases, lactic 
acid bacteria mainly due to the lower pH value compared to vegetables (Beaulieu 
and Gorny, 2002). With regard to processed fruits, Tournas et al. (2006) found 
on a majority of 38 fruit salad samples (cantaloupe, citrus fruits, honeydew, pine-
apple, cut strawberries and mixed fruit salads) yeast levels ranging from less than 
2 to 9.72 log CFU/g. The most common yeasts were Pichia sp., Rhodotorula sp., 
Candida pulcherrima, C. lambica, C. sake, and Debaryomyces polymorphus. A 
wide range of mold species can be present on fruits. Molds reported on berries are 
Botrytis cinerea, Rhizopus stolonifer, Mucor piriformis, Rhizoctonia solani, and 
Phytophtora cactorum. Overripe or damaged berries can be invaded by Penicillium 
and Cladosporium species (Pitt and Hocking 1997). However, on intact strawberry 
and raspberry fruit, bacterial survival is possible and even growth on the calyx of 
strawberries (Sziro et al. 2006).

3.1.3 process of deTeriorATion

Microbiological proliferation is characterized by different processes: Production 
of enzymes and production of metabolites results in visual and textural defects and 
off-odors. In this, the interaction with physiological processes is of great impor-
tance. For instance, on fresh-cut vegetables sensitive to enzymatic browning, con-
ditions decreasing the rate of this physiological process determine if browning 
influences the sensorial shelf life of the commodities. Lower O2 concentrations 
slow enzymatic browning; therefore, sensorial quality factors other than browning 
become important with regard to sensorial shelf life (e.g., microbiological produc-
tion of off-odors) (Jacxsens et al. 2002b). Grated celeriac, for example, became 
unacceptable due to high sensitivity to browning, before off-odors could have been 
detected (Jacxsens et al. 2003). Similarly, the visual appearance of whitening and 
loss of fruity aroma on fresh-cut carrots occurred prior to the presence of off-odors 
(Lavelli et al. 2006).

Composition of fruits and vegetables will also determine the type of spoilage. In 
the case of sugar-rich products such as carrots, bell peppers, and most of the fresh-
cut fruits, growth of yeasts and lactic acid bacteria is favored, resulting in off-odors 
caused by microbial proliferation and the production of acids such as lactic acid, ace-
tic acid, malic acid, succinic acid, and pyruvic acid (Carlin et al. 1989; Kakiomenou 
et al. 1996). It can be seen that the detection of off-odors is often accompanied with 
a bacterial count exceeding 8 log CFU/g or a yeast count exceeding 5 log CFU/g. 
This was stated by Carlin et al. (1989), Barry-Ryan and O’Beirne (1998), and Hao 
et al. (1999) in the case of fresh-cut carrots. Production of organic acids on shred-
ded mixed bell peppers and grated celeriac was detected when the psychrotrophic 
count exceeded 8 log CFU/g, dominated by lactic acid bacteria (7 to 8 log CFU/g). 
In the case of bell peppers, yeasts exceeded 5 log CFU/g at the moment of spoilage 
(Jacxsens et al. 2003). Sourness is often accompanied by water loss, which is often 
associated with the proliferation of L. mesenteroides.
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Besides organic acids, bacteria and yeasts are capable of producing ethanol as 
demonstrated by Jacxsens et al. (2003) on a simulation medium of mixed-lettuce 
agar. Production of ethanol is often associated with the production of other volatile 
organic compounds such as 2-methyl-1-propanol, 2-methyl-1-butanol, and 3-methyl-
1-butanol, which could be detected from 8 log CFU/ cm² (bacteria) and 5 log CFU/
cm2 (yeasts) (Ragaert et al. 2006a). Smyth et al. (1998) reported inedible lettuce at 
20°C, because of severe fermentation and bacterial proliferation (no counts given). 
Among the volatile organic compounds, 2-methyl-1-butanol, 3-methyl-1-butanol, 
and 3-methyl-1-pentanol were detected. It was not clear if the production of these 
compounds was from physiological or microbiological origin. In the case of fresh-
cut fruits, which contain high concentrations of fermentable sugars, spoilage is often 
characterized by off-odors due to yeast growth resulting in the production of volatile 
organic compounds such as ethanol. Interestingly, yeasts inoculated on a simulation 
medium of strawberries produced the same compounds as reported on mixed-lettuce 
agar (ethanol, 2-methyl-1-propanol, 2-methyl-1-butanol, and 3-methyl-1-butanol), 
also from 5 log CFU/cm² (Ragaert et al. 2006b). Increasing amounts of ethanol were 
observed on fresh-cut apples with yeast growing to 5.5 log CFU/g (Rojas-Graü et al. 
2007). In some cases (e.g., temperature abuse, high initial contamination of molds), 
molds determine spoilage, resulting in visual spoilage before yeasts or bacteria 
can produce off-odors (Nielsen and Leufvén 2008). Metabolite production is often 
accompanied by sugar consumption by microorganisms, as observed by Tassou 
and Boziaris (2002), Jacxsens et al. (2003), Piga et al. (2003), Soliva-Fortuny et al. 
(2004), and Shah and Nath (2008) for litchis, different sugar-rich vegetables, carrots, 
apples, and litchis, respectively.

Production of fermentative metabolites such as ethanol is also possible due to fer-
mentation reactions of the produce when stored at too low O2 concentrations or too 
high CO2 concentrations independent of the microbiological counts. This was shown 
by López-Gálvez et al. (1997) in the case of packaged salad products (ethanol and 
acetaldehyde) and by Smyth et al. (1998) in the case of cut iceberg lettuce (ethanol, 
acetaldehyde, ethyl acetate). Smyth et al. (1999) suggested the presence of ethanol on 
fresh-cut carrots as to be a wounding response. Mechanical wounding of fruits and 
vegetables (e.g., cutting) enhances a diverse array of enzymatic pathways, associated 
in many cases with the generation of volatiles (Toivonen 1997). Purvis (1997) stated 
that fermentative metabolism can be enhanced in fruits by several factors, including 
environmental (chilling injury temperature, hypoxic conditions), biotic (microbial 
infections), and internal (ripening, senescence) factors.

Metabolite production could also affect physiological processes, as demonstrated 
during storage experiments with strawberries where it was found that ethanol was 
converted by the physiological processes of the strawberries to ethyl acetate, which 
limited the sensorial shelf life of strawberries. Increases in ethanol were detected 
when yeast counts were above 5 log CFU/g (Ragaert et al. 2006c). The conversion of 
added compounds such as ketones, aldehydes, and alcohols to acetate and butyrate 
esters by strawberries was also demonstrated by Pesis and Avissar (1990), Hamilton-
Kemp et al. (1996), and Yu et al. (2000), indicating that microbiological metabolites 
can be metabolized by strawberries.
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Products with lower sugar concentrations such as lettuce will mainly be spoiled 
by soft-rot bacteria such as Pseudomonas sp. resulting in both textural and visual 
defects, although these bacteria could also produce metabolites, resulting in off-
odors as described above. Besides physiological degradation of texture (Artés et al. 
2007), different microorganisms produce pectinolytic enzymes that can influence 
textural changes in fresh-cut produce by degrading the pectin molecule in the mid-
dle lamella and the primary cell wall. This production has been reported for differ-
ent species of bacteria (Juven et al. 1985; Membré and Burlot 1994; Membré et al. 
1995; Fraaije et al. 1997; Liao et al. 1997). The most frequently isolated pectinolytic 
bacteria regarding fresh-cut vegetables are species of Erwinia and Pseudomonas. 
Moreover, a whole range of yeasts have been reported as producers of pectinolytic 
enzymes, mainly endopolygalacturonases (Blanco et al. 1999), which could be 
important to consider during storage of fresh-cut fruits (Nakagawa et al. 2004; 
Restuccia et al. 2006). The softening of the tissue due to microbiological activity 
is located where nutrients are available (e.g., on the cut surfaces). There seems 
to be inconsistency in the counts necessary for causing textural decay. Bacterial 
populations of 7 to 7.7 log CFU/g were found on celery segments with pectinolytic 
Pseudomonas sp. predominating (Robbs et al. 1996a). This was accompanied by 
soft or macerated tissue. Babic et al. (1996) detected a loss of texture in fresh-
cut spinach, when the microbiological count exceeded 8 log CFU/g, dominated 
by Pseudomonas fluorescens. However, Robbs et al. (1996b) found on fresh-cut 
celery bacterial populations of 7.1 log CFU/g but no spoilage with regard to tex-
ture and color, although predominant flora were also pectinolytic Pseudomonas 
sp. Pectinolytic bacteria isolated from fresh-cut (grated) carrots did not influence 
spoilage on these carrots, possibly due to the dominating lactic acid bacteria and 
yeasts (Carlin et al. 1989). Different factors play a role in microbiological break-
down of texture; Robbs et al. (1996a) mentioned in the case of cut celery that a 
complex mixture of bacteria rather than a single pathogenic species will initiate 
decay, while Robbs et al. (1996b) stated that a possible loss in plant resistance to 
microbiological attack could lead to development of decay. It should also be men-
tioned that physiological processes or the activity of pectinolytic microorganisms 
resulting in “soft-rot” spots or other visual symptoms possibly leads to unaccept-
able visual defects before textural deviations can be observed. Moreover, reports 
combining different sensorial evaluations, including texture, found during stor-
age experiments with soft red fruits and different fresh-cut vegetables that visual 
defects or off-odor and off-flavors determined sensorial shelf life (López-Gálvez et 
al. 1997; Van der Steen et al. 2002; Giménez et al. 2003; Jacxsens et al. 2003; Sziro 
et al. 2006). Gas composition can also alter the texture of fruits and vegetables as 
demonstrated by different publications (Larsen and Watkins 1995; Harker et al. 
2000; Giménez et al. 2003; Pelayo et al. 2003; Allende et al. 2004). However, it is 
not possible from these publications to draw conclusions on which gas composi-
tion is optimal, possibly due to the dependence on different factors such as type of 
product, cultivar, and tolerance to high CO2 and low O2 concentrations.

With regard to visual defects, different publications mention that these defects 
become visible from a microbiological count of 8 log CFU/g (Nguyen-the and 
Prunier 1989; King et al. 1991; Li et al. 2001b; Giménez et al. 2003). This is, 
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however, not a sufficient condition as there were leaves with large population den-
sities that remained healthy, showing that interaction with the plant material is 
also important (Jacques and Morris 1995). The effect of processing conditions on 
microbiological growth was demonstrated by Barry-Ryan and O’Beirne (1998), 
reporting that fresh-cut carrot slices having undergone less stressful conditions 
during processing (sharper blades) remained visually acceptable, due to maintain-
ing the integrity of the tissue. Related to this, total aerobic count never exceeded 
8 log CFU/g. Also, visual defects can occur before reaching 8 log CFU/g as dem-
onstrated in the case of fresh-cut bunched onions (10 cm stalks), celery sticks, and 
kohlrabi slices, which can be attributed to faster physiological processes (Hong 
and Kim 2004; Gòmez and Artés 2005; Escalona et al. 2006). An overview of 
different, dominating mechanisms of spoilage typically associated with leafy 
vegetables, sugar-rich vegetables and sugar-rich fruits, respectively, is given in 
Figure 3.1.

In shelf-life studies, the evolution of yeast count of fresh-cut produce is often 
ignored (Canganella et al. 1998; Viljoen et al. 2003; Restuccia et al. 2006). Total 
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FIGure 3.1 Overview of dominating mechanisms of spoilage and influences on spoilage 
of leafy vegetables versus sugar-rich fruits and vegetables.
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psychrotrophic count (incubation at 22°C) as well as yeasts count should be evalu-
ated when investigating the effect of microorganisms on quality. Moreover, when 
evaluating microbiological count in relation with visual defects, it should be con-
sidered that surface densities of bacteria and yeasts are higher on cut surfaces or 
damaged surfaces, which is not always reflected by microbiological analysis due 
to the dilution of such high-contaminated spots by less-contaminated nondamaged 
surfaces.

Based on intensive scientific research and microbiological analysis of different 
types of fresh-cut vegetables and fruits in the Laboratory of Food Microbiology and 
Food Preservation (LFMFP), Ghent University, Belgium, specific microbiological 
guidelines are proposed for spoilage causing microorganisms (Tables 3.1 and 3.2).

table 3.1
overview of Microbiological Guidelines for Fresh-cut Vegetables (cFu/g)

Parameter targetc toleranced best before datee

Total aerobic psychrotrophic counta 105 106 108

Lactic acid bacteriab 103 104 107

Yeasts 103 104 105

Molds 103 104 104

a Incubated for 5 days at 22°C.
b When the number of lactic acid bacteria on the best before dates greater than 107/g the food product can 

only be rejected on the condition that there are unacceptable sensorial deviations.
c Target is the guideline for the production day, in the best conditions produced.
d Tolerance is the maximum guideline for the production day.
e Best before date is the end of the shelf life, and above these guidelines, notable spoilage will occur.

table 3.2
overview of Microbiological Guidelines for Fresh-cut Fruits (cFu/g)

Parameter targetc toleranced best before datee

Total aerobic psychrotrophic counta 105 106 107

Lactic acid bacteriab 103 104 107

Yeasts 103 104 105

Molds 102 103 103

a Incubated for 5 days at 22°C.
b When the number of lactic acid bacteria on the best before date is greater than 107/g the food product 

can only be rejected on condition that there are unacceptable sensorial deviations.
c Target is the guideline for the production day, in best conditions produced.
d Tolerance is the maximum guideline for the production day.
e Best before date is the end of the shelf life, above these guidelines notable spoilage will occur.
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3.2  PatHoGenIc MIcroorGanIsMs related 
to FresH-cut FruIts and VeGetables

3.2.1  AssociATion of pAThogens wiTh consumpTion 
of (fresh-cuT) fruiTs And VegeTABLes

Fresh-cut fruits and vegetables are often considered as relatively safe food products 
from a microbiological point of view compared to food from animal origin or other 
ready-to-eat food products. However, some recent foodborne outbreaks have resulted 
in the fact that fresh-cut fruits and vegetables are considered as possible vehicles 
of foodborne pathogens by scientific and commercial stakeholders (e.g., norovirus 
outbreak due to frozen raspberry fruit in Scandinavian countries in 2006, outbreak 
of Escherichia coli O157:H7 associated with fresh spinach in the United States in 
2007, and Salmonella outbreak in the United States with tomatoes in 2008). The raw 
consumption of the products, the application of mild processing techniques, and a 
subsequent storage period have presented indigenous and pathogenic microorgan-
isms with new ecosystems and potential infection vehicles. Because of the excellent 
marketing properties of the products, fresh-cut fruits and vegetables have quickly 
gained a large market share, often without extensive evaluation of the safety aspects 
of this type of product. Pathogens may be present on the raw vegetables or due to 
cross-contamination during processing (Nguyen-the and Carlin 1994; Beuchat 1996; 
Seymour 2001). Mechanisms by which fresh produce can become contaminated with 
pathogenic microorganisms and serve as vehicles of human disease are demonstrated 
in Figure 3.2. Typical transmission routes in primary production are water, soil, or 
sewage that are contaminated with fecal (enteric) pathogens such as Salmonella 
spp., E. coli, and viruses. Also during harvesting and further processing, (fecal) 

ANIMALS PRODUCE HUMANS 

Feces 

Sewage 

Water

Soil

Meat, milk, eggsPlants Silage, feed

Cross contamination

Insects

Harvesting, handling, processing

FIGure 3.2 Mechanisms by which fresh produce can become contaminated with pathogenic 
microorganisms and serve as vehicles of human disease. (After Beuchat, L. 1996. Pathogenic 
microorganisms associated with fresh produce. Journal of Food Protection 59:204–216; Tauxe, 
R., Kruse, H., Hedberg, C., Potter, M., Madden, J., and Wachsmugh, K. 1997. Microbial haz-
ards and emerging issues associated with produce. A preliminary report to the national advi-
sory committee on microbiologic criteria for foods. Journal of Food Protection 60:1400–1408. 
With permission.)
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contamination can occur through humans and materials. It is generally thought that 
these enteric pathogens do not fit in the plant habitat as native plant–associated bac-
teria, but recent research has demonstrated that they have the ability to grow and 
persist on crop plants (Brandt 2006).

The association of fresh-cut fruits and vegetables with food poisoning is emerg-
ing due to their increased consumption, increased consumers’ awareness of the 
importance of fruits and vegetables in their diet, and convenience. Moreover, a wider 
variety of fresh produce is available due to the globalization of the fresh produce 
supply chain, which is resulting in their availability throughout the year. This glo-
balization also implicates larger periods between harvest, processing, and consump-
tion and demands the implementation of well-controlled storage and long-distance 
transport conditions. By applying processing techniques such as cutting, slicing, and 
shredding, natural plant protection barriers are being removed, providing a suitable 
medium for microbial growth. These processing steps are also introducing more 
possibilities for cross-contamination.

Generally, comparing different sources of foodborne outbreaks, fresh-cut fruits 
and vegetables are only rarely involved in Europe (European Food Safety Authority 
[EFSA] 2007; Rapid Alert System for Food and Feed [RASFF] 2007). From the annual 
Rapid Alert reports in the EU, it can be deduced that the relative portion of alert noti-
fications for fruits and vegetables remained stable during the period of 2000 to 2005 at 
approximately 9%. In 2006, 72 alert notifications were reported with fruits and vegeta-
bles. But the majority was related to the presence of mycotoxins or pesticide residues. 
Only at third place were pathogenic microorganisms, especially Salmonella (RASFF 
2007), found. The number of reported produce-related outbreaks in the United States 
increased from 2 per year in the 1970s to 7 per year in the 1980s and to 16 per year 
in the 1990s. In the United States, fresh produce is considered as the second most 
important food product (22%) associated with foodborne outbreaks, following seafood 
(33%), and followed by poultry (18%), beef (16%), and eggs (13%). Among the produce-
associated outbreaks, the produce types most frequently implicated included salad, 
lettuce, juice, melon, and sprouts. Various pathogens have been implicated in produce-
related outbreaks, with Salmonella and E. coli O157:H7 being the most dominant in 
the United States (Sivapalasingam et al. 2004). The remarkable difference between 
the European and U.S. situations can be due to several reasons. In the United States, a 
good, established information collecting system is present, while in Europe, the Rapid 
Alert System started in 2005. Differences in the primary production systems, water 
management systems, and relations between the primary production and the fresh-
cut industry may also partly explain the difference between U.S. and EU figures. The 
investigation of outbreaks associated with fresh produce is often difficult because they 
are typically geographically diffuse (wide distribution pattern of the product); there is 
a low attack rate (low level of contamination); and due to its short shelf life and rapid 
turnover, the implied product or even product originating from the same batch is rarely 
available by the time an outbreak has been identified (Tauxe et al. 1997).

In Europe, as reported by EFSA, foodborne viruses (namely, adenovirus, norovi-
rus [NoV], enterovirus, hepatitis A virus [HAV], rotavirus) are responsible for 593 
outbreaks of a total of 5,710 reported foodborne outbreaks, which means 10.2% of 
the reported outbreaks in 2006 over all food products. In total, 13.345 persons were 
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involved, which made foodborne viruses the second most important agent after 
Salmonella (EFSA 2007). In the United States, NoV, HAV, rotavirus, and astrovirus 
are included in the thirteen major foodborne pathogens identified by the Centers for 
Disease Control and Prevention (CDC) (Mead et al. 1999). These viruses make up 
approximately 67% of all foodborne illnesses in the United States, with NoV by far 
the greatest contributor. Outbreaks associated with coleslaw, tossed salad (White 
et al. 1986), green salads (Griffin et al. 1982), green onions (Wheeler et al. 2005), 
fresh-cut fruit (Herwaldt et al. 1994), small soft fruits such as raspberries (Gaulin et 
al. 1999; Korsager et al. 2005; Cotterelle et al. 2005; Calder et al. 2003), and potato 
salad (Patterson 1997) are well known.

The largest foodborne outbreaks due to protozoan parasites were caused by 
Cyclospora cayetanensis during the late 1990s in North America. Fresh raspberries 
imported from Guatemala were indicated as the source of the outbreak (Herwaldt 
2000). Although Cryptosporidium parvum and Giardia lamblia are more likely to 
cause waterborne outbreaks, outbreaks associated with green onions (Quinn et al. 
1998) and basil (Lopez 2001) are documented.

3.2.2  oVerView of The mosT imporTAnT pAThogens 
reLATed To fresh-cuT fruiTs And VegeTABLes

Numerous pathogens have been isolated from a wide variety of fresh-cut fruits and 
vegetables, although not all of them could be associated with foodborne outbreaks. 
Practically any bacterial pathogens are potentially present, but only a few are asso-
ciated with fresh (cut) produce (Table 3.3). Enteric pathogens are mainly associ-
ated with outbreaks in fresh-cut vegetables (e.g., E. coli O157:H7 and Salmonella 

table 3.3
Pathogenic organisms of concern or Potential concern in 
Fresh-cut Produce

Pathogens of concern Pathogens of Possible concern

Listeria monocytogenes Nonproteolytic Clostridium botulinum types B, E, F

Escherichia coli (O157:H7) Aeromonas hydrophila/caviae

Shigella spp. Bacillus cereus

Salmonella spp. Yersinia enterocolitica

Parasites Campylobacter spp.

Viruses

Sources: After Brackett, R. 1992. Shelf stability and safety of fresh produce as influ-
enced by sanitation and disinfection. Journal of Food Protection 55:808–814; 
Nguyen-the, C., and Carlin, F. 1994. The microbiology of minimally processed 
fresh fruits and vegetables. Critical Reviews in Food Science and Nutrition 
34:371–401; and Francis, G. A., Thomas, C., and O’Beirne, D. 1999. The 
microbiological safety on minimally processed vegetables. International 
Journal of Food Science and Technology 34:1–22. With permission.
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or Shigella are associated with imported products from Mediterranean or African 
countries). Recently, Campylobacter was detected on fresh produce, due to cross-
contamination in farms with a poultry staple. Numerous types of viruses and para-
sites can be present on fresh produce, using the produce as a transfer medium 
to humans. Listeria monocytogenes, an emerging and widely spread pathogen 
in nature and the food processing environment, should also be considered. Plant 
material can be contaminated by nature with spore-forming pathogens such as 
Bacillus cereus or Clostridium spp.

3.2.2.1 Salmonella and Shigella
Salmonella and Shigella spp. are mesophilic fecal-associated pathogens. Their growth 
on fresh-cut vegetables is mostly provoked by temperature abuse (T > 10 to 12°C). 
The minimal growth temperatures of Shigella sonnei and S. flexneri were reported 
to be 6°C and 7°C, respectively (ICMSF 1996). The low pH of fruits is limiting their 
growth (except melons that have a high pH and are associated with outbreaks of 
Salmonella). Although relatively fragile, at least some strains of Shigella are able to 
tolerate acidic conditions with pH 4.5 (Bagamboula et al. 2001) and pH 5 (ICMSF 
1996) as the lowest reported pH for growth. The pathogen has a very low infectious 
dose of less than 100 cells. Shigellosis is usually transmitted from person to person 
but may also occur through consumption of contaminated water and foods, particu-
larly foods such as salad vegetables. Imported food products from endemic regions 
where hygienic standards are insufficient have become a potential source of Shigella 
contaminated foods (Smith 1987; ICMSF 1996). Laboratory studies revealed that S. 
sonnei can survive on shredded cabbage at 0 to 6°C for 3 days without decrease in 
number. At 24°C, a fast reduction in number was observed because of the pH drop of 
cabbage due to the fast outgrowth of spoilage microorganisms (Satchell et al. 1990). 
However, Shigella spp. survived for several days at both ambient (22°C) and refriger-
ator temperatures (5 and 10°C) when inoculated onto various commercially prepared 
salads and vegetables (carrots, coleslaw, radishes, broccoli, cauliflower, lettuce, and 
celery) (Rafii et al. 1995). S. flexneri was able to survive at 4°C for at least 11 days 
on coleslaw, carrot salad, and potato salad (Rafii and Lunsford 1997). Experiments 
conducted at 12°C demonstrated that Shigella flexneri and S. sonnei were able to 
proliferate on fresh-cut mixed lettuce and shredded carrots at 12°C, while no growth 
occurred on shredded bell peppers due to their lower pH. At 7°C only a survival or 
a rare decrease in numbers was detected (Bagamboula et al. 2002). No difference in 
growth, survival, or die-off was noticed between air conditions and low O2 and low 
CO2 atmospheres.

The genus Salmonella is frequently present on raw vegetables and fruits, as 
reviewed by Doyle (1990), Beuchat (1996), Tauxe et al. (1997), and Francis et al. 
(1999). Vegetables sampled in the field or retail outlets were contaminated with 
Salmonella spp. at frequencies of 7.5% in Spain and 8% to 63% in the Netherlands 
(Nguyen-the and Carlin 1994; Pirovani et al. 2000). The growth rate is substantially 
reduced at less than 15°C, and growth is prevented at less than 7°C (ICMSF 1996). 
Piagentini et al. (1997) observed a survival of inoculated S. hadar on shredded cab-
bage after 10 days of storage at 4°C, and an increase was detected at 12 and 20°C. 
The cabbage was packaged in permeable packaging material resulting in a steady-
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state atmosphere around 1.5% O2 and 8 to 10% CO2. On the surfaces of tomatoes, 
no significant change in the population of S. montevideo was found at 10°C (18 days 
storage), but at 20°C, growth occurred (7 days storage) (Zhuang et al. 1995). Finn 
and Upton (1997) found an absence (after preenrichment step) of inoculated S. typh-
imurium after 2 days of storage at 7°C on shredded carrots and cabbage (<1% O2 and 
>25% CO2). It was demonstrated by Lin and Wei (1997) that Salmonellae, present at 
the surface of tomatoes and melons, were spread in the tissue by cutting, provoking a 
possible hazard in the precut products. S. enteriditis, S. infantis, and S. typhimurium 
were reported to be capable of growth in chopped cherry tomatoes. These micro-
organisms, together with many other Salmonella spp., were able to grow at low pH 
(3.99 to 4.37) under certain conditions (Asplund and Nurmi 1991; Wei et al. 1995; 
ICMSF 1996). Refrigeration is the best preservation method to prevent an outgrowth 
of these mesophilic pathogens.

3.2.2.2 Escherichia coli o157:H7
Although raw and undercooked foods of bovine origin are the main food sources 
for Escherichia coli O157:H7, E. coli O157:H7 infections associated with con-
taminated fruits, vegetables, and water have increased (Park et al. 1999). E. coli 
O157:H7 was isolated in sprouts (alfalfa, mung bean, radish) and in vegetable sal-
ads (Lin et al. 1996). Survival and growth patterns of E. coli O157:H7 were depen-
dent on vegetable type, package atmosphere, storage temperature, and bacterial 
strain (Francis and O’Beirne 2001). E. coli O157:H7 was able to grow on sprout-
ing alfalfa sprouts stored 2 days at room temperature (Castro-Rosas and Escartín 
2000; Charkowski et al. 2002). E. coli O157:H7 exponentially grew in surface 
wounds on different apple cultivars stored at 24°C for 6 days (Janisiewicz et al. 
1999; Dingman 2000). At 4°C, the E. coli O157:H7 population in shredded lettuce 
declined approximately 1 log throughout a 14-day storage (Chang and Fang 2007). 
At a higher temperature (22°C), populations of the same E. coli O157:H7 strain 
increased with about 3 log within 3 days. Similarly, populations of E. coli O157:H7 
in lettuce stored at 5°C decreased with about 1 log in 18 days but increased with 
about 3 log when lettuce was stored at 15°C (Li et al. 2001a). In another report, 
it was observed that E. coli O157:H7 could survive for 14 days on freshly peeled 
Hamlin orange of which the pH at the surface was 6 to 6.5 (Pao et al. 1998). E. coli 
O157:H7 was able to multiply on shredded lettuce, sliced cucumber, and shred-
ded carrots at 12 to 21°C, and on melon cubes at 25°C. At 5°C, E. coli O157:H7 
could survive on melon cubes for 34 hours and up to 14 days on shredded lettuce, 
sliced cucumber, and shredded carrots (Abdul-Raouf et al. 1993; Del Rosario and 
Beuchat 1995). The combination of the capacity of E. coli O157:H7 to grow on 
produce at higher temperatures and to survive at refrigerated temperatures and 
its low infectious dose (10 to 100 CFU/g) makes the presence of this pathogen in 
produce an important risk for public health (Chang and Fang 2007). Packaging 
fresh produce under modified atmospheric conditions does not have an univocal 
effect on the survival and growth of E. coli O157:H7. Although modified atmo-
sphere packaging had beneficial effects on the shelf life of shredded lettuce, the 
extended shelf life allowed E. coli O157:H7 to grow to higher numbers within the 
shelf-life period compared to air-held shredded lettuce (Diaz and Hotchkiss 1996). 
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Gunes and Hotchkiss (2002) observed that E. coli O157:H7 survived in fresh-cut 
apples but was inhibited in modified atmospheres with high carbon dioxide con-
centrations at abusive temperatures. Next to the traditional intrinsic and extrinsic 
parameters, the growth of E. coli O157:H7 on fresh-cut produce is also influenced 
by the degree of processing such as the degree and the way of cutting (Gleeson and 
O’Beirne 2005).

3.2.2.3 Campylobacter spp.
Campylobacter is the most common cause of bacterial gastroenteritis worldwide, yet 
the etiology of this infection remains only partly explained (Evans et al. 1997). Next 
to traditional risk factors like eating poultry meat and contact with animals, less 
evident risk factors such as the consumption of raw vegetables (tomato, cucumber) 
and drinking bottled water were recognized as risk factors for Campylobacter infec-
tions (Evans et al. 2003). Many studies deal with the prevalence of Campylobacter 
in fresh produce. Campylobacter spp. was not detected during an evaluation of five 
types of fresh produce obtained at the retail level (Thunberg et al. 2002) and was 
also not isolated from imported lettuce samples (Little et al. 1999), prepared salads 
and vegetables (Whyte et al. 2004), and Vietnamese vegetables (Dao and Yen 2006). 
In another report, the prevalence of Campylobacter spp. in a popular Malaysian 
salad dish was analyzed, originating from both a traditional wet market and two 
modern supermarkets (Chai et al. 2007). In this case, the average prevalence of 
Campylobacter spp. in raw vegetables from these locations ranged between 29.4% 
and 67.7%. Although, to a lesser degree, Campylobacter jejuni was also isolated from 
1.5% of the investigated fresh mushrooms (Doyle and Schoeni 1986) and from 3.57% 
of Indian vegetable samples (Kumar et al. 2001). Thermotolerant Campylobacters 
were detected in spinach (3.3%), lettuce (3.1%), radish (2.7%), green onions (2.5%), 
parsley (2.4%), and potatoes (1.6%) sold at farmers’ outdoor markets, whereas the 
samples sold in supermarkets were all negative in Canada (Park and Sanders 2002). 
The presence of Campylobacter in produce originates from cross-contamination at 
the holding and packaging stage in supermarkets or in the kitchen, poor hygiene of 
the food handler or contamination by contact with natural fertilizers or contami-
nated water (Kumar et al. 2001; De Cesare et al. 2003; Kärenlampi and Hänninen 
2004; Chai et al. 2007).

Despite fastidious growth requirements, Campylobacter spp. survive at refriger-
ation temperatures for extended periods within nutrient-limited environments. This 
property, combined with the low infective dose and their microaerophilic nature 
indicate the potential significance of Campylobacter with respect to refrigerated 
produce (Francis et al. 1999). Furthermore, ready-to-eat vegetables in modified 
atmosphere packaging are kept at high relative humidity, refrigerated (<10°C) con-
ditions with a relatively low level of oxygen (<5%). As survival of Campylobacter 
is longest at low oxygen concentrations, modified atmosphere packaging may pro-
long the shelf life of this pathogen (Federighi et al. 1999). Although the survival 
of Campylobacter in foods of animal origin (milk, eggs, meat) was extensively 
studied, the survival of Campylobacter on fresh produce is rather poorly charac-
terized. Kärenlampi and Hänninen (2004) were the sole researchers examining the 
survival of Campylobacter jejuni on fresh produce, like fresh-cut iceberg lettuce, 
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cantaloupe pieces, cucumber slices, grated carrot, and strawberries. At 7°C, the 
mean death rates (day–1) were varying between 0.41 and 1.02 log depending on the 
type of produce (Kärenlampi and Hänninen 2004). The corresponding death rates 
at 21°C ranged between 1.52 and 8.74 day–1. The death rate in strawberries was sig-
nificantly higher than in other produce, probably due to the low pH (3.4) of straw-
berries in comparison with the other tested produce (5.8 to 6.8) (Kärenlampi and 
Hänninen 2004). Based on these results, Kärenlampi and Hänninen (2004) stated 
that after a contamination of fresh produce, including strawberries, Campylobacter 
jejuni may survive long enough to pose a risk for the consumer.

3.2.2.4 Listeria monocytogenes
Listeria monocytogenes has increasingly been considered as a cause of foodborne 
disease, sometimes responsible for large outbreaks of infection. Lettuce and other 
raw vegetables have been identified as potential vectors of listeriosis (Ho et al. 
1986; Sizmur and Walker 1988). A screening of imported vegetables in the United 
Kingdom revealed that on the 151 samples no L. monocytogenes was isolated (Little 
et al. 1999). The same results were obtained in Italy for the period 1989 to 1999 
(Messi et al. 2000) and in Canada on 100 samples of lettuce, celery, radishes, and 
tomatoes (Farber et al. 1989). The organism was rarely detected on vegetables prior 
to processing (Fenlon et al. 1996). But, in Spain, 30% of 70 samples of mixed lettuce 
were found to be positive on the presence of L. monocytogenes (Garcia-Gimeno et 
al. 1996). Fresh-cut vegetables showed an incidence of L. monocytogenes varying 
from 0% to 19% in Europe (Carlin and Nguyen-the 1994). A contamination level 
of fresh vegetables for L. monocytogenes was reviewed by Francis et al. (1999) as 
being 0% to 44%. Farber et al. (1998) assessed the potential of L. monocytogenes 
to survive and grow at refrigeration temperatures (4 and 10°C) on various retail and 
wholesale packaged fresh-cut produce. Carlin and Nguyen-the (1994) studied the 
fate of L. monocytogenes on green leafy vegetables. Several investigations dem-
onstrated possible growth of L. monocytogenes on modified atmosphere packaged 
fresh-cut vegetables, although the results depended on the type of vegetables and 
the storage temperature (Berrang et al. 1989b; Beuchat and Brackett 1990b; Farber, 
1991; Omary et al. 1993; Carlin et al. 1995; Carlin et al. 1996a, 1996b; Zhang and 
Farber 1996; Juneja et al. 1998; Bennik et al. 1999; Jacxsens et al. 1999; Liao and 
Sapers 1999; Thomas et al. 1999; Castillejo-Rodriguez et al. 2000).

L. monocytogenes is an important human pathogen associated with fresh-cut pro-
duce because the pathogen is widespread in the natural environment of fruits and 
vegetables, the pathogen is psychrotrophic from nature (minimal temperature for 
growth is between 0 and 4°C), the minimal pH is 4.5 to 5 (ICMSF 1996), and it is not 
influenced by the modified atmospheres applied for fresh-cut vegetables and fruits 
(Berrang et al. 1989a; Beuchat and Brackett 1990b; Kallander et al. 1991; Bennik et 
al. 1995; Carlin et al. 1996a; Francis and O’Beirne 1997; Jacxsens et al. 1999). The 
composition of the produce could have an effect as demonstrated for carrots, which 
have an antilisterial effect (Beuchat and Brackett 1990a; Nguyen-the and Lund 1991; 
Farber et al. 1998; Jacxsens et al. 1999).
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3.2.2.5  spore-Forming Pathogens: Clostridium 
botulinum and Bacillus cereus

In the early days of modified atmosphere (MA) packaging of vegetables, attention 
was focused primarily on anaerobic pathogens, especially proteolytic Clostridium 
botulinum, which produces a lethal heat-unstable toxin but does not grow below 
10°C, although nonproteolytic types B, E, and F have been recorded as growing 
and producing toxins at temperatures as low as 3.3°C (Francis et al. 1999). The 
growth of aerobic spoilage microflora rapidly decreases the redox potential of the 
food, improving conditions for the growth of C. botulinum (Francis et al. 1999). 
These findings stimulated the FDA to recommend the puncturing of packaging 
films applied to high respiring mushrooms (Doyle 1990). Before a real hazard to 
food safety, growth to higher counts is necessary (105 to 106 CFU/g), and toxin pro-
duction must occur. This growth is mostly inhibited by the natural microflora pres-
ent in fresh-cut fruits and vegetables. Moreover, toxin production is not favored in 
these conditions. However, they are often isolated from plant materials as these 
spores are present in soil.

3.2.2.6 Viruses
Enteric viruses are another group of microorganisms potentially posing a health prob-
lem for fresh-cut vegetables and fruits. Foodborne viruses can be classified accord-
ing to the disease that they cause: viruses causing gastroenteritis such as noroviruses 
and viruses causing hepatitis such as hepatitis A virus (Koopmans and Duizer 2004). 
They are characterized by a low infectious dose, and high numbers of viruses are 
usually present in feces (Carter 2005). Enteric viruses are obligate intracellular para-
sites; as a consequence, foodborne viruses cannot grow on foods, unlike bacterial 
pathogens. However, survival on fruits, vegetables, and soil is reported. Badawy et 
al. (1985) studied the survival of rotavirus on lettuce, radishes, and carrots stored at 
4°C and room temperature. The virus survived for 25 to 30 days at 4°C and 5 to 25 
days at room temperature. The greatest survival was observed on lettuce. No decline 
of poliovirus after 2 weeks storage of strawberries was noticed by Kurdziel et al. 
(2001). Less than 1 log reduction of MS2 coliphage on several produce types such 
as lettuce, cabbage, and carrots occurred after 7 days at 4°C (Dawson et al. 2005). 
Similarly, no reduction of HAV was observed on lettuce stored 9 days (Croci et al. 
2002). Even at low temperatures (3 to 10°C), a long survival of minimally 90 days 
was found of poliovirus and coxsackie virus in soils (Brackett 1992). This might be 
long enough to contaminate short-season vegetables.

Viral contamination is possible at the preharvest, harvest, and postharvest 
stages. Preharvest applications such as the use of fecal contaminated sewage or 
irrigation water on the field can introduce enteric viruses to fresh produce (Stine et 
al. 2005). Mechanical harvesting is not feasible for certain kinds of produce, such 
as raspberries or strawberries. The perishable berries need to be picked manually, 
and this imposes additional risk if fruit pickers do not follow good hygienic prac-
tices. Outbreaks of viral gastroenteritis have also been documented in which food 
handlers became ill after preparing or serving implicated foods (Beuchat 1996; 
Bidawid et al. 2000).
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3.2.2.7 Parasites
The main parasitic protozoa of concern to the food production industry are Giardia 
duodenalis (sometimes referred to as G. intestinalis or G. lamblia), Cryptosporidium 
parvum, and Cyclospora cayetanensis that cause intestinal infections. Tissue pro-
tozoa Toxoplasma gondii causing fetus malformations also have the potential to 
cause food- and waterborne toxoplasmosis (Dawson 2005). This group of foodborne 
pathogens has received little attention in developed countries, although the problem 
is of increasing concern (Rose and Slifco 1999). A survey undertaken in Norway 
between August 1999 and January 2001 showed the presence of Cryptosporidium or 
Giardia in several vegetables. Mung bean sprouts was the most important contami-
nated product, and lettuce, dill, radish sprouts, and strawberries were also found to 
be contaminated (Robertson and Gjerde 2001). The increasing number of susceptible 
persons, more extensive trade in produce across the borders, advancement in food-
processing technology, and changes in national and international policies concerning 
food safety are the main issues in the observed increase. Detection of parasites from 
fruit and vegetables is generally inadequate, with low and variable recovery efficien-
cies. However, Robertson and Gjerde (2000) proposed new methods for the isolation 
and enumeration of several parasites from fruits and vegetables. Survival studies are 
scarce and mainly focused on watery environments (Erickson and Ortega 2006). It 
is reported that C. parvum oocysts inoculated on iceberg lettuce showed 90% inac-
tivation after 3 days storage at 4°C, whereas 100% inactivation was observed after 
3 days at 22°C. Survival was greater on textured leaves (50% inactivation/4 days on 
Rav Baby Leaf Head lettuce) than on smoother leaves (e.g., iceberg lettuce) (Warnes 
and Keevil 2003).

Vehicles of contamination include sewage effluent, surface water, or contami-
nated irrigation water. G. lamblia and C. parvum have both animal and human res-
ervoirs, and C. cayentanensis is thought to be transmitted by only human sewage 
(Dawson 2005). In addition to water, the food handler may be an important source of 
contamination of fresh produce with protozoan parasites during picking or handling 
fresh produce.

3.2.3  seTTing microBioLogicAL criTeriA for pAThogens 
AssociATed wiTh fresh-cuT fruiTs And VegeTABLes

The safety of food must be assured by a preventive approach based on the application 
of hygiene measures such as Good Agricultural Practices (GAP), the Prerequisite 
Programs (PRPs), and Hazard Analysis Critical Control Point (HACCP) at differ-
ent stages of the supply chain. The agricultural sector, the food industry, and the 
distribution network must work together in order to improve the microbiological 
safety of fresh-cut fruits and vegetables. In order to verify the food chain, microbial 
sampling can be performed; therefore, criteria must be available. It is recognized 
that microbiological criteria are widely used in the food industry, but they have been 
published rarely (Stannard 1997) because they are mainly internal criteria applied 
by food business operators. However, with the publication of the EU Regulation 
2073/2005 on microbiological criteria for foodstuffs, a big step forward is made for 
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the safety of fresh-cut vegetables and fruits because criteria are now included both 
for L. monocytogenes as a food safety criteria as well as for Salmonella spp. and E. 
coli as process hygiene criteria in Europe. Fresh, uncut, and unprocessed vegetables 
and fruits, excluding sprouted seeds, are considered as ready-to-eat products, but 
regular testing for L. monocytogenes is not useful in normal circumstances as stated 
in this regulation. However, due to the fact that L. monocytogenes can be present 
on the raw materials entering the fresh-cut food industries, it is advisable to check 
specific raw materials for L. monocytogenes.

Fresh-cut fruits and vegetables, ready-to-eat, must be considered as “ready-to-
eat foods able to support growth of L. monocytogenes,” where the food safety 
criteria are set as maximum 100 CFU/g at the end of the shelf life, an indication 
that during the entire shelf life, a maximum of 100 CFU/g may not be exceeded. 
However, depending on the shelf life of the fresh-cut vegetables (less than 5 days 
of shelf life) and the pH of the produce (pH below 4.4, as will be the case for the 
majority of fruits), they can also be considered as “ready-to-eat foods unable to 
support growth of L. monocytogenes.” When growth on the food product is pos-
sible, the objective or target value at the day of production should be absent in 
25 g and a tolerance value can be defined as long as the maximum of 100 CFU/g 
at the end of the shelf life is not exceeded. It is up to the food business operator 
to investigate how L. monocytogenes will behave during shelf life. In relation to 
the potential of L. monocytogenes to grow in the concerned food product in the 
prescribed storage conditions within the prescribed shelf-life period, the tolerance 
value on the day of production can be adjusted. This growth can be quantified 
(e.g., by means of challenge tests, in which the pathogen is artificially inoculated 
on the product), through scientific literature or through predictive modeling. If this 
growth cannot be substantiated by the food business operator, the tolerance value 
of absent in 25 g should be used.

The performance of a challenge test is encouraged where the growth or survival 
of the pathogen in the specific product is quantified in order to be able to set speci-
fications of the product on the day of production (Norrung et al. 1999; Norrung 
2000). Distinction can be made between (Table 3.4) group 1—fresh-cut fruits and 
vegetables, where growth during shelf life can be expected which can provide risk 
for public health by exceeding the criteria of 100 CFU/g (e.g., 2 log growth during 
7 days of shelf life for MA packaged fresh-cut produce at 7°C); group 2—fresh-cut 
fruits and vegetables where a limited growth can be expected during shelf life (e.g., 
1 log growth during 7 days of shelf life for MA packaged fresh-cut produce at 7°C); 
and group 3—fresh-cut fruits and vegetables where no growth is possible during 
shelf life (of greater than 5 days) or product with a shelf life less than 5 days (accord-
ing to EU Regulation 2073/2005).

In non-European-Community countries, there is often another point of view 
regarding L. monocytogenes: For example, the United States and Canada introduced 
a zero tolerance for some foods (absence of L. monocytogenes in 25 g), especially 
foods that are supportive of growth and have extended shelf lives. In these coun-
tries, decontamination techniques are often allowed in the production chain in order 
to reduce the bacterial load and avoid the presence of pathogens. In Table 3.5, an 
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overview is given of the microbiological criteria for L. monocytogenes on fresh-cut 
vegetables and fruits, according to European legislation 2073/2005.

With regard to other pathogens, the absence of Salmonella in 25 g is generally 
recommended for fresh-cut produce in France (Nguyen-the and Carlin, 1994), in the 
United Kingdom (Stannard 1997; Francis et al. 1999), in the United States (Francis 
et al. 1999), and in Germany (Francis et al. 1999) and is followed in the European 
regulation regarding criteria for foodstuffs (EU Regulation 2073/2005) but is defined 
as a process hygiene indicator (Table 3.5).

A number of bacteria can be monitored as hygiene indicators for the production of 
food products. The presence of a hygiene indicator beyond a certain limit indicates 
an insufficiently hygienic production process in general and a possible fecal contam-
ination in particular. The presence of E. coli in addition indicates the possible pres-
ence of ecologically similar pathogens (e.g., Shigella, Salmonella). Escherichia coli 
is a true indicator of fecal origin whose presence is linked to the possible presence of 
other fecal pathogens (taxonomically, ecologically, and physiologically). E. coli can 
be used as a hygiene indicator both in the production chain and during storage. In EU 
Regulation 2073/2005, E. coli is used as a hygiene indicator for fresh-cut vegetables 
and fruits (Table 3.5).

Another hygiene indicator often applied is Staphylococcus aureus as an indica-
tion of personal hygiene. It is a typical bacterium that is present on the hands and in 
the mouth and nose. S. aureus is also a food intoxicant but only poses a risk when it 
grows to high numbers (105 to 106 CFU/g) (ICMSF 1996). Low numbers can be toler-
ated (Table 3.5). Because this bacterium cannot grow at a temperature less than 10°C 
and its development on raw products is inhibited because of competition by a large 
accompanying flora, high numbers can never be reached when the cold chain is kept 
intact. Excessive values indicate temperature abuse or a local severe postcontamina-
tion due to personnel handling.

table 3.4
classification of Fresh-cut Fruits and Vegetables in Possible risk of 
outgrowth of Listeria monocytogenes during shelf life

Group 1 Group 2 Group 3

Fruit: melon parts•	
Sugar-rich vegetables with •	
cut surfaces (e.g., cubes of 
zucchini, pumpkin, 
cucumber slices, eggplant 
cubes)

Leafy fresh-cut vegetables •	
(e.g., lettuce, celery, leek, 
chicory endive, spinach)
Red fruits with green •	
crown part (e.g., 
strawberry, tomato)

Fresh-cut produce with pH •	
<4.4 (e.g., most fresh-cut 
fruit products)
Fresh-cut produce with shelf •	
life <5 days
Mixed bell peppers due to •	
low pH
Grated carrots due to •	
antilisterial compound in 
carrots
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table 3.5
overview of legal Microbiological criteria (based on eu regulation 
2073/2005) and Microbiological Guide Values (expressed as cFu/g) for 
Fresh-cut ready-to-eat Fruits and Vegetables

  Parameter targeth tolerancei best before datej

Escherichia colia 102 103 103

Staphylococcus aureus 102 103 103

Salmonella spp.b,c Absent/25 g Absent/25 g Absent/25 g

Listeria monocytogenesd Absent/25 ge Absent/x ge,f

100/gg

102

a Legal base for E. coli: EU Regulation 2073/2005 process hygiene criteria category 2.5.1 “pre-cut veg-
etables ready-to-eat.”

b Legal base for Salmonella: EU Regulation 2073/2005: food safety criteria category 1.19 “pre-cut veg-
etables ready-to-eat.”

c If it concerns a vegetable that is specifically destined to be heated before consumption (e.g., mixture of 
vegetables for cooking and soup vegetables), this criteria needs to be considered as a process 
parameter.

d Legal base for Listeria monocytogenes: EU Regulation 2073/2005: food safety criteria categories 1.2 
and 1.3 (ready-to-eat food products).

e Depending on the growth potential—determined by the intrinsic and extrinsic factors of the food prod-
uct and the shelf life—the tolerance value needs to be adjusted in such a way that the guide value of 100 
CFU/g can still be guaranteed at the end of the shelf life. See three groups of fresh-cut vegetables and 
fruits that are defined in Table 3.4. In group 1 where approximately 2 log growth is possible, this toler-
ance must be set at “absence in 1 g” in order to reach a maximum of 100 CFU/g at the end of the shelf 
life. In group 2 where approximately 1 log growth is possible, this tolerance must be set as “absence in 
10 g.”

f If the food business operator is not able to demonstrate to what extent growth of Listeria monocytogenes 
can occur during the shelf life of the product concerned and in the predetermined storage conditions, 
then the tolerance value, absence in 25 g, must be adhered to and no tolerance is possible during the day 
of production.

g This tolerance value is valid only if Listeria monocytogenes cannot grow because of intrinsic and extrin-
sic factors. Also, according to EU Regulation 2073/2005, this applies to products with a pH ≤ 4.4 or aw 
≤ 0.92; products with a pH ≤ 5 and aw ≤ 0.94; and products with a shelf life that is shorter than 5 days. 
Other categories of products can also be assigned to this category if there are scientific reasons for this 
(see Table 3.4).

h Target is the guideline for the production day, in the best conditions produced.
i Tolerance is the maximum guideline for the production day.
j Best before date is the end of the shelf life. Above these guidelines, notable spoilage will occur.
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3.3  deterMInatIon oF tHe sHelF lIFe oF FresH-
cut FruIts and VeGetables: coMbInInG 
sPoIlaGe and saFety asPects

Each food processor is responsible for setting the shelf-life date on products put on 
the market. Regarding fresh-cut fruits and vegetables, this shelf-life date will be 
relatively short, so a “best before” date should be mentioned on each package with 
an indication of the day and month and, preferably, the year. In order to set a correct 
shelf-life date, different aspects of fresh-cut fruits and vegetables have to be taken 
into account. As previously discussed, fresh-cut vegetables and fruits are subjected 
to both physiological (metabolic) and microbiological spoilage. When physiological 
activity can proceed, spoilage will occur altering its sensorial properties (e.g., dis-
coloration, enzymatic browning). Also, in the case of extensive growth of spoilage 
microorganisms, deterioration can occur resulting in a decline of the sensorial qual-
ity (e.g., off odor and off flavor, loss of texture). Food safety must also be considered: 
fresh-cut fruits and vegetables placed on the market may not be harmful for consum-
ers. Consequently, when defining the shelf-life date of fresh-cut fruits and vegetables, 
food safety (and possible growth of pathogens) and food quality (microbiological and 
physiological deterioration) should be considered and evaluated. Interactions between 
these should be investigated during the shelf-life study, because fresh-cut vegetables 
and fruits, different from other food products, are still living tissues with a specific 
metabolism. Attention has to be given to the selection of the correct parameters that 
will be followed and evaluated during the shelf-life studies.

There are several reasons why fresh-cut produce is relatively safe when com-
pared to other foods. Conditions used with fresh produce are usually unfavorable 
for the growth of most pathogens (refrigeration temperatures, relatively low nutri-
ents available in some types of vegetables, e.g., leafy vegetables, low pH of fruits, 
short shelf life). The spoilage microorganisms in refrigerated produce are usually 
psychrotrophic and therefore have a competitive advantage over most pathogens. 
Sometimes this competition prevents the growth of pathogens (Hotchkiss and Banco 
1992; Brackett 1994; Carlin et al. 1996b; Francis et al. 1999). In other cases, the 
food simply spoils before it is eaten. Nevertheless, foodborne disease can and does 
occur with consumption of fruits and vegetables, especially when fresh-cut produce 
is modified atmosphere packaged, as it increases the shelf life of the products, and 
pathogens have more time to develop to infectious numbers before the product is 
notably spoiled.

When setting up shelf-life studies, temperature abuse should be considered as 
well. In most European countries, these products are stored between 4 and 8°C; 
higher temperatures will induce physiological spoilage and microorganisms will be 
able to develop more quickly.

Below is a case study presenting the results of the evaluation of shelf life for dif-
ferent types of fresh-cut vegetables (after Jacxsens et al. 1999) (Table 3.6).
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Storage experiments were conducted to follow the behavior of pathogens on 
fresh-cut vegetables (trimmed Brussels sprouts, grated carrots, shredded iceberg 
lettuce, and shredded chicory endives) packaged under equilibrium-modified 
atmosphere (2% to 3% O2, 2% to 3% CO2, and 94% to 96% N2) MA (modified 
atmosphere) and stored at 7°C. As a comparison, fresh-cut vegetables were also 
packaged in a macro-perforated high-barrier film (air conditions) and stored at 
7°C. 

In a first step, the shelf life of the vegetables in the two kinds of packages 
was determined by evaluating the microbiological quality as well as the senso-
rial quality (appearance, taste, and odor). The end of the microbiological shelf 
life is reached when the limit (CFU/g) of a particular group of spoilage micro-
organisms is exceeded, and thus, the fresh-cut produce is no longer consum-
able based on the microbiological quality (Table 3.1 and Table 3.2). After each 

table 3.6
overall shelf life (days) of Fresh-cut Produce stored under Modified 
atmosphere (Ma) or in air at 7°c and outgrowth of Pathogens during the 
shelf life

Vegetable type atmosphere
sensorial shelf 

life (days)
Microbial shelf 

life (days)

Growth of 
listeria 

monocytogenes

Brussels sprouts 
(trimmed)

MA 7 (discoloration 
of cut surfaces, 
freshness)

—a 1 log CFU/g 
reduction/7 days

Air <1 (discoloration 
of cut surfaces)

—a —b/<1 day

Carrots (grated) MA 7 (acetic taste and 
odor)

6 (total count, lactic 
acid bacteria)

2 log CFU/g 
reduction/6 days

Air 4 (dry taste and 
appearance)

4 (total count) —c

Chicory endive 
(0.5 cm)

MA 4 (discoloration 
of cut surfaces)

—a <1 log CFU/g 
growth/4 days

Air <1 (discoloration 
of cut surfaces)

—a —b/<1 day

Iceberg lettuce 
(1 cm)

MA 5 (discoloration 
of cut surfaces)

—a <1 log CFU/g 
growth/5 days

Air 3 (discoloration 
of cut surfaces)

—a —b/3 days

a No microbial limit exceeded in 6 (chicory endives) or 7 days (Brussels sprouts and iceberg lettuce) stor-
age at 7°C.

b Survival (no growth).
c Contamination under detection level (<2 log CFU/g).
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microbiological sampling, the fresh-cut vegetables were scored for visual and 
organoleptical properties by four to six members of a trained sensorial panel. 
In general, sensorial properties were faster limiting the shelf life than micro-
biological criteria if visual properties limited the shelf life. The shelf life of the 
vegetables stored under MA was extended by 40% or more, compared to the 
air-stored vegetables (see Table 3.6). 

In a second storage experiment, the four fresh-cut vegetables were inoculated 
with a cocktail of psychrotrophic strains of Listeria monocytogenes before pack-
aging under MA and air at 7°C. Growth of the inoculated pathogens was more 
influenced by the type of vegetable than by the type of atmosphere. No growth 
was detected on the Brussels sprouts, and the antilisterial component of carrots 
prevented Listeria from growing on this commodity (see Table 3.6). Packaging 
fresh-cut vegetables under an EMA (2% to 3% O2, 2% to 3% CO2, 94% to 96% 
N2) had a positive effect on the sensorial properties of the packaged vegetables. 
Suppression of enzymatic discoloration and a longer retention of the rigid struc-
ture by retardation of the respiration rate/transpiration losses are caused by stor-
ing the vegetables in a lower oxygen atmosphere (<5% O2). The influence of the 
EMA on microbiological quality was not always obvious. The beneficial effect 
of EMA storage of vegetables is, for the most part, the result of the physiological 
state of the produce rather than the inhibition of soft-rot bacteria (Bennik et al. 
1995; Carlin et al. 1996a; Bennik et al. 1998).

However, an extension of the lag phase could be postulated for spoilage 
microorganisms on shredded chicory endives and iceberg lettuce. When the sen-
sorial quality of the packaged vegetables decreased, the outgrowth of the spoil-
age microorganisms reached the same level as the microbiological counts for 
the air-stored vegetables at 7°C. The sensorial properties limited the shelf life 
of the EMA and the air-stored produce faster than the microbiological criteria. 
Grated carrots were an exception: EMA conditions favored growth of lactic acid 
bacteria.

Psychrotrophic pathogens, such as L. monocytogenes, were able to grow under 
an EMA at 7°C and were more influenced by the type of vegetable than by the 
type of atmosphere. Based on the determination of the shelf life, safety criteria 
could be defined on the day of production for Listeria monocytogenes: absence 
in 0.1 g for shredded iceberg lettuce and shredded chicory endives. For grated 
carrots and trimmed Brussels sprouts, absence in 0.01 g on the day of produc-
tion could be postulated, as L. monocytogenes did not grow on these fresh-cut 
vegetables.
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4 Physiology of Fresh-Cut 
Fruits and Vegetables

Elizabeth A. Baldwin and Jinhe Bai

4.1 IntroductIon

The idea to preprocess fruits and vegetables in the fresh state started with fresh-cut 
salads and now has expanded to fresh-cut fruits and other vegetables. The fresh-
cut portion of the fresh produce industry includes fruits, vegetables, sprouts, mush-
rooms, and even herbs that are cut, cored, sliced, peeled, diced, or shredded, but not 
heated or altered from their fresh state in any way (Shewfelt, 1987). Physiologically 
this is, in fact, wounding living tissue which starts a cascade of metabolic reactions 
that can result in texture changes, accelerated ripening and senescence, off flavors, 
discoloration, and other undesirable events that can render the product unmarketable. 
Microbiologically, removing the protective peel of fresh produce leaves a cut surface 
that is awash with cell contents, which makes the surface attractive to plant patho-
gens (King and Bolin, 1989). The extra handling and processing of the produce result 
in increased ethylene, a gaseous ripening plant hormone, which results in genetic 
signals that promote ripening and senescence (Karakurt and Huber, 2007). The 
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handling and processing also increase the respiration rate, using up sugar and acid 
substrates and shortening shelf life. Finally, the extra handling, removal of the peel, 
and altering of the normal microbial ecology of fresh-cut products allow for possible 
contamination by and growth of human pathogens (Breidt and Fleming, 1997).

Many processing techniques (Artés and Allende, 2005; Palumbo et al., 2007; 
Reyes et al., 1995) have been developed to counteract the reactions of the cut pro-
duce to ethylene production and other wound responses, including use of precooling 
(Vigneault et al., 2008) to reduce respiration; prequality assessment for microbial 
stability (Fan and Song, 2008), modified atmosphere packaging (MAP) and other 
packaging to reduce respiration and ethylene production (Barmore, 1987; Day, 
1994; Jacxsens et al., 2000; Myers, 1989; Reyes et al., 1995), 1-methylcyclopro-
pene (1-MCP, marketed commercially as Smartfresh) to minimize ethylene action 
(Toivonen, 2008a), various sanitation or decontamination procedures (Artés et al., 
2007; Gómez-López et al., 2008; Gómez-López et al., 2009), use of antimicrobial 
agents to reduce spoilage (Ayala-Zavala et al., 2008; Brecht et al., 1993; Breidt and 
Fleming, 1997; King and Bolin, 1989), use of surface treatments and edible coatings 
to reduce water loss, dehydration, and browning (Baldwin et al., 1995; King and 
Bolin, 1989; Olivas et al., 2008; Vargas et al., 2008), use of ethylene absorbents to 
retard ripening and senescence (Abe and Watada, 1991), and calcium for firmness 
and preservation (Martín-Diana et al., 2007). All the above have been the subject of 
numerous reviews, as cited. Other general reviews for extending the shelf life and 
quality of fresh-cut produce include those by Ahvenainen (1996), Shewfelt (1987), 
Soliva-Fortuny and Martín-Belloso (2003), and Watada and Qi (1999). Guerzoni et 
al. (1996) reviewed the topic of modeling for shelf-life prediction. Reviews for Asian 
fresh-cut fruits have also been published (Rattanapanone et al., 2000).

The consequences of processing fresh produce into fresh-cut products have also 
been reviewed, including the effect on general quality (Hu and Jiang, 2007; Rico et 
al., 2007; Shewfelt, 1987), warnings (Brody, 1998), physiology (Parkin, 1987; Rolle 
and Chism, 1987; Varoquaux et al., 1995), effect on flavor (Forney, 2008), brown-
ing (He and Luo, 2007; Salcini and Massantini, 2005), physiological deterioration 
(Artés et al., 2007; King and Bolin, 1989), microbial deterioration (Artés et al., 2007; 
Brackett, 1987; King and Bolin, 1989), respiration (Watada et al., 1996), as well as 
markets and distribution (Huxsoll and Bolin, 1989). Generally, fresh-cut fruit dete-
riorate much faster than their intact fruit counterpart. In a study where fresh-cut fruit 
was compared to the intact fruit counterpart, the fruit were stored up to 9 days at 5ºC. 
Of the fruit tested (pineapples, mangoes, cantaloupes, watermelons, strawberries, and 
kiwifruits), only fresh-cut watermelon and mango pieces were still marketable at the 
end of the storage period (Gil et al., 2006). Losses of vitamin C and carotenoids was 
5 to 25% and 10 to 25%, respectively, in some of the cut fruit products, but negligible 
in the intact fruit. However, for intact versus fresh-cut spinach during 1 week at 4ºC, 
there were no changes in vitamin C, and flavonoids and color were not altered (Bottino 
et al., 2009), so the effect of minimal processing depends on the commodity.

In light of the many reviews published to date on fresh-cut products, this chapter 
will summarize the literature for the past 5 years or so that concerns fresh-cut physi-
ology. Much research continues to be published in this area which relates to quality 
and microbial stability, although food safety will not be covered here except in cases 
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where there are reports of impacts on fresh-cut produce physiology. Physiological 
changes due to wounding, such as occurs with fresh-cut commodities, impact quality 
and spoilage; thus, this chapter may overlap some other chapters but will focus on 
the physiological reasons and metabolic mechanisms that cause quality and micro-
bial problems. Plant wound responses fall into several categories: increased ethylene 
production, increased respiration, increased production of secondary metabolites, 
accelerated ripening and senescence, cut surface discoloration, texture changes, 
and off-flavors. To understand the physiology of fresh-cut produce, some basic plant 
physiological information is first presented, particularly as pertains to ripening 
(Table 4.1), wounding (Table 4.2), ethylene, and respiration.

4.2 Plant stress and woundInG

Injured or stressed plants produce signals that induce a wide range of genes whose 
products are meant to help repair the plant, defend against pathogens (Hillwig et 
al., 2008), or signal cell death to wall off infection (Dangl and Jones, 2001; Kessler 
and Baldwin, 2002). Oligogalacturonides (OGAs) (Viña et al., 2007), which come 
from the cell wall; jasmonic acid (JA) and methyl jasmonate (MeJA) (Howe, 2004), 
which comes from membranes (plastids, linolenic acid) via lipoxygenase (13-LOX); 
salicylic acid and methyl salicylate (wintergreen) from benzoic acid (Mur et al., 
1997) and abscisic acid (ABA) (Hillwig et al., 2008; Siqueira-Júnior et al., 2008; 
Wasternack et al., 2006) regulate signaling pathways that induce wound-responsive 
genes. The wound-induced JA pathway is in turn regulated by other signals includ-
ing the protein systemin, OGAs, ethylene, and other elicitors (Howe, 2004; Ryan 
and Moura, 2002). These signals are thought to be transduced to a lipase, which 
causes the release of linolenic and linoleic acids from membrane lipids. A full-length 
cDNA clone encoding Capsicum annum GDSL-lipase 1 (CaGL1) expression was 
triggered by MeJA and wound stress, for example (Kim et al., 2008b). These sig-
nals also give rise to pathogenesis-related (PR) proteins and proteinase inhibitors 
(Fallico et al., 1996). Ethylene has been shown to be a signal that mediates wound 

table 4.1
ripening responses Initiated by ethylene

unripe Fruit ripe Fruit

appearance chemical cause
Involved 
enzymes chemical cause appearance

Green Chlorophyll Hydrolase Anthocynin, carotenoids Yellow, blue, red

Firm Insoluble pectin Pectinases Soluble pectin Soft

Sour Acid Kinase Neutral Less sour

Dry Starch Amylase Sugar Sweet + juicy

Odorless Large organic cpds Hydrolases and 
ester synthase

Small organic cpds Aromatic

Source: Modified from Koning (1994).
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responses (O’Donnell et al., 1996). JA induced by wounding, systemin, and OGAs 
acts in concert with ethylene (O’Donnell et al., 1996) and hydrogen peroxide (Katsir 
et al., 2008; Orozco-Cardenas et al., 2001) to positively regulate the expression of 
downstream target genes (Howe, 2004).

Fresh-cut fruits and vegetables are wounded tissue, so all of the above could be 
going on in these products. Karakurt and Huber (2003) established that cell walls 
and membranes played a role in the rapid deterioration of fresh-cut papaya, result-
ing in softening, breakdown of pectin, increased polygalacturonase (PG, releases 
OGAs), α- and β-galactosidase, lipoxygenase, and phospholipase D activities (release 
linolenic and linoleic acids). These likely produce wound signals. They then studied 
signaling and expression of wound-regulated cDNAs in fresh-cut papaya compared 
to intact fruit (Karakurt and Huber, 2007). The cDNAs showed homology to sig-
naling pathway genes, membrane proteins, cell-wall enzymes, proteases, ethylene 
biosynthetic enzymes, and enzymes involved in plant defense responses.

Abiotic stresses and wounding can also result in an increase in antioxidant phy-
tochemicals. Antioxidants scavenge reactive oxygen species (ROS) that can dam-
age plant cells, are generated as part of normal metabolism as by-products, and 
are involved in the signaling and function of antioxidant systems to detoxify ROS. 
ROS may be involved as signal messengers after wounding (Orozco-Cardenas et 
al., 2001) and are involved with synthesis of lignin and suberin that is synthesized 
during wound healing (Reyes et al., 2007). Phenolic compounds in fruits and veg-
etables result in elevated antioxidant activity (Mahattanatawee et al., 2006) and their 
induced accumulation could relate to health benefits. In cut apple, however, the cut 

table 4.2
wound responses

Increased ethylene production•	

Cell wall degrading enzymes (PG)—softening

Chlorophyll degradation (chlorophyllase)—degreening

Membrane leakage (lipoxygenase)—water soaking

Carotenoid synthesis, anthocyanin synthesis—color development

Phenolic metabolism

Volatile synthesis (?)

Susceptibility to pathogens

Reduced shelf life

Phenolic metabolism (polyphenyloxidase [PPO], peroxidase [POD], and phenylalanine ammonia-•	
lyase [PAL])

Browning

Secondary metabolites like lignin (toughening of asparagus) or coumarin (bitterness in carrots)

Increased respiration•	

Use up sugars, acids—poor flavor

Use up ascorbic acid—reduced nutrition

Generated heat

Reduced shelf life
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surface browning, due to synthesis of phenolic compounds induced by cutting, is 
considered undesirable and can be inhibited by surface treatments described later in 
this chapter. Nevertheless, the stress of cutting may result in increased antioxidants 
in some fresh-cut products which could translate into health benefits.

The way in which fruit is cut can result in more or less wound responses, which 
in turn affects shelf life. Generally, respiration rates increase with increased cutting 
(wounding). In a study on the processing conditions of carrots (Iqbal et al., 2008), 
the respiration rate was highest for shredded (75 mL O2/kg h) carrots and lowest for 
whole carrots (26 mL O2/kg h) of the various cuts attempted. For fresh-cut papaya 
fruit, different cut types made a difference in the physiochemical and microbiological 
properties. Papaya spheres resulted in less color change, firmness loss and higher 
titratable acidity, maintenance of soluble solids and less weight loss, higher vitamin 
C content and lower microbial counts compared to papaya cubes (Argañosa et al., 
2008). For fresh-cut lemons, wedges, slices, and half and quarter slices were studied 
while stored at different temperatures. The quarter slice did not maintain its sensory 
attributes as well as the larger cuts (Artés-Hernández et al., 2007).

4.3 etHylene ProductIon

Ethylene is a gaseous plant hormone and biologically active at low concentrations 
(parts per billion to parts per million) (Abeles et al., 1992; Saltveit, 1999). Ethylene 
production occurs in all plant tissues at some minimal level. It is necessary for 
growth (usually thickening or lateral growth such as with etiolated pea seedlings), 
inhibits longitudinal growth, and promotes seed germination, degreening, adventi-
tious root formation, abscission, ripening, and senescence (Baldwin, 2004; Reid, 
1985). Ethylene is considered autocatalytic when ethylene stimulates its own syn-
thesis and autoinhibitory when it turns off continued synthesis (Mattoo and White, 
1991). System-1 ethylene, engaged during vegetative growth, is thought to be auto-
inhibitory, and system-II ethylene, engaged during ripening of climacteric fruits and 
senescence of some flowers, is generally autocatalytic. Each seems to be regulated in 
a unique way (Barry et al., 2000). System-II ethylene coincides with increased respi-
ration and induces activity of PG (DellaPenna et al., 1986), cellulase, chlorophyllase 
(Baremore, 1975), polyphenyloxidase (PPO), peroxidase (POD), and phenylalanine 
ammonia-lyase (PAL) (Kader, 1985; Watada, 1986) which promote softening, color 
changes, and browning, respectively. Ethylene initiates ripening in fruits (Koning, 
1994). It is used commercially to ripen fruits like bananas, mangoes, melons, and 
tomatoes (100 to 1,000 µL/L) and to degreen citrus (Watada, 1986). Generally, rates 
of ethylene production are highest when associated with meristematic, stressed, 
or ripening tissues. For example, ethylene production is high in young fruit or tis-
sues during the period of rapid cell division, declines during cell expansion, and 
increases again during ripening (fruits) or senescence (flowers) (Abeles et al., 1992; 
McGlasson, 1985). Climacteric fruit can ripen off the mother plant in response to 
ethylene (Baldwin, 2004). They can respond either to their own ethylene synthe-
sis, which becomes autocatalytic, or to exogenously applied ethylene, or to both. 
Ethylene is associated with ripening-related color and flavor development as well as 
softening in many fruits and vegetables (Kader, 1985; Watada, 1986). Ethylene is 
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also produced at elevated levels in response to plant stress or wounding (Baldwin, 
2004; Hyodo, 1991; Morgan and Drew, 1997) as occurs with fresh-cut products. This 
elevated ethylene, either due to ripening for climacteric fruit or to wounding for both 
climacteric and nonclimacteric fruit representing system-I and -II ethylene, can be 
active in fresh-cut products. Ripening or wound response ethylene triggers via signal-
ing and subsequent gene expression many ripening and stress and wound responses 
(Bailey et al., 2005). These, as mentioned above, include production of browning 
enzymes, secondary metabolites, chlorophyllase, cell wall degrading enzymes, sec-
ondary metabolites, lignin and more ethylene (if autocatalytic), or a reduction of 
ethylene synthesis (if autoinhibitory). This can result in yellowing of broccoli florets, 
softening of fruit tissue, abscission of cabbage leaves, pinking and browning of let-
tuce, browning of cut apple, sprouting of potato, toughening of asparagus stems, 
and bitterness (isocoumarin) in carrots. For intact fruit, ethylene promotes color 
changes, softening, and general ripening and senescence. For fresh-cut fruit, ethyl-
ene promotes discoloration, off-flavor, softening, ripening, and senescence. Ethylene 
generally shortens the shelf life of whole or fresh-cut products. Some techniques 
to prolong the shelf life of intact or fresh-cut produce are targeted at inhibiting or 
retarding ripening and wound response ethylene production or action.

Ethylene is thought to be synthesized from the amino acid L-methionine, which 
is converted to S-adenosylmethionine (SAM or adomet) by the enzyme methionine 
S-adenosyltransferase, which is converted to 1-aminocyclopropane-1-carboxylic acid 
(ACC) by ACC synthase (ACS), which, in turn, is converted to ethylene by ethylene-
forming enzyme (Podoski et al., 1997) now called ACC oxidase (ACO) (Adams and 
Yang, 1979; Imaseki, 1991; Yang and Hoffman, 1984) (Figure 4.1). The key regu-
latory enzymes in the pathway are ACS and ACO. Ripening positively modulates 
ACS and ACO; however, wounding and water stress only positively modulate ACS. 
1-MCP negatively modulates ACS and ACO, but aminoethoxyvinylglycine (AVG) 
and aminooxyacetic acid (AOA) only negatively modulate ACS, and high tempera-
ture (>35°C) and anaerobiosis only negatively modulate ACO. The enzyme malonyl-
transferase can catalyze the conjugation of ACC into malonyl ACC (Fallico et al., 
1996). Ethylene can turn on or off genes that encode some portion of its biosynthetic 
pathway (autocatalytic or autoinhibitory, respectively). As mentioned above, it is 
often autoinhibitory in vegetative and immature reproductive tissues and autocata-
lytic in mature reproductive tissues like flowers and fruit (Baldwin, 2004; Lelièvre 
et al., 1997; Saltveit, 1999). Therefore, fresh-cut products may behave differently if 
made from vegetative, reproductive, climacteric, or nonclimacteric tissue.

A diverse multigene family encodes ACS (Zarembinski and Theologis, 1994), 
which is the rate-limiting step in ethylene biosynthesis. Ethylene can increase lev-
els of malonyltransferase in various tissues which may account for the autoinhibi-
tion that is sometimes observed (Vangronsveld et al., 1988). Synthesis of ethylene 
requires O2 and is inhibited by high levels of CO2, especially if the response is 
autocatalytic as with climacteric fruits (Abeles et al., 1992; Sisler and Wood, 1988). 
Thus, MAP is used with fresh-cut products to control ethylene and respiration and 
thereby extend shelf life. Wound-response ethylene is thought to enhance activity 
of ACS (Apelbaum and Yang, 1981; Boller and Kende, 1980). To have a biological 
effect, ethylene must bind to a receptor that is thought to reside in a membrane. If the 
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receptor is blocked, then ethylene will have no effect (inhibition of ethylene action). 
Silver ions, CO2, 2,5-norbonradiene and 1-MCP can block the ethylene receptor, and 
therefore inhibit ethylene-induced effects, including its own synthesis in cases where 
ethylene is autocatalytic or promote its synthesis where ethylene is autoinhibitory 
(Abeles et al., 1992; Saltveit, 1999; Sisler et al., 1986). Of these compounds, only 
1-MCP is approved for food and thus has been used to control ethylene responses and 
production in fresh-cut products (Toivonen, 2008a).

Suppression of the ethylene receptor (LeETR4) resulted in early ripening of 
tomato but did not affect fruit size, yield, or flavor composition, demonstrating that 
ethylene receptors may act as biological clocks that regulate onset of fruit ripen-
ing (Kevany et al., 2008). Ethylene receptors are degraded in the presence of eth-
ylene, likely through a proteasome-dependent pathway; therefore, immature fruits 
exposed to ethylene undergo a reduction in the amount of receptor protein and 
earlier ripening (Kevany et al., 2007). In other words, the receptor acts as a nega-
tive regulator of ethylene responses, and this suppression is removed when ethylene 
binds the receptor. Figure 4.2 (Ecker, 2004; Li and Guo, 2007; Schweighofer and 
Meskiene, 2008) shows that after wounding or other stress perception, plant cells 
activate protein phosphorylation cascades mediated by kinases. Mitogen-activated 
protein (MAP) kinases, MKK4, MKK5, and MPK6 phosphorylate target proteins, 
leading to cell responses. One of the targets is the enzyme responsible for ethylene 
production, ACC synthase (ACS). Members in the two major subgroups of the ACS 
family, represented by ACS5 and ACS6, are regulated by different kinase pathways. 
Phosphorylation stabilizes ACS6 (and possibly ACS5), and interaction of ACS5 with 
unknown components targets ACS5 for degradation by the proteasome. Fine-tuning 
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of ethylene induction is achieved by tissue-specific expression, gene activation, and 
the formation of heterodimers between different ACS members. ACC oxidase (ACO) 
activity can also affect levels of ethylene induction. Ethylene binding leads to the 
inactivation of ER-localized receptors (ETR1, ETR2, ERS1, ERS2, and EIN4) by an 
unknown mechanism. A novel membrane protein, RTE1, might specifically enhance 
the function of the ETR1 receptor. An inactive receptor is incapable of recruiting the 
negative regulator CTR1 to the ER membrane, which in turn shuts off its activity. 
EIN2 is then free from inhibition by CTR1 and increases the nuclear accumulation 
of EIN3 protein by repressing its turnover, which is mediated by SCF complexes 
containing the F-box proteins EBF1/2. There are two possibilities for how EIN2 sta-
bilizes EIN3: EIN2-derived signal modulates EIN3 directly or inhibits the SCFEBF 
complex. One of the EBF genes, EBF2, is induced by ethylene in an EIN3-dependent 
manner. Thus a negative feedback loop is formed between EIN3 and EBF. EIN5, 
an exoribonuclease, seems to downregulate the level of EBF1 and EBF2 mRNAs 
without affecting their half-life. The nuclear accumulation of EIN3 induces a large 
amount of gene expression and ultimately triggers various ethylene responses.

Therefore, inhibition or reduction of ethylene synthesis or action can help to 
extend the shelf life of fresh-cut products but again may differ depending on the 
type of product (vegetative, reproductive, harvest maturity, etc.). There are numer-
ous techniques to reduce ethylene production or effects which can be applied to the 
intact fruit prior to processing or to the processed product directly. Such treatments 
include genetics (Klee and Clark, 2002), storage temperature, MAP packaging, coat-
ings, ethanol, ethylene absorbents, and 1-MCP. Ethylene synthesis inhibitors such 
as AVG can be used preharvest to inhibit ethylene production (Schupp and Greene, 
2004; Yang, 1985), which can affect postharvest shelf life. Genetic engineering can 
also be used to reduce fruit ethylene production as has been shown in tomato by 
downregulating ACS (Oeller et al., 1991), ACO (Hamilton et al., 1990), or enhancing 
expression of ACC deaminase (Klee et al., 1991). Antisense molecular techniques 
have also been used to knock out the ethylene receptor (Klee and Clark, 2002), mak-
ing the tissue nonresponsive to ethylene. For example, tomatoes with downregulated 
ACS or ACO do not produce much ethylene and do not ripen, and tomatoes with 
inserted ACC deaminase do not make much ethylene either, because this enzyme 
degrades ACC to α-ketobutyric acid. If ever approved, these transgenic fruits would 
be useful as fresh-cut products.

Temperatures above 35ºC can cause injury to the ethylene biosynthetic pathway, 
disrupting ethylene synthesis (Antunes and Sfakiotakis, 2000; Lurie, 1998). Cold 
temperatures below 2.5ºC slow metabolism, including ethylene synthesis (Wang and 
Adams, 1982) due to reduced ACO activity. The relatively low oxygen (O2) and high 
carbon dioxide (CO2) in MAP or the internal atmosphere of coated fruit (Bai et 
al., 2001; Bai et al., 2002) inhibit ethylene production because the ethylene biosyn-
thetic pathway requires O2 and is inhibited by CO2 (Figure 4.1). Anaerobic condi-
tions inhibit ACO. Ethanol has been shown to inhibit ethylene production in intact 
tomato fruits (Kelly and Saltveit, 1988; Saltveit and Mencarelli, 1988; Saltveit and 
Sharaf, 1992) and ethanol vapor was used to inhibit ethylene production in cut apple 
and mango (Bai et al., 2004; Plotto et al., 2006). Ethanol vapor treatment can be 
problematic because it sometimes results in altered or off-flavors, but at lower levels 
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this was minimized, and the ethanol treatment of intact mango fruit had the added 
benefit of reducing the microbial population on the surface of the cut mango (Plotto 
et al., 2006).

The ethylene action inhibitor, 1-MCP, also reduced ethylene effects by inhibit-
ing ethylene action in cut fruit (Bai et al., 2004; Ergun et al., 2007; Perera et al., 
2003; Saftner et al., 2007). This included, in some cases, ethylene synthesis, if it was 
autocatalytic (Baldwin, 2004). For fresh-cut apple, treatment of intact apple with 
1-MCP resulted in reduced ethylene production, respiration for ‘Braeburn,’ ‘Pacific 
Rose,’ and ‘Gala’ subsequent sliced products and reduced browning for ‘Braeburn’ 
cut apple (Bai et al., 2004; Perera et al., 2003). For ‘Galia’ melon, treatment of intact 
fruit resulted in reduced softening and watersoaking of the subsequent fresh-cut fruit 
(Ergun et al., 2007). Treatment of intact pineapple resulted in inhibition of respiration 
and ethylene production and delayed softening in combination with MAP (Rocculi 
et al., 2009). Treatment of fresh cut cilantro resulted in reduced respiration (Kim et 
al., 2007). Low dosage 1-MCP treatments prior to ethylene exposure of intact water-
melon prevented ethylene-mediated quality deterioration in subsequent fresh-cut 
slices under MAP (Saftner et al., 2007). Application of 1-MCP before or after pro-
cessing of kiwifruit reduced ethylene and softening which was enhanced by a dip of 
calcium chloride (CaCl2). 1-MCP also reduced softening and browning when applied 
directly on fresh-cut mango slices. For fresh-cut persimmons, direct application of 
1-MCP after processing resulted in higher ethylene production, slower softening, and 
darkening of color with no effect on respiration (Vilas-Boas and Kader, 2007).

4.4 resPIratIon

Fruit ripening, senescence, and the wound response are energy-consuming pro-
cesses. The respiratory quotient of a fruit or vegetable is the ratio of the CO2 evolved 
to O2 consumed. Novel proteins, messenger ribonucleic acids (mRNAs), pigments, 
and flavor compounds are synthesized in fresh produce, requiring energy and carbon 
that are supplied by the fruit as with other tissues. Once harvested, however, the fruit 
has limited resources, which is even more pronounced in fresh-cut products. For 
example, fresh-cut lemon had two to five times the respiration of whole lemons when 
stored below 5ºC and 12-fold higher respiration if stored at 10ºC (Artés-Hernández 
et al., 2007). Ripening of climacteric fruit and wounding of all fruit produce a char-
acteristic peak of respiratory activity. In general, the higher the respiratory rate, 
the shorter the shelf life, as respiratory substrates, generally sugars and acids, are 
consumed (Tucker, 1983). Usually, sugars and acids of fruits are sequestered in the 
vacuole but are released periodically or maintained in a separate pool for use in res-
piration (Tucker, 1983; Tucker and Grierson, 1987). Respiratory pathways by which 
fruit oxidize sugars are glycolysis, oxidative pentose phosphate (OPP) pathway (less 
important, but may operate in climacteric respiration), and the tricarboxylic acid 
(TCA) pathway. In glycolysis, glucose-6-phosphate (P) is converted to fructose 6-P 
which is converted to fructose-1, 6-bisphosphate, and phosphoenol pyruvate to pyru-
vate. Pyruvate feeds into the the TCA cycle. Malic acid appears to be used as a respi-
ratory substrate via malic enzyme which decarboxylates malate to pyruvate, with 
the extra carbon being fed into the TCA cycle, while citrate can feed directly into 
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the TCA cycle (Goodenough et al., 1985; Tucker, 1993). The NAD(P)H produced by 
glycolysis, TCA, or malic enzyme activity is oxidized by plant mitochondria and 
the energy used for adenosine triphosphate (ATP) synthesis via oxidative phospho-
rylation, and mediated by membrane-bound dehydrogenases in the mitochondria 
(Palmer and Moller, 1982; Tucker, 1993).

Through the engulfing of a α-proteobacterium, the mitochondrion, the ances-
tral eukaryotic cell gained many metabolic capabilities (Sweetlove et al., 2007). 
The mitochondrion is uniquely sensitive to ATP demands in the cell. The mito-
chondria also produces ROS, which as mentioned before, are potent intracellular 
signals for, among other things, abiotic stress and oxidative damage of proteins, 
so that it acts as an early warning sensor of altered cellular redox balance. ROS 
are generated in the mitochondrion when overreduction of the respiratory com-
plexes occurs, causing leakage of electrons to molecular oxygen causing superox-
ide formation (Moller, 2001). This is a result of an imbalance between electrons 
entering the respiratory chain and the dissipation of the proton gradient by ATP 
synthesis, or by reactions of electron transport due to altered physiological state 
(low temperature) (Sweetlove et al., 2007) or wounding, as with fresh-cut pro-
duce. What is important is the balance between ROS production and antioxidant 
capacity. The alternative oxidase (AOX) responds to redox signals, which bypass 
much of the respiratory chain and significantly reduce proton pumping and ROS 
production (Maxwell et al., 1999). AOX expression is linked to the TCA cycle, and 
the TCA cycle intermediates may act as signals for gene expression (Sweetlove et 
al., 2007).

As for the connection between climacteric ethylene and respiration, a develop-
mental factor seems to be involved in the activation of the respiratory climacteric. 
For example, honeydew melon needs to achieve a certain maturity for low levels of 
exogenous ethylene to stimulate climacteric ethylene and respiration. In an experi-
ment using antisense ACO cantaloupe harvested at 20 to 35 days past pollination 
compared to wild-type fruit, it seemed there was an interaction between develop-
mental factors and ethylene levels in the induction of the respiratory upsurge (Flores 
et al., 2008).

4.5 storaGe teMPerature and ModIFIed atMosPHere

4.5.1 ATmosphere

Storage temperature of fresh-cut commodities affects their respiration rate, which 
increases with increasing temperature. This effect is exacerbated if the commodity 
is in a modified atmosphere (MAP package, coating or CA storage) of relatively low 
O2 and high CO2, likely designed for low-temperature (therefore, low respiration) 
storage (2 to 10ºC). If the cold chain is broken, then the respiration rate/O2 demand 
increases, and the O2 level may fall below the extinction point for that particular 
commodity, and the anaerobic pathway is engaged, producing ethanol and off-fla-
vors. Sometimes the product has acceptable appearance but not acceptable flavor. 
The product can then quickly deteriorate. The Q10 of respiration rates of fresh-cut 
vegetables ranged from 2 to 7.5 when the temperature was increased from 0 to 10ºC 
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(Watada et al., 1996). High O2 MAP (70% + O2) has also been used to inhibit enzy-
matic discoloration, prevent anaerobic fermentation, and inhibit aerobic and anaer-
obic microbial growth. Argon and nitrous oxide have also been shown to reduce 
respiration rates (Day, 1994).

4.5.2 sTorAge TemperATure

The temperature at which products are stored can also affect the nutritional shelf life 
of a fresh-cut product. In a study of the antioxidant potential of fresh-cut strawberries, 
temperature affected the anthocyanins and vitamin C content as well as antioxidant 
capacity of the cut strawberry stored 21 days under 80% O2, which reduced wound-
ing stress (Odriozola-Serrano et al., 2009). Vitamin C degradation was more suscep-
tible to small temperature increments than the other antioxidant compounds, and a 
storage temperature of 5ºC was most effective in keeping the antioxidant properties 
of cut strawberry under the high O2 atmosphere. For fresh-cut tomato, lycopene, vita-
min C, and phenolic contents as well as other physiochemical parameters were main-
tained for 14 days at 5ºC in MAP (5% O2 + 5% CO2). Raising the storage temperature 
enhanced lycopene and total phenolics but decreased vitamin C, and shelf life was 
reduced due to microbial growth at storage temperatures above 10ºC (Odriozola-
Serrano et al., 2008). One advantage of fresh-cut produce from chilling-sensitive 
fruits is that the cut product often does not manifest chilling injury, symptoms of 
which are often exhibited in the intact fruit peel.

Films available for fresh-cut produce often do not have sufficient O2 and CO2 
transmission rates to reach steady-state gas concentrations before reaching O2 and 
CO2 levels that are too low or too high, respectively (Oms-Oliu et al., 2007). This 
promotes anaerobic respiration or CO2 injury that results in fermentive off-flavor 
and odor, excess CO2 production, as well as visual defects. In a survey of bagged 
salads from major supermarket chains, the mean headspace was 1.2% O2 and 12% 
CO2, and the mean ethanol content was 700 parts per million (ppm) (Hagenmaier 
and Baker, 1998). Fresh-cut sweet potato in medium- or high-permeability film bags 
stored at 2 or 8ºC resulted in anaerobiosis at 2ºC and especially 8ºC for the low-
permeability bags and at 8ºC for the medium-permeability bags (Erturk and Picha, 
2008). Nevertheless, MA is used to reduce respiration and ethylene production of 
fresh-cut produce to extend shelf life, generally in the range of 1 to 5% O2 and 5 to 
10% CO2 (Gorny et al., 2002). This was successfully used for Kohlrabi sticks (2.5% 
O2 and 9% CO2) (Escalona et al., 2007), broccoli and cauliflower florets (1% O2 and 
21% CO2) (Schreiner et al., 2007), minimally processed bok choy (5% O2 and 2% 
CO2) (Lu, 2007) and fresh-cut pineapple (2% O2 and 12% CO2) (Montero-Calderón 
et al., 2008), while low O2 reduced browning of cut carambola (Teixeira et al., 2007) 
in vacuum-sealed bags. MAP and osmotic dehydration worked well for minimally 
processed guava (Pereira et al., 2004). Studies on the use of superatmospheric O2 
(>70%) were done to prevent anaerobic conditions, although this technique reduced 
the quality of fresh-cut pears (Oms-Oliu et al., 2007) by promoting oxidative pro-
cesses (reduced vitamin C, solids, and acids). The high oxygen active packages, 
however, reduced accumulation of fermentative metabolites compared to typical 
MAP (relatively low O2 and high CO2) and inhibited some spoilage microorganisms 
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(Oms-Oliu et al., 2007). For cut peppers, 50% to 80% O2 with less than 20% CO2 
was found to maintain good visual appearance without fermentation or off-odors. 
Higher levels of CO2 promoted respiration (Conesa et al., 2007). Coating cut pears 
with antioxidant compounds (N-acetylcysteine and glutathione at 75%) in high O2 
(70%) atmosphere, low O2 atmosphere (2.5% O2 and 7% CO2 active flush), or pas-
sively modified atmosphere showed that the low O2 with the antioxidant treatments 
best maintained vitamin C, chlorogenic acid, and antioxidant capacity and reduced 
browning and ethylene production compared with the high O2 treatment (Oms-Oliu 
et al., 2008a). However, Chinese bayberry fruits treated with air or 80% to 100% 
O2 exhibited less decay and high levels of total soluble solids, titratable acidity and 
ascorbic acid contents, and reduced pH compared to air. The high O2 treatment was 
less stressful as demonstrated by lower malonaldehyde content and higher catalase, 
ascorbic acid peroxidase, and peroxidase activities during storage. Elevated O2 levels 
may improve the antioxidative defense mechanism and decay resistance (Yang et al., 
2009).

4.6 GenetIcs and HarVest MaturIty

4.6.1 geneTics

Breeders are beginning to look for ways to breed varieties with characteristics tai-
lored to a fresh-cut product. For example, lettuce breeders are seeking to develop 
multiuse cultivars. To this end, breeding lines were screened for increased cut 
lettuce shelf life in modified atmosphere (MA) environments such as encoun-
tered with MAP (Hayes and Liu, 2008). Genetic variation was thus determined 
for cut lettuce shelf life in low O2 MA environments of 0.2% to 5% O2 with the 
balance of N2 in bags or in CA, to which cultivars could avoid damage from 
self-generated CO2 injury or fermentation from low O2. A novel hybrid musk-
melon bred from an ultrafirm parent resulted in a fruit that was larger and had 
high external and internal firmness, ideal for long-distance shipping (Lester and 
Saftner, 2008). This hybrid also had high concentrations of sugar, β-carotene, 
and folic acid.

4.6.2 hArVesT mATuriTy

When a product is harvested can affect the shelf life and quality of a fresh-cut prod-
uct in that the fruit may or may not continue to ripen and soften after cutting. In 
some studies, relationships between harvest maturity and shelf life have been found 
(Chiesa et al., 2003; Couture et al., 1993; Watada and Qi, 1999), but this has not been 
found in others (Hayes and Liu, 2008). For cantaloupe, the length of storage duration 
decreased as harvest maturity increased for fresh-cut cantaloupe. Vitamin C losses 
were greater in fresh-cut cubes from more mature harvested fruit (full slip), and 
firmness losses were faster in more mature fruit (Beaulieu and Lea, 2007). Volatiles 
were reduced in more immature harvested cantaloupe (1/4 slip) (Beaulieu, 2006). 
It was therefore recommended to harvest at moderate maturity (1/2 slip) (Beaulieu 
and Lea, 2007) for a fresh-cut cantaloupe product. On the other hand, pear destined 
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for a fresh-cut product was more acceptable if harvested 1 month later than normal 
commercial harvest due to less browning potential (lower levels of phenolic com-
pounds in the pulp) and better flavor (sweeter due to lower titratable acidity, higher 
levels of total aroma volatiles) (Bai et al., 2009). For mango also, later harvest matu-
rity resulted in generally higher levels of desirable aromatic compounds (Beaulieu 
and Lancaster, 2008). Cut apple prepared from partially ripe intact ‘Fuji’ apples 
was most suitable for a fresh-cut product (Rojas-Graü et al., 2007b). However, for 
‘Granny Smith’ apples, fruit harvested 2 weeks or more before induction of climac-
teric ethylene production (starch index <2.5) had more cut edge browning, despite 
use of anti-browning dip (Toivonen, 2008b).

4.7 PHysIoloGIcal eFFects oF sanItIzInG treatMents

Some sanitizers have physiological effects on the treated fresh-cut products. Sodium 
hypochlorite (NaOCl) has been shown to reduce browning of apple and potato, 
although CaCl2 was found to be more effective (Brecht et al., 1993). Cut tomato 
treated with hydrogen peroxide (H2O2) exhibited reduced microbial populations 
when stored at 10°C; however, they also had reduced phenolic and antioxidant levels 
after 7 days of storage and exhibited reduced color and levels of carotenoids. On 
fresh-cut Chinese water chestnuts, use of H2O2 reduced surface discoloration as well 
as decay. The H2O2 also delayed increases in total phenolic contents and reduced 
PPO, PAL, and POD activities (Peng et al., 2008; Podoski et al., 1997). Heat treat-
ments for sanitation purposes can also cause heat shock and denaturation of meta-
bolic enzymes that result in physiological effects. Hot water treatment of cantalopes 
to “pasteurize” the surface prior to cutting resulted in reduced microbial populations 
on the rind and of the subsequent cut melon pieces without affecting the quality 
of the fresh-cut product (Fan et al., 2008). A mild heat treatment of fresh-cut table 
grapes (45ºC hot water or 55ºC hot air for 8 or 5 minutes, respectively) followed by 
storage at 5ºC resulted in reduced O2 consumption, ethylene production, and decay 
(Kou et al., 2007).

Irradiation doses of 0.2 to 0.8 kGy can result in a 1 log reduction of bacterial 
pathogens, while 1 to 3 kGy is necessary to achieve a 1-log reduction of patho-
genic viruses and fungi but can impact quality. Doses of 1 kGy or less are toler-
ated by most fresh-cut fruits and vegetables with little change in appearance, flavor, 
color, or texture. In some cases, there is loss of firmness and wilting due to an effect 
on permeability and functionality of cell membranes resulting in electrolyte leak-
age and loss of tissue integrity, especially at doses above 1 kGy (Fan and Sokorai, 
2008). Low-dose irradiation (1 kGy) that can potentially inactivate Escherichia coli 
O157:H7 by 5 logs was tested on 13 common fresh-cut vegetables and was found not 
to result in significant losses of quality attributes (appearance, texture, flavor, and 
nutritional composition), with the exception of irradiated green and red leaf lettuce 
having reduced vitamin C values (Fan and Sokorai, 2008). Low-dose electron beam 
irradiation on fresh-cut cantalope lowered and stabilized respiration compared to 
nonirradiated samples while lowering microbial populations (Boynton et al., 2006).

Heat is also used to reduce ripening, senescence, and wound responses of fresh-
cut produce (respiration, ethylene, softening, browning). Treatment of fresh-cut 
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peach with hot water at 50ºC for 10 minutes followed by MAP storage at 5ºC con-
trolled browning and retained firmness during storage, with lower concentrations of 
CO2 and ethylene in the package atmosphere (Koukounaras et al., 2008). However, 
the heat treatment increased total carotenoid loss and reduced chroma color values 
on the slices compared to nonheated controls, but PPO activity was not affected. 
Hot dips in CaCl2 or other calcium salts (60ºC) helped maintain firmness (increased 
bound Ca levels in the cell wall), reduced microbial growth, and improved sensory 
quality compared to unheated controls (Aguayo et al., 2008). Other calcium salts 
were evaluated with varying amounts of success. Heat-treated cut apple (4 days at 
38ºC hot air) reduced ethylene synthesis, respiration, and softening, but also reduced 
aroma volatiles (Bai et al., 2004). Mild heat shock of lettuce leaves had mixed results, 
reducing browning but causing deleterious surface color and texture effects (Moreira 
et al., 2006).

UV light can also be used to sanitize fresh-cut produce, but it can also affect 
quality. Fresh-cut tomatoes, grown hydroponically, when exposed to UV-C light 
exhibited reduced microbial populations, increased phenolic content, and delayed 
degradation of vitamin C after 7 days storage at 4 to 6ºC. The UV light treatment did 
not affect appearance, color, or lycopene content when the tomatoes were grown in 
lower salt concentrations. When the tomatoes were grown at higher salt concentra-
tions and exposed to UV treatment, lycopene and vitamin C contents were increased 
likely due to stress; however, the UV-C treatment accelerated the decline of phenolic 
compounds and vitamin C in the subsequent fresh-cut product of these fruit (Kim 
et al., 2008a). Use of higher UV-C doses (up to 11.35 kJm–2) on fresh-cut spinach 
resulted in a loss of lightness likely due to superficial tissue damage and an acceler-
ated decrease in total antioxidant activity and polyphenol content during storage, 
although microbial growth was reduced (Artés-Hernández et al., 2009). UV irradia-
tion of cut cantaloupe enhanced terpenoid production accompanied by some ester 
losses, which were cultivar and maturity dependent (Beaulieu and Lea, 2007).

Ozonated water is also used as a sanitizer, but it can have physiological effects. 
Use of ozonated water on the shelf life of fresh-cut lettuce antioxidants, including 
polyphenols and vitamin C, did not affect these compounds and did not increase 
respiration. The ozone treatment reduced browning and improved appearance com-
pared to water and chlorine rinses (Beltran et al., 2005). In a comparison of sanitiz-
ing methods including sodium hypochlorite, electrolyzed water, and peroxyacetic 
acid for effect on respiration rates of fresh-cut vegetables stored at 7ºC with 3% O2, 
sodium hypochlorite increased respiration of iceberg lettuce but not carrot, leek, or 
cabbage. Peroxyacetic acid did not affect respiration of leek and iceberg lettuce, but 
it decreased respiration of carrot and cabbage. Electrolyzed water, however, reduced 
respiration of leek and cabbage (Vandekinderen et al., 2008).

4.8 surFace treatMents and coatInGs

Often, fresh-cut fruit are treated to combat derivative physiological changes such as 
browning, softening, flavor changes, and losses of nutrients or other healthful com-
pounds and dehydration.
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4.8.1 surfAce TreATmenTs

Browning of cut tissue is generally due to the action of PPO with some involve-
ment in some cases of POD and PAL. POD is a heme-containing enzyme that can 
perform single-electron oxidation of phenolic compounds in the presence of H2O2. 
Generation of H2O2 by PPO when oxidizing some phenolics can induce synergis-
tic action between PPO and POD (He and Luo, 2007). Ascorbic acid or its deriva-
tives can be used as an antioxidant to reduce browning and as an acidulant. Citric, 
malic, tartaric, oxalic, and succinic acids can also be used to acidify the surface and 
to act as chelator of browning compounds. Calcium or its derivatives can be used 
to reduce browning and to increase firmness (He and Luo, 2007). Acidifying the 
surface helps to inhibit PPO activity due to its pH optimum being quite sensitive 
(Chisari et al., 2008). PPO isoenzymes have two copper ions at the active site. This 
enzyme can catalyze the hydroxylation of monophenols and the oxidation of diphe-
nols to quinones, using oxygen as a cosubstrate. The quinones polymerize into brown 
pigments (Arias et al., 2007; He and Luo, 2007; McEvily et al., 1991; Taylor and 
Clydesdale, 1987). Other antibrowning agents include thiol-containing compounds 
cysteine, glutathione, and acetylcysteine, which are thought to form colorless thiol-
conjugated o-quinnones (He and Luo, 2007). Calcium ascorbate is also effective 
(adapted by the fresh-cut industry in the commercial form of Nature Seal), as are 
sulfates (banned by the U.S. Food and Drug Administration [FDA] due to allergenic 
reactions). The effect of calcium ascorbate was demonstrated on cut apple (Wang 
et al., 2007). 4-Hexylresorcinol and ascorbic acid were investigated in pear. It was 
found that ascorbic acid did not interact directly with PPO but prevented browning by 
reducing oxidized substrates. 4-Hexylresorcinol, however, interacted with the deoxy 
form of PPO, thus inactivating the enzyme in the absence of substrates, or com-
peted with substrates for the catalytic site (Arias et al., 2007). POD activity, however, 
was more associated with browning of cut melon than PPO (Chisari et al., 2008). 
Oxyresveratrol and an extract from mulberry twigs (mulberroside) in combination 
with isoascorbic acid, calcium chloride, and acetycysteine delayed browning of cut 
apple (Li et al., 2007). Ascorbic acid, citric acid, and calcium chloride were used 
on cut mango to retain color and antioxidant activity (Robles-Sánchez et al., 2009). 
In cut apple, antibrowning agents ascorbic acid, 4-hexylresorcinol, N-acetylcyteine, 
and glutathione were tested. N-acetylcysteine and glutathione inhibited PPO activity. 
Ascorbic acid in combination with 4-hexylresorcinol, N-acetylcysteine, or glutathi-
one inhibited POD activity. Generally, 4-hexylresorcinol and ascorbic acid individu-
ally were not very effective at levels tested for browning of cut apple (Rojas-Graü 
et al., 2008) compared to the sulfur compounds N-acetylcysteine and glutathione. 
Other inhibitors of PPO and browning from natural sources include kojic acid, arbu-
tin, and glabridin, as well as an extract from the wood of Artocarpus heterophyllus, 
which was effective on cut apple (Zheng et al., 2008). Lychee fruit have a bright red 
pericarp that browns after harvest due to dehydration, breakdown of anthocyanins, 
and action of PPO. Therefore, a lychee fresh-cut product was developed where the 
edible aril was removed from the peel and treated with cysteine, ascorbic acid, and 
4-hexylresorcinol along with osmotic vacuum dehydration, which maintained color 
and sensory characteristics (Shah and Nath, 2008).
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4.8.2 coATings

One problem of minimal processing of fruits and vegetables is water loss and 
dehydration. Use of edible coatings can reduce water loss by acting as a barrier 
to water vapor transfer, or by acting as a sacrificing agent, losing water from 
the coating before losing water from the product tissue, and thus delaying water 
loss by the cut product. Coatings can also be used as carriers of the above anti-
oxidants, sanitizers, acidulents, chelators, firming agents, and probiotics. The 
problem is that fresh-cut products often have high water vapor activity on the 
cut surface, making use of hydrophobic coatings difficult, although they are best 
at preventing water loss. Gellan-based films containing antioxidants and viable 
probiotic bilfidobacteria on cut papaya and apple exhibited good water vapor 
properties (Tapia et al., 2007). Although hydrophilic protein and polysaccharide 
films are more compatible with a cut surface, an antioxidant candelilla wax car-
rying Aloe vera reduced weight loss, changes in pH, and firmness when tested on 
fresh-cut avocados, bananas, and apples (Saucedo-Pompa et al., 2007). Algenate 
and gellan-based edible coatings on fresh-cut ‘Fuji’ apples delayed ethylene pro-
duction, reduced microbial growth, and maintained firmness and color when 
N-acetylcysteine was added (Rojas-Graü et al., 2007b). Alginate coating with 
acetylated monoglyceride minimized weight loss of cut ‘Gala’ apple (Olivas et 
al., 2007). Apple puree-alginate coatings with antimicrobial essential oils (lem-
ongrass, oregano, and vanillin) and antioxidants reduced respiration, ethylene 
production, and microbial growth when applied to fresh-cut apples but exhibited 
some ethanol and acetaldehyde formation in the first week of storage (Rojas-Graü 
et al., 2007a). Candelilla wax with ellagic acid-reduced color changes. Generally, 
these films reduced softening of cut avocado, banana, and apple (Saucedo-Pompa 
et al., 2007). Coatings of sour whey powder, soy protein isolate, and calcium 
caseinate on cut apple, carrots, and potato resulted in reduced color changes 
and weight loss (Shon and Haque, 2007). Application of chitosan coatings on 
fresh-cut mushroom delayed discoloration and reduced enzyme activities of PPO, 
POD, catalase, PAL, and laccase as well as resulted in lower phenolic content. 
A chitosan coating also maintained color and reduced microbial growth on cut 
papaya (González-Aguilar et al., 2009). The coatings also reduced activities 
of cellulose, total amylase, and α-amylase and inhibited microbial populations 
(Eissa, 2007). Edible coatings have also been used to reduce dehydration of the 
surface of peeled carrots, which takes on an undesirable white coloration (white 
blush) using cellulose (Mei et al., 2002; Sargent et al., 1994), sodium caseinate/
stearic acid (Avena-Bustillos et al., 1994), whey protein, or xanthan gum (Mei 
et al., 2002). Vacuum impregnation of chitosan-based films reduced peeled car-
rot whitening and resistance to water vapor transmission (Vargas et al., 2008). 
Application of a chitosan/methyl cellulose film on fresh-cut cantaloupe and pine-
apple reduced microbial growth when vanillin was added and helped maintain 
moisture content (Sangsuwan et al., 2008). Alginate, pectin, and gellan-based 
coatings prevented dehydration of cut melon and inhibited ethylene production 
(Oms-Oliu et al., 2008b).
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4.8.2.1 Firming agents
Calcium can interlink pectin chains in cell walls and thus improve firmness. Calcium 
lactate strengthened the structure of fresh-cut ‘Fuji’ apples stored for 3 weeks at 4ºC 
(Alandes et al., 2006) and counteracted activity of both pectinmethylesterase (PME) 
and PG. Addition of calcium chloride as a cross-linking agent helped maintain firm-
ness of fresh-cut melon (Oms-Oliu et al., 2008b).

4.9 conclusIon

Fresh-cut fruits and vegetables present unique physiological challenges to posthar-
vest physiologists and food scientists. The products are living tissues that have the 
outer protective peel breached in some way, allowing water loss and providing an 
entrance for microbes. The processing also induces a range of wound responses, 
including ethylene production and increased respiration, which in turn induce unde-
sirable color, texture, and flavor changes. Many methods have been developed and 
continue to be tested to counteract the physiology, including MAP packaging, edible 
coatings, antioxidants, acidulants, antimicrobial agents, and firming agents. Anti-
ethylene production and action agents have also been employed, including 1-MCP, 
ethanol, and use of temperature. In the end, successful marketing of fresh-cut prod-
ucts is evident judging by the rapidly growing fresh-cut segment of the fresh produce 
industry.
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5 Factors Affecting 
Sensory Quality of 
Fresh-Cut Produce

John C. Beaulieu

5.1 IntroductIon

Fresh-cut produce is the fastest growing food category in U.S. supermarkets. Sales 
trends for fresh-cut salads clearly indicate that consumers will pay for fresh-cut pro-
duce, if quality and convenience are perceived to be better than or equal to uncut 
product. The most important driving force behind fresh-cut product purchases is 
convenience (Ragaert et al., 2004). Due to commercial difficulties in testing prod-
uct quality, it is often assumed that “if it looks good, it tastes good.” Unfortunately, 
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quality of intact vegetables and fruits is often determined almost exclusively on 
appearance, sometimes to the exclusion of flavor and texture. Consumers often buy 
the first time based on appearance, but repeat purchases are driven by expected qual-
ity factors such as flavor and texture (Beaulieu, 2006b; Waldron et al., 2003).

It is well recognized that minimal processing and wounding have profound physi-
ological effects on plant tissue, and most consequences of cutting are physiologically 
deleterious, especially in sensitive fruits (Karakurt and Huber, 2007).

Fresh-cut salads and vegetables are enjoying success in the marketplace because 
certain important negative effects of processing have been ameliorated or addressed 
sufficiently. On the other hand, the fresh-cut fruit market has not experienced phe-
nomenal growth similar to its companion fresh-cut salad and vegetable market due 
to numerous physiological and biochemical phenomena. Unfortunately, and espe-
cially in the fresh-cut fruit arena, growth may be limited by low repeat sales and 
overall consumer dissatisfaction. This is predominately due to the inherent fragile 
nature of ripe fruit with removed epidermis, and also has been attributed to likely 
flavor imbalance, or loss (Beaulieu, 2006a).

The goal of this review is to convey recent findings and results related to agents 
affecting sensorial acceptance by the consumer as well as traditional and recent 
trends in fresh-cut fruit and vegetable processing that allow maintaining or extending 
sensory shelf life. Much background material that could be included in this review 
of sensory quality in fresh-cut produce was previously published in several reviews 
(Barrett et al., 2010; Beaulieu and Baldwin, 2002; Beaulieu and Gorny, 2004; Brecht 
et al., 2004; Forney, 2008; Hodges and Toivonen, 2008). Subsequently, only more 
current literature and significant items related to sensory qualities of fresh-cut pro-
duce will be addressed. Focus will be placed on fresh-cut fruits and include only 
highly relevant vegetable and salad information. Little to no microbiological treat-
ment effects will be covered (please refer to Chapters 3 and 8), unless volatile and 
sensory appraisal was a main objective of the study.

5.2  FresH-cut FruIt and VeGetable QualIty coMPonents

For fruits and vegetables, the characteristics imparting the most important quality 
factors may be described by several different attributes, such as color (appear-
ance), aroma and taste (flavor), texture, and nutritional value. Consumers gen-
erally evaluate a product based on four attributes in the order specified above. 
Specifically, visual cues are first, followed by aroma, taste, and texture. Aroma 
refers to the orthonasal (sniff) smell of a fruit or vegetable product, whereas fla-
vor includes both aroma and retronasal (mouth) taste. Texture is very broad and 
encompasses everything from squeeze to handling firmness to sensory attributes 
upon chewing. As chewing proceeds, the perception of textural quality changes 
as products generally become softer with ripening and storage. Nutritional value 
is an extremely important quality factor that is impossible to see, taste, or feel. 
Although nutritional value is a hidden attribute, this quality factor is becoming 
increasingly valued by consumers, scientists, and the medical profession as phyto-
nutrients, functional foods, and antioxidants become more appreciated. This chap-
ter will touch upon a few salient studies related to nutritional aspects involving 
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sensory analysis. However, the reader is referred to Chapter 6 for a more compre-
hensive overview.

5.2.1 coLor And AppeArAnce

An important consideration during fresh-cut fruit processing is the preservation 
of normal tissue color and control of discoloration or surface browning. Oxidative 
browning is usually caused by the enzyme polyphenol oxidase (PPO) that, in the 
presence of O2, converts phenolic compounds into dark-colored pigments. Extent 
of browning varies markedly by commodity, cultivar, and even growing conditions. 
Several commercial and research strategies used to reduce PPO-mediated discolor-
ation have been outlined elsewhere (Beaulieu and Gorny, 2004; Garcia and Barrett, 
2002; Hodges and Toivonen, 2008). Often, a simple visual, and hopefully objec-
tive, appraisal of quality and appearance is desired. A comprehensive manner by 
which trained persons can uniformly perform subjective fresh-cut quality appraisals 
has been established by well characterized categorized hedonic scales for mango 
(Beaulieu and Lea, 2003) and cantaloupe (Beaulieu, 2005). A detailed atlas of color 
quality scales for both whole and fresh-cut produce is also available (Kader and 
Cantwell, 2007).

5.2.2 sensoriAL AspecTs

Fresh-cut vegetables and salads have great consumer appeal due to their convenience, 
flexibility of use, and possibly because their desirable flavor often comes about via 
condiments (croutons, spices, or dressing) and cooking, or because numerous prod-
ucts make up a medley mixture. Nonetheless, certain vegetables have specific char-
acteristic aromas (e.g., S-compounds) that must be perceived within their threshold 
concentration by consumers. On the other hand, consumer acceptance of fresh-cut 
fruits most often relies upon the inherent flavor and textural quality of the prod-
uct, seldom with accompaniments. Several examples illustrate clearly that fresh-cut 
products (e.g., cantaloupe, carrot, honeydew, orange, tomato, watermelon) lose fla-
vor quality prior to visual quality (Abbey et al., 1988; Barry-Ryan and O’Beirne, 
1998; Beaulieu et al., 2004; Hakim et al., 2004; Qi et al., 1998; Rocha et al., 1995). 
Recently, fruit medleys have gained popularity, as well as dips, spreads, and caramel 
or chocolate dips for certain fresh-cut products. Such commercial tactics have been 
implemented to offset slow market growth for fresh-cut fruits, likely due to consum-
ers’ apprehension of repeatedly purchasing products that lack consistent flavor.

5.2.2.1 Flavor and aroma
Consumers often buy the first time based on appearance or impulse. However, intrin-
sic quality factors such as flavor and texture drive repeat sales. Flavor is comprised of 
taste and aroma relating mainly to sugars (fructose, glucose, and sucrose), salts, acids 
(citric, malic, and tartaric), bitter compounds (alkaloids and flavanoids), and volatile 
components (Baldwin et al., 2007; DeRovira, 1996). Aroma compounds are detected 
by olfactory nerve endings in the nose (e.g., parts per billion). In contrast, taste is 
the detection of nonvolatile compounds by several types of receptors in the tongue 
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(e.g., parts per hundred). Flavor is a very complex “trait” that is difficult to analyze. 
Several to hundreds of volatile and semivolatile compounds may be responsible for 
the characteristic aroma of a fruit or vegetable. Some of these essential compounds 
will be present in minute concentrations (parts per billion) that require expensive 
and complex analytical equipment. Then, determining which volatile components 
actually impact the flavor of a fruit or vegetable requires method-dependent gas 
chromatography (GC) or gas chromatography/mass spectrometry (GC-MS) separa-
tion, gas chromatography/olfactometer (GC-O), or sensory, which again, are com-
plicated, labor intensive, and expensive. Instrumental techniques must determine 
compound concentrations in a commodity, accompanied by sensory measurement 
of odor threshold or flavor units to give a measure of the contribution of that specific 
compound. Subsequently, flavor detection, importance, and considerations are often 
overlooked within the industry due to practicality.

Flavor volatiles in fruits and vegetables arise from numerous biosynthetic path-
ways (carbohydrates, amino acids, fatty acids, oxidations, and ß-oxidation) and 
include a wide range of molecular weight alcohols, aldehydes, esters, furanes, glu-
cosinolates, ketones, lactones, nitrogen- and sulfur-containing compounds, terpenes, 
and other compounds. Volatile esters often make the major contribution to impact 
aromas in fruits such as apple, banana, pear, strawberry, and melon. Flavor loss dur-
ing fresh-cut storage can proceed as a direct consequence of senescence and may be 
driven by catabolic, metabolic, and diffusional mechanisms (Beaulieu, 2006a, 2007; 
Forney, 2008). Flavor changes that occur during fresh-cut storage also may affect 
the consumers’ experience and decision as to buy again or not. Although fresh-cut 
per se was not explored, in-depth reviews of fruit and vegetable flavor and sensory 
appraisal were recently published (Baldwin et al., 2007; Brückner and Wyllie, 2008). 
Several concepts and themes presented therein, as well as in Barrett et al. (2010), are 
relevant and applicable in fresh-cuts.

Several fresh-cut studies have illustrated that a product’s sensory attributes may 
decline prior to the physiological appearance declines. A hypothetical posthar-
vest quality figure was presented by Kader (2003) and was adapted for inclusion 
herein to generalize how flavor quality compares with visual and textural quality in 
fresh-cut fruits (Figure 5.1). As examples, an informal taste panel determined that 
fresh-cut honeydew melon stored in air at 5°C for 6 days lacked acceptable textural 
characteristics and had flat flavor (Qi et al., 1998). Fresh-cut orange segments hav-
ing acceptable appearance after 14 days storage were found to have unacceptable 
flavor quality after 5 days at 4°C (Rocha et al., 1995). Likewise, undesirable flavor 
was the limiting factor in sliced wrapped watermelon stored 7 days at 5°C, even 
though aroma was still acceptable and microbial populations were not problematic 
until after day 8 (Abbey et al., 1988). Subsequently, modified atmosphere packaging 
(MAP) has also been investigated as a means to prolong the flavor and aroma quali-
ties in fresh-cut produce.

5.2.2.2 texture
Consumers generally cite flavor as the most important quality attribute for fruits and 
vegetables, but textural defects and the interaction of flavor and texture are more 
likely to cause rejection of a fresh product (Harker et al., 2003). Texture is a critical 
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quality attribute that helps both the industry and consumer determine the accept-
ability of cut fruits and vegetables. The term texture encompasses both structural 
and mechanical properties of a food, as well as the sensory components in the hand 
and mouth, all of which can be measured by several destructive and nondestructive 
instrumental or objective methods (Abbott and Harker, 2004; Barrett et al., 2010; 
Bourne, 2002). Texture evaluation is most commonly performed by application of 
a destructive force via puncture or compression. Consistent firmness loss in stored 
fresh-cut cantaloupe has been documented using a puncture test (Gil et al., 2006; 
Luna-Guzmán and Barrett, 2000) and compression test (Beaulieu et al., 2004) on 
the texture analyzer. Due to the empirical nature of these tests, they do not provide 
an understanding of food microstructure or force-deformation and failure mecha-
nisms at the cellular level (Barrett et al., 2010). The three-dimensional network of 
plant cell walls is still somewhat unresolved, but it largely dictates the perception 
of consistency, smoothness, and juiciness, in fruit and vegetable tissues (Waldron 
et al., 2003). Consumer and panel testing indicates that consumers or panelists are 
oftentimes more sensitive to small differences in texture than flavor (Beaulieu et al., 
2004; Shewfelt, 1999).

5.2.3 nuTriTionAL conTenT

After preparing fresh cuts (wounding), the antioxidant capacity of fruit or veg-
etable tissue may increase (carrot, celery, lettuce, parsnip, purple-flesh potato, 
sweet potato, and white cabbage) during storage (Kang and Saltveit, 2002; Reyes 
et al., 2007; Reyes and Cisneros-Zevallos, 2003) or decrease (melon, potato, red 
cabbage, and zucchini) (Oms-Oliu et al., 2008b; Reyes et al., 2007). During inves-
tigations with different initial in-package O2 and CO2 concentrations in fresh-cut 
‘Piel de Sapo’ melon, excessively low O2 (2.5 kPa) and high CO2 (7 kPa) concen-
trations stimulated the synthesis of phenolic compounds, reduced vitamin C, and 
increased peroxidase activity (Oms-Oliu et al., 2008b). This could have been due to 
the fact that internal package concentrations of O2 fell below 1% by 9 days storage. 

Based on Firmness & Texture

Based on Appearance & Visual Quality
(Normal – Retail + consumer mistake)

Based on Flavor and/or
Nutritional Quality (Rare!)

Fresh-cut life (days) under optimum conditions
1086420

FIGure 5.1 Hypothetical fresh-cut fruit life based on flavor and nutritional quality con-
trasted against texture and appearance attributes. (Adapted from Kader A.A. 2003. A per-
spective on postharvest horticulture (1978–2003). HortSci. 38(5):1004–1008.)
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Ultimately, 70 kPa O2 storage was suggested as a potential optimum atmosphere 
because it prevented anaerobic fermentation, decreased wound-induced stress, 
and reduced deteriorative changes related to high peroxidase activity in cut tissue 
(Oms-Oliu et al., 2008b, 2008c).

Fresh-cut ‘Flor de Invierno’ pears that were dipped into N-acetylcysteine plus glu-
tathione (0.75% w/v, each) to prevent browning were packaged in active flush MAP 
delivering low O2 atmospheres (2.5 kPa O2) and high O2 (70 kPa O2) atmospheres. 
The synergistic antioxidant treatment under low O2 best maintained vitamin C, chlo-
rogenic acid, and antioxidant capacity compared with 70 kPa of O2 (Oms-Oliu et 
al., 2008a). The results show that the use of glutathione and N-acetylcysteine also 
enhanced the formation of phenylpropanoids in fresh-cut pears stored under the low 
O2 atmosphere (Oms-Oliu et al., 2008a). Similar increases in antioxidant activity 
have been achieved in fresh-cut apples treated with 1% ascorbic acid and 1% citric 
acid for 3 min (Cocci et al., 2006).

Vitamin C and carotene degraded very little during short-term (about 1 week) 
storage in some fresh-cut fruits (Wright and Kader, 1997a, 1997b). However, ascor-
bic acid and vitamin C content generally decreased after cutting, especially in lon-
ger-term fresh-cut storage (Beaulieu and Lea, 2007; Gil et al., 2006; Oms-Oliu et al., 
2008b; Reyes et al., 2007). Vitamin C loss after 6 days storage in clamshell contain-
ers at 5°C, were 5% in mango, strawberry, and watermelon pieces, 10% in pineapple 
pieces, 12% in kiwi slices, and 25% in cantaloupe cubes (Gil et al., 2006). Vitamin 
C content declined significantly after roughly 1 week in stored (4°C) fresh-cut canta-
loupe, and the decrease was independent of initial processing maturity (Beaulieu and 
Lea, 2007). Carotenoids decreased up to 25% in pineapple pieces, and 10% to 15% 
in cantaloupe, mango, and strawberry pieces after 6 days at 5°C (Gil et al., 2006). 
Ascorbic acid dips reduced browning and deterioration in fresh-cut ‘Ataulfo’ mango 
and maintained vitamin C and ß-carotene contents during 21 days fresh-cut stor-
age at 5°C (González-Aguilar et al., 2008). Total ascorbic acid in processed iceberg 
lettuce is retained significantly better when there is less cell damage during cutting 
(Barry-Ryan and O’Beirne, 1999).

5.3  Factors and aGents aFFectInG 
FresH-cut sensory QualIty

In reality, research and reviews have illustrated clearly that several important prehar-
vest factors (genetics, cultural practices, environment, harvest maturity) can predict 
or determine final fruit and vegetable flavor quality (Beaulieu and Baldwin, 2002). 
However, in practicality, the integration of all aspects from field to fork including 
selection of variety, horticultural practices, harvest operations, shipping, cooling, 
washing, processing operations, packaging, cold chain integrity, distribution, mar-
keting, and shelf life of the fresh-cut product all ultimately determine the sensory 
quality and consumer appraisal. Subsequently, because vertically integrating the 
whole chain and managing it without flaws is a major challenge, many processors 
strive to simply ensure the best possible quality produce arriving at their facility. 
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Then, they process (after passing from insubstantial to stringent in-house quality 
control checks), package, and distribute what they have. Intrinsic fresh-cut quali-
ties may therefore not always match one’s expectation for optimum flavor, aroma, 
and sensory quality. Use of the “best” cutting and processing treatments, along with 
packaging and distribution, essentially becomes a game of maintaining the initial 
quality for the longest rational feasible time period to insure sales, safety, and a satis-
fied consumer. To this end, there are several factors that come into play regarding 
the sensorial quality of fresh-cuts. These include variety, maturity, season, precut-
ting treatments (ethanol, 1-MCP, hot water, insect sanitation, heat shock), processing 
technique and treatments or aids (antibrowning, firmness retention, 1-MCP, edible 
coatings, microbiological sanitation), combined and synergistic quality retention 
treatments or hurdles, packaging (containers, form and fill, deli cups, active flush 
and passive MAP, film-sealed trays, etc.), and temperature management. Within this 
review, attention will be placed on important color, appearance, texture, flavor and 
aroma attributes, and nutritional content in recently reported literature for fresh-cuts 
with the aforementioned technologies.

5.3.1 whoLe fruiT or precuTTing TreATmenTs

Treatment efficacy for 1-MCP is rather variable and depends on several factors, such 
as concentration of 1-MCP used, storage condition and duration, climacteric ver-
sus nonclimacteric, and maturity of fruit at time of application. Commercial use 
for climacteric fruits requires a careful balancing act between cultivar-dependent 
1-MCP concentration and exposure periods that will delay but not inhibit ripening 
(Blankenship and Dole, 2003; Calderon-Lopez et al., 2005; Watkins, 2008). Some 
additional precutting treatments that have been explored are ethanol vapor and heat 
or hot water treatments to intact commodities.

Application of 1-MCP to partially ripe fruit before cutting generally suppresses 
firmness and color loss in fresh-cut kiwi, mango, and persimmon (Mao et al., 2007; 
Vilas-Boas and Kader, 2007). Fresh-cut apples exposed to 1-MCP have decreased 
ethylene production, respiration, softening, color change, and synthesis of aroma/
volatile compounds (Bai et al., 2004; Calderon-Lopez et al., 2005; Jiang and Joyce, 
2002; Perera et al., 2003). Detailed volatile and genetic analysis indicates that mar-
keting of 1-MCP-treated fruit shortly after treatment might result in the delivery of 
fruit to the consumer with poor likelihood of ester volatile recovery (Ferenczi et 
al., 2006; Kondo et al., 2005), even when browning is inhibited with NatureSeal™ 
(Rupasinghe et al., 2005). However, in longer-term storage of apples, volatile recov-
ery has been observed but is variety dependent (Watkins, 2008). Likewise, treatment 
of whole pears with 1-MCP reduced the production of aromatic volatiles by the fruit 
but did not dampen the ability to recover volatile synthesis and sensory (texture) 
acceptability after long-term storage (Moya-León et al., 2006). However, fresh-cuts 
were not a part of this study. Maturity and variety-dependent effectiveness of 1-MCP 
is therefore problematic and must be critically evaluated with regard to delivering 
organoleptically acceptable fresh-cuts.
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5.3.2 mATuriTy

Both the maturity at harvest and the ripeness stage at cutting will affect the postcut-
ting quality and shelf life of fresh-cut fruit products. Because many fruit are picked 
before they are fully ripe, the question arises as to what maturity should climac-
teric fruit be used for fresh-cut processing to optimize product shelf life and eating 
quality? In order to withstand mechanical damage during postharvest handling and 
deliver excellent visual quality and acceptance by retailers and consumers, fresh-cuts 
may be produced with firm fruit that was harvested slightly immature. Consumer 
preferences within a single fruit type are often cultivar dependent and often defined 
by the stage of ripeness (Harker et al., 2003). Firmer fruit tends to be less ripe and 
thus tastes more acidic or “sour” and has a volatile profile rich in aldehydes deliver-
ing green grassy aroma and flavor notes. On the other hand, softer fruit is generally 
much riper, has a lower acidity, and has a volatile profile dominated by esters that 
deliver typical fruity aroma and flavor notes.

Although bland flavor was reported by the end of storage, sliced, mature-green, 
tomato fruit ripened normally and attained comparable eating quality to the fruit 
that was sliced after the whole fruit ripened (Mencarelli and Saltveit, 1988). Yet most 
fruits do not follow this pattern. Generally, there appears to be a detrimental tradeoff 
between firmness and acceptable volatiles and flavor/aroma attributes in fresh-cut 
fruits prepared with less ripe fruit (Beaulieu et al., 2004; Beaulieu and Lea, 2003; 
Gorny et al., 1998; Gorny et al., 2000; Soliva-Fortuny et al., 2004). For example, 
mango fruit processed at the firm-ripe stage had lower aroma/smell scores and less 
ripe odors compared to soft-ripe fruit, yet firm-ripe wedges held under passive MAP 
for 11 days versus 7 days for soft-ripe wedges (Beaulieu and Lea, 2003).

In sliced pear and peach fruit, some ripening-related phenomena will occur such 
as softening, but other ripening-related processes such as flavor development and 
texture seem aberrant if the fruits are processed at an excessively immature stage 
(Dong et al., 2000; Gorny et al., 1998; Gorny et al., 2000; Mencarelli et al., 1998). 
Mature green apple slices maintained their initial firmness and color better than par-
tially ripe and ripe slices (Soliva-Fortuny et al., 2002b), and slices of slightly under-
ripe ‘Conference’ pears exhibited less browning and softening than those from more 
ripe fruit (Soliva-Fortuny et al., 2004). Also, pear slices processed at partially ripe 
maturity were the most suitable to obtain fresh-cut products, as opposed to mature 
green and ripe fruit. Therefore, in climacteric fruits, initial fruit firmness is a good 
indicator of necessary fruit ripeness required for optimum postcutting quality.

Harvest maturity significantly affects the level of flavor volatiles recovered in 
fresh-cuts from soft-ripe versus firm-ripe mangos (Beaulieu and Lea, 2003), and 
1/4-, 1/2-, 3/4-, and full-slip ‘Sol Real’ cantaloupe (Beaulieu, 2006b). Harvest 
maturity significantly affects the level of flavor volatiles extracted from ‘Athena’ 
and ‘Sol Real’ cantaloupe (Beaulieu, 2006b; Beaulieu and Grimm, 2001). Volatile 
compounds followed highly linear trends by which increasing maturity was asso-
ciated with increased total compounds, total esters, nonacetate esters, aromatic 
(benzyl) and sulfur compounds, and decreasing levels of acetates and aldehydes, 
and maturity-associated volatile trends were conserved through fresh-cut storage 
(Beaulieu, 2006b).
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Cantaloupe fruit harvested at different maturity deliver stored cubes differing sig-
nificantly in postharvest quality, flavor, sensory, and textural attributes (Beaulieu et 
al., 2004; Beaulieu, 2006b; Beaulieu and Lancaster, 2007; Beaulieu and Lea, 2007). 
In general, cubes prepared with less mature fruit, that were excessively firm, lacked 
flavor volatiles (Beaulieu, 2006b) and had less acceptable sensory scores (Beaulieu 
et al., 2004). High-quality fresh-cut cantaloupe can be prepared with fruit harvested 
from at least 1/2-slip, with 3/4-slip optimum, but not from 1/4-slip ripeness (Beaulieu 
and Lancaster, 2007).

The ratio of the nonacetate esters to acetate esters changed uniformly during 
fresh-cut cantaloupe storage, which was independent of initial processing maturity 
(Beaulieu, 2006b). The ester:acetate ratio also changed in a similar manner in stored 
fresh-cut apple and honeydew (Beaulieu, 2006a). In fresh-cut cantaloupe, further 
data analysis led to the finding that several correlations with flavor compounds and 
classes of compounds existed between several quality, textural, and sensory attri-
butes (Beaulieu and Lancaster, 2007). However, descriptive sensory analysis was 
not correlated with threshold volatile concentrations. Instead, we conducted anal-
yses of variance (year × maturity × day), generated correlation coefficients (e.g., 
Table 5.1), and visualized the correlation (Figure 5.2 and Figure 5.3) using h-plots 
(Trosset, 2005). An h-plot displays the Pearson’s product-moment correlation coef-
ficient where clusters of positively correlated variables correspond to clusters of 
radii, and groups of clusters separated by 180° are negatively correlated. Some of 
the strongest sensory and physiological correlations were attained between sweet 
taste and a*, b*, a*/b*, and %Brix. Cucurbit, denseness, and water-like were nega-
tively correlated with a*, b*, a*/b*, and %Brix, and positively correlated with L* 
and desiccation. Young’s modulus (firmness) delivered the strongest correlations in 
the study. It was highly correlated with relative percentage aromatic acetates, total 
benzyl compounds, and acetates, and negatively correlated with nonacetate esters. In 
lieu of exhaustively comparing tabulated data for positive and negative correlations 
(Beaulieu and Lancaster, 2007), they are visualized in Figures 5.2 and 5.3, via tightly 
or opposing clustered radii. Some of the relationships were even more profound if 
data were analyzed by pairing daily maturity means, as presented in Beaulieu and 
Lancaster (2007); however, interaction effects limited the reliability of that interpre-
tation. Evaluating sensory, volatility, and quality data as such would be highly valu-
able in fresh-cut studies using MAP and synergistic quality retention treatments.

5.3.3 processing TreATmenTs

Essentially, most fresh-cut processing treatments and dips are dissolved in water or 
sprayed onto surfaces for antibrowning when phenolic content and PPO are problem-
atic (e.g., apple, lettuce, pear, zucchini), antimicrobial in an attempt to ensure food 
safety, and as firming agents. A review of possible replacements for chlorine use dur-
ing processing, as well as alternative washing regimes (mainly antimicrobial) was 
recently published (Rico et al., 2007), and this topic will not be covered. In almost 
20 years in fresh-cut research, several compounds and classes of compounds have 
been tested alone and in combination plus or minus additional hurdles (e.g., calcium, 
CA, MAP, thermal, ultraviolet [UV], sanitation). Earlier quality retention treatments 
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were categorized as physical or chemical and have been summarized for fresh-cut 
fruits (Beaulieu and Gorny, 2004). The reader should also consult Chapter 9 for 
more information. Several commercial products are also available and will not be 
discussed. Recently, treatments have become diversified and synergistic approaches 
have begun to address quality improvement via combined physical and chemical 
mechanisms. Herein, focus is placed on recent or novel fresh-cut findings involving 
flavor and aroma.

5.3.3.1 antibrowning and Firmness retention
A vast amount of work has been accomplished in the fresh-cut arena revolving around 
maintaining or improving storability via technologies and chemical applications 
(mainly antibrowning, antimicrobial, and firmness agents) (Beaulieu and Gorny, 
2004; Brecht et al., 2004). Several investigators are currently focusing on synergistic 
treatments with MAP, 1-MCP, and coatings and dips. Subsequently, several items 
will be reviewed in those sections. Several treatments used to reduce browning are 
complementary in that they contain calcium or salts, which may improve firmness 
retention. Unfortunately, some treatments used to reduce enzymatic browning or 
improve texture can impart off-flavors. Calcium chloride concentrations above 0.5% 
imparted detectable off-flavor in cantaloupe slices, whereas calcium lactate improved 
firmness without bitter flavor (Luna-Guzmán and Barrett, 2000). Off-odors were 
detected in potato strips when treated with sodium sulfite and held in passive MAP 
for 14 days at 4°C (Beltrán et al., 2005), and off-flavor occurred in ‘Bartlett’ and 

a*; b*; a*/b*
Cube %Brix
FTY; SWT
Slurry %Brix
pH

Edges

WET

SWA

CHM

WTR
MST
AST

DEN

CRB
RNC

COH
L*; desiccation

Firmness; Spoilage; Aroma; Average;
Bioforce; Bioarea; Slope; TA; Mpa

HRD
Color

Inner Circle = Sensory

Outer Circle =
Physiological MOI

FIGure 5.2 Sensory versus physiological correlations in fresh-cut cantaloupe (‘Sol Real’) 
stored 14 days at 4°C (year by maturity by day means). Sensory attributes, instrumental firm-
ness measures, and subjective quality abbreviations are according to Table 5.1. CHM, MST, 
RNC, and MOI attributes had no correlation with any physiological measures.
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‘Anjou’ pear slices only 1 day after treatment with 0.01% 4-hexylresorcinol (Dong et 
al., 2000). Antibrowning dip solutions (0.1 mol/L isoascorbic acid, and 0.05 mol/L 
ascorbic acid or acetyl cysteine) applied to pineapple slices resulted in up to 14 days 
storage at 10°C without off-flavors, even though acetaldehyde and ethanol concentra-
tions increased (González-Aguilar et al., 2004).

5.3.3.2 ripening Inhibition

A synergistic effect was observed when 1-MCP was combined with CaCl2 (1%) + 
CA (3 kPa O2 + 10 kPa CO2) in strawberry wedges, as it slowed the softening, loss of 
appearance quality, changes in TA, and microbial growth resulting in a shelf life of 
9 days (versus 6 days for the control) at 5°C (Aguayo et al., 2006). Fresh-cut grapes 
with stems on (1 to 2 mm) that received a hot water dip (55°C for 5 min) had superior 
quality, sensory scores almost equal to controls, and very little decay evidenced by 
the lowest population of yeast and mold, lactic acid bacteria, and total mesophilic 
aerobic bacteria (Kou et al., 2007). Even though these results are very promising, 
it may not be commercially feasible to manually cut individual berries from grape 
bunches prior to treating and packaging. Informal sensory attributes (firmness and 

Inner Circle = Volatile 
Outer Circle = Physiological

% 3-methylthio-
propylacetate

% ethyl butanoate 

% non-acetate esters
% ethyl 2-methyl-

propanoate
% ethyl hexanoate

pH

a*; b*; a*/b*
Cube Brix

% alcohol
% eucalyptol Firmness; Average; Bioforce;

TA; YM; Bioarea; Slope

Color

% aromatic acetates

% 2-methylbutyl
acetate

% benzyl acetate

L*; Desiccation

% sulfurs

% total aromatics

% (Z)-6-nonenal

% (E,Z)-2,6-nonadienal

% acetates

Slurry Brix

Edges Aroma
Spoilage

% aldehydes; % (E)-2-nonenal 

% total esters

FIGure 5.3 Physiology versus volatile correlations in fresh-cut cantaloupe (‘Sol Real’) 
stored 14 days at 4°C (year by maturity by day means, Y × M × D). Fifty-five compounds were 
positively identified and quantified, according to Beaulieu and Lancaster (Beaulieu J.C., and 
V.A. Lancaster. 2007. Correlating volatile compounds, quality parameters, and sensory attri-
butes in stored fresh-cut cantaloupe. J. Agric. Food Chem. 55(23):9503–9513). Instrumental 
firmness measures and subjective quality abbreviations are according to Table 5.1. Color 
measures a* and b*, and subjective scores for edges, aroma, and spoilage had no correlation 
with any volatiles.
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appearance) were maintained for 6 days in 1-MCP-treated cut papaya versus 2 to 3 
days in the controls held at 5°C, and firmness decreased 50% in 1-MCP-treated slices 
compared with 75% for control (Ergun et al., 2006).

The storage life of fresh-cut ‘Galia’ melon held at 5°C, based on firmness and 
sensory evaluations, was extended by 2 to 3 days by 1-MCP treatment (1 µL L−1 for 
24 h at 20°C). Water soaking and mesocarp softening were significantly reduced or 
delayed in 1-MCP-treated fresh-cut tissue (Ergun et al., 2007). However, in addi-
tional studies, the effect of 1-MCP treatment on the firmness retention and water 
soaking of other fresh-cut melon cultivars was inconsistent. Subsequently, applica-
tion of 1-MCP to muskmelons before fresh-cut processing was not recommended 
(Jeong et al., 2008). According to Huber (2008), because wounding overrides com-
ponents of ethylene signaling, the benefits conferred by treating whole fruits with 
1-MCP may be considerably dampened in the stored fresh-cut tissues (Calderon-
Lopez et al., 2005; Ergun et al., 2006; Ergun et al., 2007; Jeong et al., 2008; Mao et 
al., 2007).

Certain crops, like watermelon, are nonclimacteric yet highly sensitive to ethyl-
ene. In an attempt to ameliorate mixed commodity–related and fresh-cut degrada-
tion, low dosage 1-MCP (18 h of 0.5 or 1.0 µL L–1) treatments were administered 
to whole watermelons prior to ethylene exposure (5 days of 10 µL L–1). 1-MCP pre-
vented ethylene-mediated quality deterioration in fresh-cut watermelon slices stored 
12 days under passive MAP at 5°C (Saftner et al., 2007).

Exposing mangoes to more than 20 hours of ethanol vapors resulted in stored 
(7°C) fresh-cuts with higher firmness and acidity as determined by a sensory panel 
(Plotto et al., 2006). However, off-flavors developed, and similar to previous research, 
results were affected by harvest maturity (Beaulieu and Saltveit, 1997) and heat 
treatment. Nevertheless, lower ethanol exposure duration (8 to 10 h) was suggested 
as a possible safe microbial control in fresh-cut production (Plotto et al., 2006). Use 
of ethanol vapor treatment on intact apples, to inhibit ethylene production and reduce 
decay in fresh-cut slices, extended appearance during shelf life, yet also resulted in 
altered or off-flavor (Bai et al., 2004). Inhibition of senescence in 8-day-old fresh-cut 
broccoli florets stored at 10°C was achieved by pretreating intact broccoli with etha-
nol vapor (6 mL kg–1 for 5 h). Tissue concentrations of ethanol and acetaldehyde rose 
sharply, but ethanol declined sufficiently after 1 day so as to not render unpleasant or 
ethanol flavors (Han et al., 2006).

Fresh-cut cantaloupe cubes prepared from hot water-treated cantaloupes (76°C 
for 3 min) had no consistent changes in soluble solids, ascorbic acid, fluid loss, and 
aroma and appearance scores (Fan et al., 2008). Because the hot water treatment 
significantly reduced total plate count (TPC) and yeast and mold counts on the rinds 
and resulted in less TPC on cubes as well, it could become one step or hurdle strategy 
to improve microbiological safety without deleterious effects on cut melon quality. 
Mild heat pretreatments of intact early maturity (firm ripe) kiwifruit at temperatures 
below 45°C during less than 25 min improved the firmness quality; however, there 
was no benefit observed in soft ripe fruit (Beirão-da-Costa et al., 2006) that would 
likely have superior flavor and consumer attributes.
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5.3.3.3 edible coatings and dips
Edible coatings may eventually enhance microbial safety of fresh-cut produce, as car-
riers of functional ingredients, such as antimicrobial and antioxidant agents. Several 
challenges exist regarding creating and optimizing various formulations (Lin and 
Zhao, 2007; Min and Krochta, 2005; Olivas and Barbosa-Cánovas, 2005). These 
include insufficient moisture barrier, inefficient coating coverage, poor coating adhe-
sion, and fresh-cut surfaces covered with juice can actually dissolve coatings that are 
absorbed instead of drying to form a uniform boundary layer. Also, there exist sev-
eral issues relating to potential off-flavors likely imparted by anaerobic respiration 
that induces synthesis of ethanol and acetaldehyde with various coating materials, 
or entrapment of volatiles in sealed tissue (Baldwin et al., 1995, 1999). Apple slices 
coated with soybean oil emulsion or carboxy methylcellulose lost aroma volatiles 
considered important to the flavor profile (Bai and Baldwin, 2002). On the other 
hand, application of 1% polysaccharide carboxy methylcellulose ±0.5% maltodextrin 
coatings on fresh-cut mango cubes resulted in better volatile retention than uncoated 
fruit, and taste panels did not detect any difference between treatments (Plotto et al., 
2004). The lack of ethanol and acetaldehyde accumulation after roughly 6 to 9 days 
in three cultivars (‘Keitt,’ ‘Kent,’ and ‘Ataulfo’) of stored (5°C) fresh-cut mango was 
considered a good indicator of the favorable effect of commercial edible coatings 
(González-Aguilar et al., 2008).

Malic and lactic acids were incorporated into soy protein plus glycerol films to 
coat fresh-cut cantaloupes that were stored at 5°C without negatively affecting the 
sensory properties. Sweetness of cubes coated with soy protein plus glycerol and 
lactic acid was higher than the noncoated and the soy protein plus malic acid coated 
samples at 7 days at 5°C. However, other sensory attributes of taste and appear-
ance in the coatings on cubes showed no significant difference on days 7 and 14 
(Eswaranandam et al., 2006). Subsequently, there appeared to be no substantial ben-
eficial (e.g., flavor preservation) effects. Fresh-cut ‘Fuji’ apples treated with ascorbic 
acid plus N-acetylcysteine (10 gL–1, each) for 1 minute displayed a fivefold increase in 
peroxide levels, indicative of oxidative damage to the tissue. Further analysis needs 
to be carried out to determine if overall antioxidant potential is adversely affected 
(Larrigaudière et al., 2008). All edible coating treatments tested (whey protein con-
centrate and carrageenan) on coated apples slices stored in passive MAP pouches 
at 3°C for up to 14 days resulted in higher sensory scores (color, firmness, and fla-
vor) for all quality factors appraised (Lee et al., 2003). Composite coatings of whey 
proteins (hydrophilic phase) and beeswax or carnauba wax (lipid phase) provided 
antibrowning effects on fresh-cut apples, and incorporation of antioxidants (ascorbic 
acid, L-cysteine and 4-hexylresorcinol) into the coating reduced browning compared 
to the use of the antioxidant alone sensory (Perez-Gago et al., 2005, 2006). However, 
sensory panels were capable of differentiating samples treated with whey protein–
based coatings, and when cysteine was included (Perez-Gago et al., 2006).

Edible coatings made from alginate were recently investigated in various fresh-cut 
fruits. Apple wedges that were coated with three alginate formulations (alginate, alg-
inate-acetylated monoglyceride-linoleic acid, and alginate-butter-linoleic acid) and 
stored at 5°C had minimized weight loss, maintained firmness, browning inhibition, 
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and no anaerobic respiration (Olivas et al., 2007). Significant changes were reported 
for certain important flavor-related apple volatiles that the authors believed could be 
attributed to linoleic and sorbic acid constituents of the coating becoming metabo-
lized; however, no ancillary sensory appraisals were reported (Olivas et al., 2007). 
Alginate-, pectin-, and gellan-based edible coatings were applied to fresh-cut ‘Piel de 
Sapo’ melon stored under passive MAP 15 days at 4°C, with final sensory appraisal 
on day 7. The pectin coating best maintained quality attributes (7 days), whereas the 
gellan coating scored the lowest for odor, color, and taste. In general, edible coat-
ings prevented desiccation and maintained firmness, and pectin-based coating best 
maintained sensory attributes in fresh-cut melon (Oms-Oliu et al., 2008e). The use 
of alginate- (2% w/v) or gellan-based (0.5% w/v) coating formulations on fresh-cut 
papaya cylinders stored at 4°C for 8 days in polyvinyl chloride (PVC) cups with air-
tight PVC lids was also recently reported. Coatings containing 2% glycerol plus 1% 
ascorbic acid or 1% glycerol plus 1% ascorbic acid slightly improved water barrier 
properties and firmness, and the addition of ascorbic acid helped maintain nutri-
tional quality throughout storage (Tapia et al., 2008). However, there was no sensory 
or aroma property reported.

Edible films also offer potential to incorporate synergistic treatments. Recently, 
essential oils from cinnamon, palmarosa, and lemongrass were incorporated into 
edible alginate coatings and evaluated on ‘Piel de Sapo’ fresh-cut melon as natural 
antimicrobial substances. This study offered good microbial results; however, there 
were some troubling firmness and sensory issues. Firmness was significantly affected 
by the incorporation of lemongrass into the edible coating, and cinnamon oil resulted 
in lower odor and taste characteristics and was not acceptable. Palmarosa oil (0.3% 
incorporated into the edible coating) was accepted by panelists, maintained quality, 
inhibited native flora growth, reduced the Salmonella enteritidis population, and 
was suggested as a promising conservation treatment in fresh-cut melon (Raybaudi-
Massilia et al., 2008). Plant-derived essential oils (oregano, cinnamon, and lemongrass) 
incorporated into apple-based antimicrobial edible films have promising antimicro-
bial effects (Rojas-Graü et al., 2006). However, little work has been accomplished to 
determine efficacy on cut fruits and to determine if the films will entrap volatiles.

Peeled baby carrots dipped in xanthan gum solution containing 5% calcium lactate 
plus gluconate and 0.2% α-tocopherol acetate, stored at 2°C, for up to 3 weeks had 
improved surface color with no deleterious effects (aside from a slightly “slippery” 
surface) on taste, texture, fresh aroma, and flavor (Mei et al., 2002). Incorporation 
of vitamin E (0.4% to 0.8% α-tocopherol) into honey-based vacuum impregnation 
(VI) solutions was recently used to maintain fresh-cut pear quality. Instrumental 
color analysis and sensory evaluation indicated that VI-fortified pear slices had sig-
nificantly higher lightness, lower browning index, and higher consumer acceptance 
rating than unfortified control after 7 days in clamshell containers at 2°C (Lin et al., 
2006). Similar results were also attained for VI-treated fresh-cut apples stored at 3°C 
for up to 14 days (Jeon and Zhao, 2005). Nonetheless, vacuum infiltration technolo-
gies may not be readily accepted in the “fresh-cut” arena. Further details concerning 
coatings and in-depth information can be found in Chapter 11.
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5.3.4 VoLATiLe And sensory oddiTies And diffusionAL considerATions

Several similarities are reported in the literature where either increasing anaerobic 
volatile accumulation or marked ester imbalances in fresh-cut MAP apples, durian, 
and cantaloupe were not associated with development of off-odors or negatively 
appraised by sensory or human evaluations (Bai et al., 2004; Beaulieu et al., 2004; 
Beaulieu, 2006b; Bett et al., 2001; Soliva-Fortuny et al., 2005; Voon et al., 2007). In 
fresh-cut Keitt and Palmer mangoes stored in passive MAP, overall terpene levels 
decreased roughly 47% and 79% after 7 and 11 days, respectively, and this was asso-
ciated with loss of desirable aroma. When evaluated with physiological measures, 
this rendered fresh-cuts unmarketable after 7 days for soft-ripe, and 11 days for firm-
ripe cubes (Beaulieu and Lea, 2003). Interestingly, appraisal of aroma/smell was not 
affected negatively by accumulation of anaerobic volatiles (acetaldehyde, ethanol, 
ethyl acetate, and ethyl butanoate) in the package headspace atmosphere.

Fresh-cut durian (arils) that were overwrapped with low-density polyethylene 
(LDPE) film and held at 4°C lost 53% of total volatiles, including 77% of esters 
after 7 days of storage, but fruity and sweet notes could still be perceived by panel-
ists using quantitative descriptive analysis, even when ester concentrations were not 
detectable. Only by 14 days, the loss of most esters correlated well with the decrease 
in intensities of fruity aroma perceived by panelists (Voon et al., 2007).

Fresh-cut apples dipped in 10 g L–1 ascorbic acid and 5 g L–1 calcium chloride 
and packaged under different MAP resulted in increased respiration coefficients, 
which reduced consumer acceptance beyond the second week of storage, even 
though reduced ethylene and CO2 production limited accumulation of fermentative 
metabolites (Soliva-Fortuny et al., 2005). Sensory panels determined that stored 
‘Gala’ apple slices (14 days at 1°C) in barrier bags maintained acceptable flavor and 
developed no off-flavors or fermented flavors, even though there were significant 
ester changes (Bett et al., 2001). When ‘Gala’ apple slices were stored in perforated 
polyethylene bags at 5.5°C for 7 days, ethyl ester concentration increased 11-fold, 
while acetate ester concentration declined about 50%, but no significant changes in 
apple-like flavor were associated with these changes (Bai et al., 2004). Similarly, 
nonacetate esters increased 87%, and acetate esters decrease 66% in fresh-cut canta-
loupe cubes during 14 days of storage at 4°C, but sensory analysis displayed transient 
increases followed by slight declines for some attributes in flavor and aroma with 
the exception of mustiness, which increased after 12 days (Beaulieu et al., 2004). As 
previously mentioned, the ratio change of the nonacetate esters (increased) to acetate 
esters (decreased) was linear and uniform, independent of maturity, during fresh-cut 
storage of cantaloupe (Beaulieu, 2006b), and similar trends were observed in fresh-
cut apple and honeydew (Beaulieu, 2006a).

In one of the few studies that considered diffusion of volatiles at the cut boundary 
as a mechanism of flavor loss in fresh-cuts, rapid loss of low molecular weight esters 
(< C8) from thin sliced cantaloupe held in open or closed Petri dishes was attributed 
to off gassing due to the high vapor pressures and low boiling points of the esters 
(Beaulieu, 2007). There was no evidence for catabolic loss via recovery of esterase-
mediated volatiles, and this corresponded with the finding that esterase activity gen-
erally declined in thin-sliced cut cantaloupe during storage (Lamikanra and Watson, 
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2003). Furthermore, there were only secondary volatiles recovered related mainly 
to lipid oxidation and carotenoid breakdown (Beaulieu, 2007). The boundary layer 
effect was explored in greater depth by sampling equatorial melon tissue as thin 
slices (2-mm thick) versus traditional cubes that were washed (1 minute at 5°C) and 
stored at 5°C. Upon GC-MS volatile determination, cubes were cut so as to mimic 
the thin-sliced tissue, and also the internal 1 cm3 was sampled after removal of exte-
rior tissue. Table 5.2 indicates that the washed thin-sliced tissue had slightly elevated 
ester recovery on day 0, followed by significant loss (62%) compared with both tissue 
types from cubes after 3 days storage. Rinsing the samples provided a reduction in 
short-term boundary layer ester loss compared to previously reported ester losses in 
a similar system without washing (Beaulieu, 2007). These data indicate clearly that 
both internal versus external cube tissue had almost identical ester profiles through 
storage, whereas esters rapidly diffused away from the thin-sliced tissue during stor-
age, across all molecular weights, with few exceptions. The surface area per unit 
volume of thin-sliced tissue was roughly four times greater than a typical fresh-cut 
cube. Subsequently, not only are cutting tool sharpness and relative humidity during 
storage important for quality retention, but size of tissue cut and surface area to unit 
volume are important regarding critical volatile diffusion and loss.

5.3.5 pAckAging And sTorAge

After lowering product temperature, modified atmosphere packaging (MAP) is con-
sidered the second-best method that can serve to further improve keeping quality and 
shelf life for several fresh-cut commodities. MAP prolongs the shelf life of fresh-cut 
products by decreasing O2 and increasing CO2 concentrations in the package atmo-
sphere, which is accomplished by the interaction between respiratory O2 uptake and 
CO2 evolution of the produce, and gas transfer through the package films (Beaudry, 
2007). Theoretically, MAP maintains quality of fresh-cut products by matching the 
oxygen transmission rate (OTR) of the packaging film to the respiration rate of the 
product. Often, improper or fluctuating temperatures will hasten product deteriora-
tion and upset the normal aroma and flavor profiles in MAP, because films have a 
fixed OTR, per temperature. This is where one of the most significant problems with 
MAP occurs: fine-tuning a model to attain equilibrium conditions is almost impos-
sible unless the package is held under closely controlled temperature conditions.

Optimized MAP conditions are common in research studies, yet are often com-
promised in commercial applications. Unfortunately, there are some possible negative 
effects of MAP, including water condensation within packages due to temperature 
fluctuations, abnormal ripening in certain fruits and development of physiological 
disorders that often lead to anaerobically produced off-flavors and off-odors, and 
decrease of some bioactive compounds (Artés, 2006). In fact, increased fermentation 
reactions and undesirable product quality are often observed commercially before 
completion of the “normal” shelf life because films may not have adequate perme-
ability. The effects of MAP on quality of fresh-cut fruits and vegetables have been 
reviewed extensively in recent years (Artés, 2006; Brecht, 2006; Erkan and Wang, 
2006; Martín-Belloso and Soliva-Fortuny, 2006; Yahia, 2006), and subsequently, 
this chapter will focus on studies incorporating sensory and flavor aspects. Some 
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proprietary, commercial products exist to compensate for temperature fluctuation 
(e.g., Breathway™), and “next generation” humidity/temperature devices are under 
investigation, but these will not be addressed in this review.

5.3.5.1 Fruits
Fresh-cut cantaloupe cubes held best under active MAP (4 kPa O2 + 10 kPa CO2) at 
5°C for 9 days and maintained mild melon aroma after 12 days compared against 
passive MAP and perforated films. Meanwhile, the shelf life (5 to 7 days) of cubes 
held in perforated film packages was limited by tissue translucency and off-odor 
development (Bai et al., 2001). An intermediate stage of ripeness (slightly underripe) 
at processing was the most suitable to extend the shelf life of fresh-cut ‘Piel de Sapo’ 
melon stored under active MAP (2.5 kPa O2 + 7 kPa CO2) at 4°C. In addition, 1% 
ascorbic acid and 0.5% calcium chloride extended shelf life out to 10 days by prevent-
ing alcohol accumulation, color loss, translucency, and flesh softening (Oms-Oliu et 
al., 2007a). Unfortunately the authors did not report sensory or consumer evaluation. 
Color and texture, as measured by instruments and trained sensory panels, remained 
stable for up to 17 (+/–3) days storage at 3°C in fresh-cut cantaloupe receiving elec-
tron (E)-beam irradiation (0, 0.5, and 1 kGy) stored under actively flushed MAP (4 
kPa O2 + 10 kPa CO2) (Boynton et al., 2006). Sensory evaluation rated the 1-kGy 
sample highest in sweetness and cantaloupe flavor intensity and lowest in off-flavor. 
Low O2 and high CO2 controlled atmospheres (4 kPa O2 + 15 kPa CO2, and 21 kPa 
O2 + 15 kPa CO2) reduced the respiration rate and ethylene emission, and resulted in 
fresh-cut ‘Amarillo’ melon with better sensory quality than controls held for up to 
14 days in 5°C storage. Melon pieces under both CA achieved a shelf life of 14 days, 
although 4 kPa O2 + 15 kPa CO2 was preferable for maintaining firmness (Aguayo 
et al., 2007). Superatmospheric O2 (70 kPa O2) packaging of fresh-cut ‘Piel de Sapo’ 
melons predipped in 0.5% calcium chloride maintained instrumental firmness and 
chewiness and avoided fermentative reactions for 2 weeks at 4°C (Oms-Oliu et al., 
2008d). However, superatmospheric O2 in ‘Flor de Invierno’ fresh-cut pears dipped 
in 0.75% N-acetylcysteine and 0.75% glutathione resulted in dramatic modification 
of some quality attributes, including excessive ethanol accumulation (Oms-Oliu et 
al., 2007b). Fresh-cut honeydew cubes held 11 days in active MAP (5 kPa O2 + 5 kPa 
CO2) had better visual quality and aroma than passive MAP for both winter and sum-
mer season fruit (Bai et al., 2003). Passive MAP (final atmosphere of 4 kPa O2 + 12 to 
13 kPa CO2) using three commercial films maintained sensorial quality and micro-
bial safety of fresh-cut Amarillo melon for 14 days at 5°C (Aguayo et al., 2003).

Partially ripe fresh-cut ‘Conference’ pears receiving browning inhibition (10 g L–1 
ascorbic acid and 5 g L–1 calcium chloride for 1 min) and packaged in MAP (2.5 kPa 
O2 + 7 kPa CO2) preserved acceptable sensory quality during 3-week storage at 4°C. 
However, both low O2 and high CO2 were determined to have detrimentally nega-
tive effects on quality, and the authors concluded that higher CO2 and O2 transmis-
sion films are required (Soliva-Fortuny et al., 2007). Antioxidant treatments (0.75% 
N-acetylcysteine + 0.75% glutathione) in concert with active low O2 MAP prevented 
browning and maintained vitamin C, chlorogenic acid, and antioxidant capacity in 
fresh-cut pears (Oms-Oliu et al., 2008a). Interestingly, the authors were evaluating 
high O2 MAP that resulted in inferior quality (color and physiological; unfortunately 
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sensory was not reported) compared with traditional MAP. Low O2 MAP (2.5 kPa 
O2) also best maintained vitamin C and phenolic content during storage of fresh-cut 
‘Piel de Sapo’ melon (Oms-Oliu et al., 2008b). Packaging fresh-cut apple and pear 
under high N2 (100 kPa) led to a progressive degradation of product and almost linear 
texture loss during storage (Soliva-Fortuny et al., 2002a, 2002b).

Fresh-cut pineapple dipped in 0.25% ascorbic acid and 10% sucrose for 2 min 
and stored under active MAP (4 kPa O2 + 10 kPa CO2) maintained sensory qual-
ity for 7 days at 4°C, whereas passive MAP developed off-flavor after 3 days 
storage (Liu et al., 2007). Pineapple chunks that were held in MAP (1.5 kPa 
O2 and 11 kPa CO2) for 14 days at 0°C had no off-flavors and maintained good 
appearance, yet holding at 5°C resulted in anaerobiosis (<1 kPa O2 and 15 kPa 
CO2), lending to slight off-odor upon opening which quickly dissipated (Marrero 
and Kader, 2006).

Taste and aroma of fresh-cut tomato slices stored under active (12 to 14 kPa O2 + 0 
kPa CO2) MAP at 0 or 5°C for up to 10 days, and CA (2.5 kPa O2 + 5 kPa CO2) at 1°C 
were better than air-stored slices (Gil et al., 2002; Hakim et al., 2004). Nonetheless, 
a slight flavor loss after storage was detected (Gil et al., 2002) which corroborated 
Mencarelli and Saltveit (1988) who associated the insipid flavor with low soluble 
solids to titratable acidity ratio and pH. The limit of visual quality acceptance to 
consumers in pomegranate arils stored in passive MAP was reached after 14 days at 
5°C from earlier harvested fruit and 10 days for later harvested fruit (López-Rubira 
et al., 2005). The use of UV was deemed unjustified, and antioxidant activity of arils 
did not change significantly between both harvest dates and throughout storage.

5.3.5.2 Vegetables and salads
Fruity aroma decreased after 5 days storage at 4°C in “julienne” fresh-cut carrot 
sticks packed in polypropylene trays overwrapped with PVC film (Lavelli et al., 
2006). Carrot discs stored in high-permeability microperforated film pouches that 
developed atmospheres of 5 to 7 kPa O2 + 12 to 15 kPa CO2 maintained good aroma 
and flavor as determined by quantitative descriptive analysis for 6 days at 4°C com-
pared to those stored in conventional polypropylene microperforated polypropylene 
having low permeability (Cliffe-Byrnes and O’Beirne, 2007). However, extensive 
surface whitening and moisture loss occurred, which was overcome by Natureseal™ 
(Cliffe-Byrnes and O’Beirne, 2007).

Increasing delay (4, 8, and 12 hours at 5°C) before packaging fresh-cut Romaine 
lettuce resulted in progressively decreased fermentative volatile production, off-odor 
development, and CO2 injury, yet discoloration increased (Kim et al., 2005). In low 
OTR polyethylene film bags (8 pmol s−1 m−2 Pa−1), there was rapid development of 
off-flavors in fresh-cut salad savoy by day 15 at 5°C, while all other treatments with 
OTR films ≥16.6 did not develop off-odor until day 20 or 25 (Kim et al., 2004). 
Snow pea pods held at 5°C in MAP (5 kPa O2 + 5 kPa CO2) maintained quality and 
developed no off-flavors after 28 days, unlike peas held in ambient atmospheres that 
became unmarketable, and under low O2 MAP (2.5 kPa +h 5 kPa CO2) or high CO2 
(10 kPa + 5 kPa O2) that developed slight off-flavors (Pariasca et al., 2001). Sliced 
mushrooms and grated celeriac stored in active MAP with high oxygen (95 kPa O2 
+ 5 kPa N2) maintained fresh taste and smell for 7 days at 4°C, whereas storage in 
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passive MAP (3 kPa O2 + 5 kPa CO2) was restricted by poor taste and development 
of off-odors by 3 to 4 days (Jacxsens et al., 2001).

5.3.6 comBined or synergisTic quALiTy reTenTion TreATmenTs

The above sections already contain several examples where combined treatments 
have been investigated to improve various aspects of storage quality. Nowadays, food 
safety has become a major issue, and many analyses (mostly not covered in this 
chapter) have been addressing efficacy of various agents to reduce loads of microbes 
and exogenously applied foodborne pathogens in challenge studies. Several of those 
studies also used synergistic treatments and hurdle technologies. Nonetheless, a 
few more examples are introduced where traditional agents have been used without 
MAP, edible coatings and dips, or antimicrobials.

Several studies have illustrated that ascorbic acid, CA, calcium lactate, cysteine, 
or 4-hexylresorcinol are independently inadequate to effectively control browning in 
long-term fresh-cut storage of apple and pear (Gorny et al., 2002; Oms-Oliu et al., 
2006; Rojas-Graü et al., 2006). However, various combinations of these treatments, 
with others (reduced glutathione, N-acetyl-L-cysteine), have been highly effective 
in controlling browning, by direct action on PPO (Rojas-Graü et al., 2008), and in 
some cases, no negative sensorial consequences occurred as consumer panelists 
could not distinguish between preservative treated slices and control fruit (Gorny 
et al., 2002).

The effects of calcium ascorbate, irradiation, and MAP were evaluated in concert 
in fresh-cut ‘Gala’ apples. Apple slices were treated with 7% calcium ascorbate fol-
lowed by irradiation at 0.5 and 1 kGy and storage at 10°C for up to 3 weeks in MAP 
(film bags). Slices softened during irradiation and storage, yet the firmness decrease 
was reduced by the calcium treatment (Fan et al., 2005). Overall, the combined tech-
nologies enhanced microbial food safety while maintaining fresh-cut quality of the 
slices. However, sensory evaluations were not performed. Recently, hot water dip-
ping has been used as a hurdle technology to reduce microbial loads and was also 
synergistically used with firmness retention applications. Calcium propionate (0.9%) 
and calcium lactate (1.4%) dips applied for 1 min at 60°C maintained fresh-cut melon 
(‘Amarillo’) firmness during 8 days storage at 5°C (Aguayo et al., 2008). The calcium 
dips maintained cube firmness, reduced microbial growth, and improved sensory 
quality compared to control, and there was not a salty taste in cut melon dipped in 
0.5% calcium chloride.

5.4 conclusIons and Future dIrectIons

In recent years, especially in the United States, there have been several foodborne 
illnesses involving fresh-cuts. This has created urgency to minimize risk for both 
the consumer and industry by attempting to rapidly develop food safety treatments 
that can deliver some additional level of safety while maintaining product quality. 
Even so, demand for highly convenient fresh-cuts still increases, especially in light 
of renewed consumer health-conscious attitudes brought on by awareness and appre-
ciation of natural phytochemicals and antioxidants in fruits and vegetables. Flavor 
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and texture are critically important components of fresh-cut fruit and vegetable qual-
ity, which are difficult to commercially analyze. Due to commercial difficulties in 
testing product quality, it is often assumed that “if it looks good, it tastes good.” 
Investigators have determined that some simple instrumental measurements of color, 
soluble solids, changes in weight or juice leakage, and ascorbate content may be used 
as indices of quality changes in fresh-cut fruits and vegetables (Barrett et al., 2010).

As reviewed herein, several postharvest chemical and physical treatments used 
to extend shelf life of fresh-cut produce may negatively affect product flavor. Active 
and passive MAP, and even tightly sealed packaging, can alter gaseous and flavor 
compound metabolism leading to beneficial effects, flavor imbalances, inhibition 
of flavor compounds, or off-flavors. Sensory quality and appreciation were already 
problematic in fresh-cuts and now will require increased attention as several syner-
gistic treatments and antimicrobial technologies are vigorously researched in con-
cert with packaging. This review highlights much of the recent literature along these 
lines but, unfortunately, comes up lacking regarding unified solutions to the flavor 
dilemma, or delivery of the magical “silver bullet” treatment(s) needed to achieve 
food safety, shelf life, and optimum flavor and sensory quality in stored fresh-cuts. 
Because inherent variability of produce and all the steps from cultivar selection 
through the postharvest chain to the consumer can affect flavor and sensory quality, 
it remains a challenge to design meaningful projects that can answer all the ques-
tions. If seed companies and researchers worked together more often, determining 
critical fresh-cut flavor volatiles, cell wall associations with texture, and elucidating 
precursor compound pathways, faster genetic or enzymatic regulation could ensue 
to address the flavor and texture issues. Nonetheless, an exciting future awaits us as 
more details emerge regarding antimicrobials and packaging (MAP) in concert with 
temperature and humidity release mechanisms, plant essential oil use, and edible 
films or coatings.

reFerences

Abbey S.D., E.K. Heaton, D.A. Golden, and L.A. Beuchat. 1988. Microbiological and sen-
sory quality changes in unwrapped and wrapped sliced watermelon. J. Food Protection. 
51:531–533.

Abbott J.A., and F.R. Harker. 2004. Texture. In: Gross, K.C., C.Y. Wang, and M.E. Saltveit 
(eds.), USDA Handbook No. 66, 3rd edition. The Commercial Storage of Fruits, 
Vegetables, and Florist and Nursery Stocks. Washington, DC: Agricultural Research 
Service. Accepted (In public review: http://usna.usda.gov/hb66-021texture.pdf).

Aguayo A., A. Allende, and F. Artes. 2003. Keeping quality and safety of minimally fresh 
processed melon. Eur. Food Res. Technol. 216(6):494–499.

Aguayo E., V.H. Escalona, and F. Artés. 2007. Quality of minimally processed Cucumis 
melo var. saccharinus as improved by controlled atmosphere. Eur. J. Hortic. Sci. 
72(1):39–45.

Aguayo E., V.H. Escalona, and F. Artés. 2008. Effect of hot water treatment and various 
calcium salts on quality of fresh-cut ‘Amarillo’ melon. Postharvest Biol. Technol. 
47(3):397–406.

Aguayo E., R. Jansasithorn, and A.A. Kader. 2006. Combined effects of 1-methylcyclopro-
pene, calcium chloride dip, and/or atmospheric modification on quality changes in 
fresh-cut strawberries. Postharvest Biol. Technol. 40:269–278.



Factors Affecting Sensory Quality of Fresh-Cut Produce 137

Artés F. 2006. Modified atmosphere packaging of fruits and vegetables. Stewart Postharvest 
Rev. 2(5-2):1–13.

Bai J.H., and E.A. Baldwin. 2002. Post-processing dip maintains quality and extends the shelf 
life of fresh-cut apple. Proc. Fla. State Hort. Soc. 115:297–300.

Bai J., E.A. Baldwin, R.C. Soliva-Fortuny, J.P. Mattheis, R. Stanley, C. Perera, and J.K. 
Brecht. 2004. Effect of pretreatment of intact ‘Gala’ apple with ethanol vapor, heat, or 
1-methylcyclopropene on quality and shelf life of fresh-cut slices. J. Amer. Soc. Hort. 
Sci. 129:583–593.

Bai J.H., R.A. Saftner, and A.E. Watada. 2003. Characteristics of fresh-cut honeydew 
(Cucumis xmelo L.) available to processors in winter and summer and its qual-
ity maintenance by modified atmosphere packaging. Postharvest Biol. Technol. 
28(3):349–359.

Bai J.H., R.A. Saftner, A.E. Watada, and Y.S. Lee. 2001. Modified atmosphere maintains qual-
ity of fresh-cut cantaloupe (Cucumis melo L.). J. Food Sci. 66(8):1207–1211.

Baldwin E.A., T.M.M. Malundo, R.J. Bender, and J.K. Brecht. 1999. Interactive effects of har-
vest maturity, controlled atmosphere and surface coatings on mango (Mangifera indica 
L.) flavor quality. HortSci. 34:514.

Baldwin E.A., M.O. Nisperos-Carriedo, P.E. Shaw, and J.K. Burns. 1995. Effect of coatings 
and prolonged storage conditions on fresh orange flavor volatiles, degrees Brix, and 
ascorbic acid levels. J. Agric. Food Chem. 43:1321–1331.

Baldwin E.A., A. Plotto, and K. Goodner. 2007. Shelf-life versus flavour-life for fruits and 
vegetables: how to evaluate this complex trait. Stewart Postharvest Rev. 3(1–2):1–10.

Barrett D.M., J.C. Beaulieu, and R.L. Shewfelt. 2010. Color, flavor, texture and nutritional 
quality of fresh-cut fruits and vegetables: Desirable levels, instrumental and sensory 
measurement, and effects of processing. Crit. Rev. Food Sci. Nutr. 50:369–389.

Barry-Ryan C., and D. O’Beirne. 1998. Quality and shelf-life of fresh-cut carrot slices as 
affected by slicing method. J. Food Sci. 63(5):851–856.

Barry-Ryan C., and D. O’Beirne. 1999. Ascorbic acid retention in shredded iceberg lettuce as 
affected by minimal processing. J. Food Sci. 64(3):498–500.

Beaudry R.M. 2007. MAP as a basis for active packaging. In: Wilson C.L. (ed.), Intelligent and 
Active Packaging of Fruits and Vegetables. Boca Raton, FL: CRC Press, pp. 31–55.

Beaulieu J.C. 2005. Within-season volatile and quality differences in stored fresh-cut canta-
loupe cultivars. J. Agric. Food Chem. 53(22):8679–8687.

Beaulieu J.C. 2006a. Effect of cutting and storage on acetate and non-acetate esters in conve-
nient, ready to eat fresh-cut melons and apples. HortSci. 41(1):65–73.

Beaulieu J.C. 2006b. Volatile changes in cantaloupe during growth, maturation and in stored 
fresh-cuts prepared from fruit harvested at various maturities. J. Amer. Soc. Hort. Sci. 
131(1):127–139.

Beaulieu J.C. 2007. Effect of UV irradiation on cut cantaloupe: Terpenoids and esters. J. Food 
Sci. 72(4):S948–S957.

Beaulieu J.C., and E.A. Baldwin. 2002. Flavor and aroma of fresh-cut fruits and vegetables. In: 
Lamikanra O. (ed.), Fresh-Cut Fruits and Vegetables. Science, Technology and Market. 
Boca Raton, FL: CRC Press, pp. 391–425.

Beaulieu J.C., and J.R. Gorny. 2004. Fresh-cut fruits. In: Gross K.C., C.Y. Wang, and M.E. 
Saltveit (eds.), USDA Handbook No. 66, 3rd edition. The Commercial Storage of Fruits, 
Vegetables, and Florist and Nursery Stocks. Washington, DC: Agricultural Research 
Service. Accepted (In public review: http://usna.usda.gov/hb66/146freshcutfruits.pdf).

Beaulieu J.C., and C.C. Grimm. 2001. Identification of volatile compounds in cantaloupe at 
various developmental stages using solid phase microextraction. J. Agric. Food Chem. 
49(3):1345–1352.

Beaulieu J.C., D.A. Ingram, J.M. Lea, and K.L. Bett-Garber. 2004. Effect of harvest maturity 
on the sensory characteristics of fresh-cut cantaloupe. J. Food Sci. 69(7):S250–S258.



138 Advances in Fresh-Cut Fruits and Vegetables Processing

Beaulieu J.C., and V.A. Lancaster. 2007. Correlating volatile compounds, quality param-
eters, and sensory attributes in stored fresh-cut cantaloupe. J. Agric. Food Chem. 
55(23):9503–9513.

Beaulieu J.C., and J.M. Lea. 2003. Volatile and quality changes in fresh-cut mangos prepared 
from firm-ripe and soft-ripe fruit, stored in clamshell containers and passive MAP. 
Postharvest Biol. Technol. 30(1):15–28.

Beaulieu J.C., and J.M. Lea. 2007. Quality changes in cantaloupe during growth, maturation, 
and in stored fresh-cuts prepared from fruit harvested at various maturities. J. Amer. Soc. 
Hort. Sci. 132(5):720–728.

Beaulieu J.C., and M.E. Jr. Saltveit. 1997. Inhibition or promotion of tomato fruit ripening by 
acetaldehyde and ethanol is concentration dependent and varies with initial fruit matu-
rity. J. Amer. Soc. Hort. Sci. 122(3):392–398.

Beirão-da-Costa S., A. Steiner, L. Correia, J. Empis, and M. Moldão-Martins. 2006. Effects of 
maturity stage and mild heat treatments on quality of minimally processed kiwifruit. J. 
Food Eng. 76(4):616–625.

Beltrán D., M.V. Selma, J.A. Tudela, and M.I. Gil. 2005. Effect of different sanitizers on 
microbial and sensory quality of fresh-cut potato strips stored under modified atmo-
sphere or vacuum packaging. Postharvest Biol. Technol. 37(1):37–46.

Bett K.L., D.A. Ingram, C.C. Grimm, S.W. Lloyd, A.M. Spanier, J.M. Miller, K.C. Gross, E.A. 
Baldwin, and B.T. Vinyard. 2001. Flavor of fresh-cut ‘Gala’ apples in modified atmo-
sphere packaging as affected by storage time. J. Food Qual. 24(2):141–156.

Blankenship S.M., and J.M. Dole. 2003. 1-Methylcyclopropene: A review. Postharvest Biol. 
Technol. 28(1):1–25.

Bourne M. 2002. Food Texture and Viscosity; Concept and Measurement. San Diego, CA: 
Academic Press.

Boynton B.B., B.A. Welt, C.A. Sims, M.O. Balaban, J.K. Brecht, and M.R. Marshall. 2006. 
Effects of low-dose electron beam irradiation on respiration, microbiology, texture, 
color, and sensory characteristics of fresh-cut cantaloupe stored in modified-atmosphere 
packages. J. Food Sci. 71(2):S149–S155.

Brecht J.K. 2006. Controlled atmosphere, modified atmosphere and modified atmosphere 
packaging for vegetables. Stewart Postharvest Rev. 2(5):1–6.

Brecht J.K., M.E. Saltveit, S.T. Talcott, K.R. Schneider, K. Felkey, and J.A. Bartz. 2004. 
Fresh-cut vegetables and fruits. Hort. Rev. 30(30):185–251.

Brückner B., and S.G. Wyllie. 2008. Fruit and Vegetable Flavour: Recent Advances and Future 
Prospects. Cambridge: CRC Press, Woodhead.

Calderon-Lopez B., J.A. Bartsch, C.Y. Lee, and C.B. Watkins. 2005. Cultivar effects on qual-
ity of fresh cut apple slices from 1-methylcyclopropene (1-MCP)-treated apple fruit. J. 
Food Sci. 70(3):S221–S227.

Cliffe-Byrnes V., and D. O’Beirne. 2007. The effects of modified atmospheres, edible coating 
and storage temperatures on the sensory quality of carrot discs. Int. J. Food Sci. Technol. 
42(11):1338–1349.

Cocci E., P. Rocculi, S. Romani, and M. Dalla Rosa. 2006. Changes in nutritional properties of 
minimally processed apples during storage. Postharvest Biol. Technol. 39(3):265–271.

DeRovira D. 1996. The dynamic flavor profile method. Food Technol. 50(2):55–60.
Dong X., R.E. Wrolstad, and D. Sugar. 2000. Extending shelf life of fresh-cut pears. J. Food 

Sci. 65(1):181–186.
Ergun M., D.J. Huber, J. Jeong, and J.A. Bartz. 2006. Extended shelf life and quality of fresh-

cut papaya derived from ripe fruit treated with the ethylene antagonist 1-methylcyclo-
propene. J. Amer. Soc. Hort. Sci. 131(1):97–103.

Ergun M., J. Jeong, D.J. Huber, and D.J. Cantliffe. 2007. Physiology of fresh-cut Galia 
(Cucumis melo var. reticulatus) from ripe fruit treated with 1-methylcyclopropene. 
Postharvest Biol. Technol. 44(3):286–292.



Factors Affecting Sensory Quality of Fresh-Cut Produce 139

Erkan M., and C.Y. Wang. 2006. Modified and controlled atmosphere storage of subtropical 
crops. Stewart Postharvest Rev. 2(5-4):1–8.

Eswaranandam S., N.S. Hettiarachchy, and J.-F. Meullenet. 2006. Effect of malic and lactic 
acid incorporated soy protein coatings on the sensory attributes of whole apple and 
fresh-cut cantaloupe. J. Food Sci. 71(3):S307–S313.

Fan X., B.A. Annous, J.C. Beaulieu, and J. Sites. 2008. Effect of hot water surface pasteuri-
zation of whole fruit on shelf-life and quality of fresh-cut cantaloupe. J. Food Sci. 
73(3):M91–M98.

Fan X.T., B.A. Niemira, J.P. Mattheis, H. Zhuang, and D.W. Olson. 2005. Quality of fresh-cut 
apple slices as affected by low-dose ionizing radiation and calcium ascorbate treatment. 
J. Food Sci. 70(2):S143–S148.

Ferenczi A., J. Song, M. Tian, K. Vlachonasios, D. Dilley, and R.M. Beaudry. 2006. Volatile 
ester suppression and recovery following 1-methylcyclopropene application to apple 
fruit. J. Amer. Soc. Hort. Sci. 131(5):691–701.

Forney C.F. 2008. Flavour loss during postharvest handling and marketing of fresh-cut pro-
duce. Stewart Postharvest Rev. 4(3–5):1–10.

Garcia E., and D.M. Barrett. 2002. Preservative treatments for fresh-cut fruits and vegeta-
bles. In: Lamikanra O. (ed.), Fresh-Cut Fruits and Vegetables. Science, Technology, and 
Market. Boca Raton, FL: CRC Press, pp. 267–303.

Gil M.I., E. Aguayo, and A.A. Kader. 2006. Quality changes and nutrient retention in fresh-cut 
versus whole fruits during storage. J. Agric. Food Chem. 54(12):4284–4296.

Gil M.I., M.A. Conesa, and F. Artes. 2002. Quality changes in fresh cut tomato as affected by 
modified atmosphere packaging. Postharvest Biol. Technol. 25(2):199–207.

González-Aguilar G.A., J. Celis, R.R. Sotelo-Mundo, L.A. de la Rosa, J. Rodrigo-
Garcia, and E. Alvarez-Parrilla. 2008. Physiological and biochemical changes 
of different fresh-cut mango cultivars stored at 5°C. Int. J. Food Sci. Technol. 
43(1):1365–2621.

González-Aguilar G.A., S. Ruiz-Cruz, R. Cruz-Valenzuela, A. Rodríguez-Félix, and C.Y. 
Wang. 2004. Physiological and quality changes of fresh-cut pineapple treated with anti-
browning agents. Lebensm. Wiss. Technol. 37(3):369–376.

Gorny J.R., R.A. Cifuentes, B. Hess-Pierce, and A.A. Kader. 2000. Quality changes in fresh-
cut pear slices as affected by cultivar, ripeness stage, fruit size, and storage regime. J. 
Food Sci. 65(3):541–544.

Gorny J.R., B. Hess-Pierce, R.A. Cifuentes, and A.A. Kader. 2002. Quality changes in fresh-
cut pear slices as affected by controlled atmospheres and chemical preservatives. 
Postharvest Biol. Technol. 24(3):271–278.

Gorny J.R., B. Hess-Pierce, and A.A. Kader. 1998. Effects of fruit ripeness and storage tem-
perature on the deterioration rate of fresh-cut peach and nectarine slices. HortSci. 
33(1):110–113.

Hakim A., M.E. Austin, D. Batal, S. Gullo, and M. Khatoon. 2004. Quality fresh-cut tomatoes. 
J. Food Qual. 27(3):195–206.

Han J., W. Tao, H. Hao, B. Zhang, W. Jiang, T. Niu, Q. Li, and T. Cai. 2006. Physiology and 
quality responses of fresh-cut broccoli florets pretreated with ethanol vapor. J. Food Sci. 
71(5):S385–S389.

Harker F.R., F.A. Gunson, and S.R. Jaeger. 2003. The case for fruit quality: An interpretive 
review of consumer attitudes, and preferences for apples. Postharvest Biol. Technol. 
28:333–347.

Hodges D.M., and P.M.A. Toivonen. 2008. Quality of fresh-cut fruits and vegetables as affected 
by exposure to abiotic stress. Postharvest Biol. Technol. 48(2):155–162.

Huber D.J. 2008. Suppression of ethylene responses through application of 1-methylcyclopro-
pene: A powerful tool for elucidating ripening and senescence mechanisms in climac-
teric and nonclimacteric fruits and vegetables. HortSci. 43(1):106–111.



140 Advances in Fresh-Cut Fruits and Vegetables Processing

Jacxsens L., F. Devlieghere, C. Van der Steen, and J. Debevere. 2001. Effect of high oxygen 
modified atmosphere packaging on microbial growth and sensorial qualities of fresh-cut 
produce. Int. J. Food Microbiol. 71(2–3):197–210.

Jeon M., and Y. Zhao. 2005. Honey in combination with vacuum impregnation to prevent 
enzymatic browning of fresh-cut apples. Int. J. Food Sci. Nutr. 56(3):165–176.

Jeong J., J.K. Brecht, D.J. Huber, and S.A. Sargent. 2008. Storage life and deterioration of 
intact cantaloupe (Cucumis melo L. var. reticulatus) fruit treated with 1-methylcyclopro-
pene and fresh-cut cantaloupe prepared from fruit treated with 1-methylcyclopropene 
before processing. HortSci. 43(2):435–438.

Jiang Y.M., and D.C. Joyce. 2002. 1-Methylcyclopropene treatment effects on intact and fresh-
cut apple. J. Hortic. Sci. Biotechnol. 77(1):19–21.

Kader A.A. 2003. A perspective on postharvest horticulture (1978–2003). HortSci. 
38(5):1004–1008.

Kader, A.A., and M. Cantwell. 2007. Produce quality rating scales and color charts. Postharvest 
Technology Research Information Center. Postharvest Horticulture Series, No. 23B. The 
University of California, Davis.

Kang H.-M., and M.E. Saltveit. 2002. Antioxidant capacity of lettuce leaf tissue increases after 
wounding. J. Agric. Food Chem. 50(26):7536–7541.

Karakurt Y., and D.J. Huber. 2007. Characterization of wound-regulated cDNAs and their 
expression in fresh-cut and intact papaya fruit during low-temperature storage. 
Postharvest Biol. Technol. 44(2):179–183.

Kim J.G., Y. Luo, and K.C. Gross. 2004. Effect of package film on the quality of fresh-cut 
salad savoy. Postharvest Biol. Technol. 32(1):99–107.

Kim J.G., Y. Luo, R.A. Saftner, and K.C. Gross. 2005. Delayed modified atmosphere packag-
ing of fresh-cut romaine lettuce: Effects on quality maintenance and shelf-life. J. Amer. 
Soc. Hort. Sci. 130(1):116–123.

Kondo S., S. Setha, D. Rudell, D.A. Buchanan, and J.P. Mattheis. 2005. Aroma volatile bio-
synthesis in apples affected by 1-MCP and methyl jasmonate. Postharvest Biol. Technol. 
36(1):61–68.

Kou L., Y. Luo, D. Wu, and X. Liu. 2007. Effects of mild heat treatment on microbial growth 
and product quality of packaged fresh-cut table grapes. J. Food Sci. 72(8):S567–S573.

Lamikanra O., and M.A. Watson. 2003. Temperature and storage duration effects on esterase 
activity in fresh-cut cantaloupe melon. J. Food Sci. 68(3):790–793.

Larrigaudière C., D. Ubach, Y. Soria, M.A. Rojas-Graü, and O. Martín-Belloso. 2008. 
Oxidative behaviour of fresh-cut ‘Fuji’ apples treated with stabilising substances. J. Sci. 
Food Agric. 88(10):1770–1776.

Lavelli V., E. Pagliarini, R. Ambrosoli, J.L. Minati, and B. Zanoni. 2006. Physicochemical, 
microbial, and sensory parameters as indices to evaluate the quality of minimally-pro-
cessed carrots. Postharvest Biol. Technol. 40(1):34–40.

Lee J.Y., H.J. Park, C.Y. Lee, and W.Y. Choi. 2003. Extending shelf-life of minimally pro-
cessed apples with edible coatings and antibrowning agents. Lebensmittel-Wissenschaft 
und-Technologie. 36(3):323–329.

Lin D., and Y. Zhao. 2007. Innovations in the development and application of edible coatings 
for fresh and minimally processed fruits and vegetables. Comp. Rev. Food Sci. Food 
Safety. 6(3):60–75.

Lin D.S., S.W. Leonard, C. Lederer, M.G. Traber, and Y. Zhao. 2006. Retention of fortified 
vitamin E and sensory quality of fresh-cut pears by vacuum impregnation with honey. J. 
Food Sci. 71(7):S553–S559.

Liu C.-L., C.-K. Hsu, and M.-M. Hsu. 2007. Improving the quality of fresh-cut pineapples 
with ascorbic acid/sucrose pretreatment and modified atmosphere packaging. Packaging 
Technol. Sci. 20(5):337–343.



Factors Affecting Sensory Quality of Fresh-Cut Produce 141

López-Rubira V., A. Conesa, A. Allende, and F. Artés. 2005. Shelf life and overall quality of 
minimally processed pomegranate arils modified atmosphere packaged and treated with 
UV-C. Postharvest Biol. Technol. 37(2):174–185.

Luna-Guzmán I., and D.M. Barrett. 2000. Comparison of calcium chloride and calcium lac-
tate effectiveness in maintaining shelf stability and quality of fresh-cut cantaloupes. 
Postharvest Biol. Technol. 19(1):61–72.

Mao L., G. Wang, and F. Que. 2007. Application of 1-methylcyclopropene prior to cutting reduces 
wound responses and maintains quality in cut kiwifruit. J. Food Eng. 78(1):361–365.

Marrero A., and A.A. Kader. 2006. Optimal temperature and modified atmosphere for keeping 
quality of fresh-cut pineapples. Postharvest Biol. Technol. 39(2):163–168.

Martín-Belloso O., and R. Soliva-Fortuny. 2006. Effect of modified atmosphere packaging on 
the quality of fresh-cut fruits. Stewart Postharvest Rev. 2(1–3):1–8.

Mei Y., Y. Zhao, J. Yang, and H.C. Furr. 2002. Using edible coating to enhance nutritional and 
sensory qualities of baby carrots. J. Food Sci. 67(5):1964–1968.

Mencarelli, F., F.G.R. Botondi, and P. Tonutti. 1998. Postharvest physiology of peach and 
nectarine slices. Acta Hort. 465:463–470. Proc. Fourth Intern. Peach Symposium. 
Bordeaux, France.

Mencarelli F., and M.E. Jr. Saltveit. 1988. Ripening of mature-green tomato fruit slices. J. 
Amer. Soc. Hort. Sci. 113(5):742–745.

Min S., and J.M. Krochta. 2005. Antimicrobial films and coatings for fresh fruit and vegetables. 
In: Jongen W. (ed.), Improving the Safety of Fresh Fruit and Vegetables. Cambridge: 
Woodhead/Taylor and Francis, pp. 455–492.

Moya-León M.A., M. Vergara, C. Bravo, M.E. Montes, and C. Moggia. 2006. 1-MCP treat-
ment preserves aroma quality of ‘Packham’s Triumph’ pears during long-term storage. 
Postharvest Biol. Technol. 42:185–197.

Olivas G.I., and G.V. Barbosa-Cánovas. 2005. Edible coatings for fresh-cut fruits. Crit. Rev. 
Food Sci. Nutr. 45(7):657–670.

Olivas G.I., D.S. Mattinson, and G.V. Barbosa-Cánovas. 2007. Alginate coatings for preserva-
tion of minimally processed ‘Gala’ apples. Postharvest Biol. Technol. 45(1):89–96.

Oms-Oliu G., I. Aguilo-Aguayo, and O. Martin-Belloso. 2006. Inhibition of browning on 
fresh-cut pear wedges by natural compounds. J. Food Sci. 71(3):S216–S224.

Oms-Oliu G., R.C. Soliva-Fortuny, and O. Martín-Belloso. 2007a. Effect of ripeness on the 
shelf-life of fresh-cut melon preserved by modified atmosphere packaging. Eur. Food 
Res. Technol. 225(3):301–311.

Oms-Oliu G., R.C. Soliva-Fortuny, and O. Martín-Belloso. 2007b. Respiratory rate and qual-
ity changes in fresh-cut pears as affected by superatmospheric oxygen. J. Food Sci. 
72(8):E456–E463.

Oms-Oliu G., I. Odriozola-Serrano, R. Soliva-Fortuny, and O. Martín-Belloso. 2008a. 
Antioxidant content of fresh-cut pears stored in high-O2 active packages compared with 
conventional low-O2 active and passive modified atmosphere packaging. J. Agric. Food 
Chem. 56(3):932–940.

Oms-Oliu G., I. Odriozola-Serrano, R. Soliva-Fortuny, and O. Martín-Belloso. 2008b. The 
role of peroxidase on the antioxidant potential of fresh-cut ‘Piel de Sapo’ melon pack-
aged under different modified atmospheres. Food Chem. 106(3):1085–1092.

Oms-Oliu G., R.M. Raybaudi-Massilia Martinez, R. Soliva-Fortuny, and O. Martín-Belloso. 
2008c. Effect of superatmospheric and low oxygen modified atmospheres on shelf-life 
extension of fresh-cut melon. Food Control. 19(2):191–199.

Oms-Oliu G., R. Soliva-Fortuny, and O. Martín-Belloso. 2008d. Modeling changes of head-
space gas concentrations to describe the respiration of fresh-cut melon under low or 
superatmospheric oxygen atmospheres. J. Food Eng. 85(3):401–409.



142 Advances in Fresh-Cut Fruits and Vegetables Processing

Oms-Oliu G., R. Soliva-Fortuny, and O. Martín-Belloso. 2008e. Using polysaccharide-based 
edible coatings to enhance quality and antioxidant properties of fresh-cut melon. LWT—
Food Sci. Technol. 41(10):1862–1870.

Pariasca J.A.T., T. Miyazaki, H. Hisaka, H. Nakagawa, and T. Sato. 2001. Effect of modi-
fied atmosphere packaging (MAP) and controlled atmosphere (CA) storage on the qual-
ity of snow pea pods (Pisum sativum L. var. saccharatum). Postharvest Biol. Technol. 
21(2):213–223.

Perera C.O., L. Balchin, E. Baldwin, R. Stanley, and M. Tain. 2003. Effect of 1-methylcyclo-
propene on the quality of fresh-cut apple slices. J. Food Sci. 68(6):1910–1914.

Perez-Gago M.B., M. Serra, M. Alonso, M. Mateos, and M.A. del Río. 2005. Effect of whey 
protein- and hydroxypropyl methylcellulose-based edible composite coatings on color 
change of fresh-cut apples. Postharvest Biol. Technol. 36(1):77–85.

Perez-Gago M.B., M. Serra, and M.A. del Río. 2006. Color change of fresh-cut apples 
coated with whey protein concentrate-based edible coatings. Postharvest Biol. Technol. 
39(1):84–92.

Plotto A., J. Bai, J.A. Narciso, J.K. Brecht, and E.A. Baldwin. 2006. Ethanol vapor prior to 
processing extends fresh-cut mango storage by decreasing spoilage, but does not always 
delay ripening. Postharvest Biol. Technol. 39(2):134–145.

Plotto A., K.L. Goodner, E.A. Baldwin, and J. Bai. 2004. Effect of polysaccharide coat-
ings on quality of fresh cut mangoes (Mangifera indica). Proc. Fla. State Hort. Soc. 
117:382–388.

Qi, L., A.E. Watada and J.R. Gorny. 1998. In: Gorny J.R. (ed.), Quality Changes of Fresh-
Cut Fruits in CA Storage. 5: Fresh-Cut Fruits and Vegetables and MAP. Postharvest 
Horticulture Series No. 19. CA ’97. Proceedings. Seventh International Controlled 
Atmosphere Research Conference, pp 116–121.

Ragaert P., W. Verbeke, F. Devlieghere, and J. Debevere. 2004. Consumer perception and 
choice of minimally processed vegetables and packaged fruits. Food Quality and 
Preference. 15(3):259–270.

Raybaudi-Massilia R.M., J. Mosqueda-Melgar, and O. Martin-Belloso. 2008. Edible alginate-
based coating as carrier of antimicrobials to improve shelf-life and safety of fresh-cut 
melon. Int. J. Food Microbiol. 121(3):313–327.

Reyes L.F., and L. Cisneros-Zevallos. 2003. Wounding stress increases the phenolic content 
and antioxidant capacity of purple-flesh potatoes (Solanum tuberosum L.). J. Agric. 
Food Chem. 51(18):5296–5300.

Reyes L.F., J.E. Villarreal, and L. Cisneros-Zevallos. 2007. The increase in antioxidant 
capacity after wounding depends on the type of fruit or vegetable tissue. Food Chem. 
101(3):1254–1262.

Rico D., A.B. Martin-Diana, J.M. Barat, and C. Barry-Ryan. 2007. Extending and measur-
ing the quality of fresh-cut fruit and vegetables: A review. Trends Food Sci. Technol. 
18(7):373–386.

Rocha A.M.C.N., C.M. Brochado, R. Kirby, and A.M.M.B. Morais. 1995. Shelf-life of chilled 
cut orange determined by sensory quality. Food Control. 6(6):317–322.

Rojas-Graü M.A., R.J. Avena-Bustillos, M. Friedman, P.R. Henika, O. Martín-Belloso, and 
T.H. McHugh. 2006. Mechanical, barrier, and antimicrobial properties of apple puree 
edible films containing plant essential oils. J. Agric. Food Chem. 54(24):9262–9267.

Rojas-Graü M.A., R. Soliva-Fortuny, and O. Martín-Belloso. 2008. Effect of natural anti-
browning agents on color and related enzymes in fresh-cut Fuji apples as an alternative 
to the use of ascorbic acid. J. Food Sci. 73(6):S267–S272.

Rupasinghe H.P.V., D.P. Murr, J.R. DeEll, and J. Odumeru. 2005. Influence of 1-methylcy-
clopropene and NatureSeal on the quality of fresh-cut ‘Empire’ and ‘Crispin’ apples. J. 
Food Qual. 28(3):289–307.



Factors Affecting Sensory Quality of Fresh-Cut Produce 143

Saftner R., Y. Luo, J. McEvoy, J.A. Abbott, and B.T. Vinyard. 2007. Quality characteristics of 
fresh-cut watermelon slices from non-treated and 1-methylcyclopropene- and/or ethyl-
ene-treated whole fruit. Postharvest Biol. Technol. 44(1):71–79.

Shewfelt R.L. 1999. What is quality? Postharvest Biol. Technol. 15(3):197–200.
Soliva-Fortuny R.C., N. Alòs-Saiz, A. Espachas-Barroso, and O. Martín-Belloso. 2004. 

Influence of maturity at processing on quality attributes of fresh-cut conference pears. 
J. Food Sci. 69(7):290–294.

Soliva-Fortuny R.C., N. Grigelmo-Miguel, I. Hernando, M.A. Lluch, and O. Martin-Belloso. 
2002a. Effect of minimal processing on the textural and structural properties of fresh-cut 
pears. J. Sci. Food Agric. 82(14):1682–1688.

Soliva-Fortuny R.C., G. Oms-Oliu, and O. Martin-Belloso. 2002b. Effects of ripeness stages 
on the storage atmosphere, color, and textural properties of minimally processed apple 
slices. J. Food Sci. 67(5):1958–1963.

Soliva-Fortuny R.C., M. Ricart-Coll, P. Elez-Martinez, and O. Martin-Belloso. 2007. Internal 
atmosphere, quality attributes and sensory evaluation of MAP packaged fresh-cut 
Conference pears. Int. J. Food Sci. Technol. 42(2):208–213.

Soliva-Fortuny R.C., M. Ricart-Coll, and O. Martin-Belloso. 2005. Sensory quality and 
internal atmosphere of fresh-cut Golden Delicious apples. Int. J. Food Sci. Technol. 
40(4):369–375.

Tapia M.S., M.A. Rojas-Graü, A. Carmona, F.J. Rodriguez, R. Soliva-Fortuny, and O. Martín-
Belloso. 2008. Use of alginate- and gellan-based coatings for improving barrier, texture 
and nutritional properties of fresh-cut papaya. Food Hydrocolloids. 22(8):1493–1503.

Trosset M.W. 2005. Visualizing correlation. J. Comp. Graph. Stats. 14(1):1–19.
Vilas-Boas E.V.B., and A.A. Kader. 2007. Effect of 1-methylcyclopropene (1-MCP) on soft-

ening of fresh-cut kiwifruit, mango and persimmon slices. Postharvest Biol. Technol. 
43(2):238–244.

Voon Y.Y., N. Sheikh Abdul Hamid, G. Rusul, A. Osman, and S.Y. Quek. 2007. Volatile flavour 
compounds and sensory properties of minimally processed durian (Durio zibethinus cv. 
D24) fruit during storage at 4°C. Postharvest Biol. Technol. 46(1):76–85.

Waldron K.W., M.L. Parker, and A.C. Smith. 2003. Plant cell walls and food quality. Comp. 
Rev. Food Sci. Food Safety. 2:101–119.

Watkins C.B. 2008. Overview of 1-methylcyclopropene trials and uses for edible horticultural 
crops. HortSci. 43(1):86–94.

Wright K.P., and A.A. Kader. 1997a. Effect of controlled-atmosphere storage on the quality 
and carotenoid content of sliced persimmons and peaches. Postharvest Biol. Technol. 
10(1):89–97.

Wright K.P., and A.A. Kader. 1997b. Effect of slicing and controlled-atmosphere storage on 
the ascorbate content and quality of strawberries and persimmons. Postharvest Biol. 
Technol. 10(1):39–48.

Yahia E.M. 2006. Controlled atmosphere, modified atmosphere and modified atmosphere 
packaging for vegetables. Stewart Postharvest Rev. 2(5–6):1–6.





145

6 Nutritional and 
Health Aspects of 
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6.1 IntroductIon

The quality of fresh-cut vegetables depends on two types of factors: apparent and 
nonapparent. Aspects connected with appearance, such as color, texture, aroma, and 
flavor, are characteristics of fresh-cut vegetables that consumers detect immediately 
by way of the senses and determine how acceptable or unacceptable they find a pre-
cut product. Nonapparent characteristics include microbiological quality, nutritional 
quality, and health-beneficial properties of fresh-cut vegetables. Microbiological 
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quality and absence of toxic substances are important factors determining the safety 
of fresh-cut vegetables for public consumption. Safety and sensory quality (color, 
texture, aroma, and flavor) are the quality characteristics of fresh-cut vegetables 
which have received the most attention from researchers and processors in the sector 
(González-Aguilar et al., 2005; Heard, 2005; Hurst, 2005; Jongen, 2005; Balla and 
Farkas, 2006).

The nutritional quality and health-beneficial properties of plant products have 
been studied by many research groups because of the growing consumer interest in 
recent years in including functional foods in their diets. Functional foods, in addi-
tion to containing nutrients essential to life, contain other substances that with daily 
intake as part of a balanced diet help to maintain or improve the general state of 
health and well-being of consumers. On the basis of this definition, then, plant foods 
may be considered functional foods as they are, without any need to substitute, add 
to, or enrich their composition. Moreover, many of the ingredients used in the func-
tional food industry are of vegetable origin (phytosterols, isoflavones, lycopene, etc.) 
(Hasler et al., 2004).

Numerous epidemiological studies in recent years have shown that there is an 
inverse relationship between a diet rich in fruit and vegetables and the incidence of 
chronic degenerative diseases such as certain kinds of cancer and cardiovascular 
diseases (Steinmetz and Potter, 1996; Ness and Powles, 1997; Tribble, 1998; Lampe, 
1999; Slattery et al., 2000; Kris-Etherton et al., 2002; Maynard et al., 2003; Temple 
and Gladwin, 2003; Trichopoulou et al., 2003). This effect has been attributed to the 
presence in these foods of compounds with certain biological actions that produce 
health-beneficial effects and are known as bioactive or phytochemical compounds 
(Prior and Cao, 2000). The composition of fruits and vegetables therefore includes not 
only nutrients essential to life (carbohydrates, proteins, fats, vitamins, etc.), but also 
other substances that can potentially protect against certain degenerative diseases, 
known as phytochemical or bioactive compounds (carotenoids, phenolics, vitamins 
A, C, and E, fiber, glucosinolates, organosulfur compounds, sesquiterpenic lactones, 
etc.), whose biological activity has been studied by means of in vitro and ex vivo 
assays and human intervention studies (Eastwood and Morris, 1992; Giovannucci et 
al., 1995; Ling and Jones, 1995; Knekt et al., 1997; Kohlmeier and Su, 1997; Duthie et 
al., 2000; Knekt et al., 2000; Le Marchand et al., 2000; Piironen et al., 2000; Skimola 
and Smith, 2000; Simon et al., 2001; Olmedilla et al., 2001; Lampe and Peterson, 
2002; Plaza et al., 2006a, 2006b; Sánchez-Moreno et al., 2006a, 2006b, 2006c).

6.2 MInIMal ProcessInG oF VeGetable Products

In the 21st century, the consumption habits of the people and their knowledge about 
nutrition has changed the lines of research in food technology. We can see the same 
process in supermarkets, which increasingly offer refrigerated displays with bags or 
trays of fruits or vegetables that have been selected, washed, and cut ready for con-
sumption (i.e., fresh-cut vegetables). These products offer considerable advantages 
to present-day consumers in that they are easy and convenient to prepare and retain 
their original freshness of color, texture, aroma, and flavor without loss of their nutri-
tional and health-beneficial properties. Fresh-cut vegetables are prepared for direct 
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consumption by means of simple processes (selection, washing, peeling, stoning, 
cutting, hygienizing, etc.); they are packed under plastic film and are stored chilled in 
modified atmospheres (modified atmosphere packaging [MAP]). Consumers expect 
foods to be not only microbiologically safe but also nutritious, healthy, and easy to 
prepare for consumption (González-Aguilar et al., 2005).

Because they have not been subjected to harsh processes such as heat treatments, 
cut vegetables retain their initial freshness and also their nutritional components and 
the compounds responsible for their healthy properties. The health-giving potential of 
fresh-cut vegetables should therefore be the same as that of the whole products from 
which they come; or the concentrations of some bioactive compounds may even be 
significantly improved depending on the selection of varieties, agricultural practices, 
physiological state of the plant of origin, and the stress produced by processing.

6.3 PHytocHeMIcal coMPounds In VeGetable Products

The mechanics of the beneficial effects of consuming fruit and vegetables, either 
whole or cut, are not fully understood, although they appear to be connected with 
antioxidant activity, modulation of detoxifying enzymes, stimulation of the immune 
response, modification of inflammatory processes, reduction of platelet aggregation, 
disruption of cholesterol metabolism, modulation of the concentration of steroid hor-
mones and hormone metabolism, reduction of blood pressure, and antiviral and anti-
bacterial activity (Lampe, 1999).

Phytochemical compounds may be defined as chemical substances contained in plant 
foods, which endow the food with physiological properties above the strictly nutritional.

It is now accepted that oxidative stress or oxidative overload is implicit in mani-
fold degenerative diseases (Halliwell, 1987), such as cancer, cardiovascular diseases, 
atherosclerosis, neurological disorders such as Alzheimer’s disease, cataract forma-
tion, macular degeneration, inflammatory processes, or the aging process. Most of 
these phytochemical substances possess antioxidant capacity.

An antioxidant compound may be defined as one that, when present in low con-
centrations with respect to an oxidizable substrate, delays or inhibits oxidation of 
that substrate. On a physiological level, the oxidizable substrates are lipids, proteins, 
and DNA, and the antioxidants may be either endogenous or exogenous (dietary). 
Among the most important antioxidants present in foods are vitamins C and E, caro-
tenoids, and phenolic compounds. However, some assays involving supplementation 
with these antioxidants, especially β-carotene, have produced contradictory results. 
Numerous epidemiological studies in the last 15 years (ATBC, CARET, Women’s 
Health Study) (Heinonen and Albanes, 1994; Hennekens et al., 1996; Mayne, 1996; 
Lee et al., 1999) have shown that β-carotene supplements, whether alone or in asso-
ciation with vitamin E, do not reduce the incidence of some kinds of cancer or of 
cardiovascular diseases, and that their use may even be inadvisable in individuals 
subject to certain physiological conditions, such as smokers. On the other hand, epi-
demiological studies with fruits and vegetables or derivatives thereof have produced 
health-beneficial results (Lampe, 1999; Aviram et al., 2000; Kris-Etherton et al., 
2002; Temple and Gladwin, 2003).
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6.3.1 ViTAmin c

Vitamin C belongs to the group of water-soluble vitamins and is one of the most 
important micronutrients, 90% of which humans derive from the intake of fruit and 
vegetables. Structurally, vitamin C is composed of chenodiol conjugated with the 
carbonyl group in the lactone ring. In the presence of oxygen, ascorbic acid oxidizes 
to dehydroascorbic acid; this has the same vitamin activity but is more unstable, 
so that the activity can readily be lost through lactone hydrolysis and formation of 
2,3-diketogulonic acid (Figure 6.1).

Numerous epidemiological studies have shown a strong correlation between the 
healthy effects of consuming fruit and vegetables and the vitamin C content of these 
(Ness et al., 1996; Block et al., 2002).

Vitamin C (ascorbic acid, ascorbate) is one of the most efficacious and is the 
least toxic of antioxidants, and it is particularly effective against free radicals. A low 
intake of vitamin C–rich products results in low levels of vitamin C in the blood 
(0.3 mg/dL); levels between 0.8 and 1.3 mg/dL, which are considered necessary for 
good health (Simon et al., 2001), may be attained through a daily intake of 90 mg of 
vitamin C in adults (Taylor et al., 2000).

In general, the vitamin C (ascorbic acid-AA + dehydroascorbic acid-DAA) 
content of fruit and vegetables depends on the species, cultivar, climatic condi-
tions, agricultural practices, ripeness, and of course postharvest handling (Lee 
and Kader, 2000) (Tables 6.1 and 6.2). The vitamin C concentration generally 
increases in vegetable tissues through the action of light during growth of the plant 
and tends to decrease in the presence of nitrogen-rich fertilizers. However, the 
principal cause of vitamin C degradation in vegetables is storage at high or inap-
propriate postharvest temperatures.

Vitamin C content starts to decline as soon as the product is harvested. Levels 
depend significantly on the type of vegetable and the processing and storage condi-
tions; the amount of vitamin C that is degraded increases with storage temperature 
and time (Davey et al., 2000; Lee and Kader, 2000). Fruits with acid pH gener-
ally present slower rates of vitamin C degradation than vegetables with high pH. 
However, among fruits, vitamin C has been found to be more stable in citrus than in 
berry fruits such as strawberries or raspberries (Davey et al., 2000).
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FIGure 6.1 Oxidation of L-ascorbic to dehydro-L-ascorbic acid followed by evolution into 
products lacking biological activity.
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6.3.2 cAroTenoid compounds

Carotenoids are lipid-soluble plant pigments responsible for the yellow, orange, or 
red colors of numerous plant products. The carotenoid are isoprenoid compounds 
(tetraterpenes) generally having 40 carbon atoms. Most carotenoids are structurally 
arranged as two substituted ionone rings separated by four isoprene units containing 
nine conjugated double bonds, such as α- and β-carotene, lutein and zeaxanthin, and 

table 6.1
Vitamin c content (mg/100 g f.w.) of some Fruits

Product ascorbic acid dehydroascorbic acid total Vitamin c

Banana 15.3 3.3 18.6

Blackberry 18.0 3.0 21.0

Melon 31.3 3.0 34.3

Grape 21.3 2.3 23.6

Kiwi 59.6 5.3 64.9

Lemon 50.4 23.9 74.3

Mandarin 34.0 3.7 37.7

Orange (California) 75.0 8.2 83.2

Orange (Florida) 54.7 8.3 63.0

Persimmon 110.0 100.0 210.0

Raspberry 27.0 2.0 29.0

Strawberry 60.0 5.0 65.0

Source: Lee, S.K.; Kader, A.A. 2000. Preharvest and postharvest factors influencing vitamin C content 
in horticultural crops. Postharvest Biol Technol. 20:207–220. With permission.

table 6.2
Vitamin c content (mg/100 g f.w.) of some Vegetables

Products ascorbic acid dehydroascorbic acid total Vitamin c

Broccoli 89.0 7.7 96.7

Cabbage 42.3 — 42.3

Cauliflower 54.0 8.7 62.7

Collards 92.7 — 92.7

Peppers (red) 151.0 4.0 155.0

Peppers (green) 129.0 5.0 134.0

Potatoes 8.0 3.0 11.0

Spinach 62.0 13.0 75.0

Swiss chard — 45.0 45.0

Tomatoes 10.6 1.7 9.7

Source: Lee, S.K.; Kader, A.A. 2000. Preharvest and postharvest factors influencing vitamin C content 
in horticultural crops. Postharvest Biol Technol. 20:207–220. With permission.
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α- and β-cryptoxanthin. These carotenoids, along with lycopene, an acyclic biosyn-
thesis precursor of β-carotene, are most commonly consumed and are most prevalent 
in human plasma (Castenmiller and West, 1998; Van den Berg et al., 2000).

They can be divided into two groups in terms of their chemical composition: 
carotenes that contain only carbon and hydrogen atoms and xanthophylls or oxo-
carotenoids, whose structure contains an oxygen function, such as keto, hydroxyl, or 
epoxy groups, generally in the terminal rings (Figure 6.2). Because of the presence 
of double bonds, carotenoids present different geometric shapes (cis/trans), which 
can be converted from one to another through the action of light or thermal or chemi-
cal energy. Therefore, carotenoid compounds are highly sensitive to light, oxygen, 
and low pH conditions. At present, more than 600 different carotenoids have been 
identified, although only about two dozen are regularly consumed by humans.

The system of conjugated double bonds influences their physical, biochemical, 
and chemical properties. Thus, carotenoid compounds like β-carotene, α-carotene, 
β-cryptoxanthin, lycopene, lutein, and zeaxanthin perform important biological 
functions such as antioxidant activity, stimulation of intercellular communication, 
control of cell growth, intercellular differentiation of growth control, cellular differ-
entiation (inhibition of mutagenesis), and modulation of the immune response. But 
lycopene, the major carotenoid in tomato and its derivatives, is the only one, either 
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FIGure 6.2 Majority carotenoids in fruits and vegetables.
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ingested or in serum, to have been inversely associated by a wide-ranging epidemio-
logical study with the appearance of prostate cancer (Giovannuci et al., 1995), while 
others reported better results with derivatives than with unprocessed fresh tomato 
(Gartner et al., 1997).

Also, high plasma levels of lycopene, lutein, or α-carotene have been inversely 
associated with risk of coronary disease, myocardial infarction, and atherosclerosis. 
All these studies have been summarized by Olmedilla et al. (2001). Carotenoid pig-
ments are also of physiological interest in human nutrition, because some are vita-
min A precursors, especially β-carotene, α-carotene, and α- and β-cryptoxanthin. 
Carotenoid intake assessment has been shown to be complicated mainly because 
of inconsistencies in food composition tables and databases. No formal diet recom-
mendation for carotenoids has yet been established, but some experts suggest intake 
of 5 to 6 mg/day. In the case of vitamin A, for adult human males, the RDA is 1,000 
µg retinyl Eq/day, and for adult females, 800 µg retinyl Eq/day (O’Neill et al., 2001; 
Trumbo et al., 2003).

6.3.3 phenoLic compounds

Phenolic compounds are secondary metabolites produced by vegetables, which pos-
sess in common a benzene ring in their chemical structure with hydroxyl groups 
that are responsible for their activity. The polyphenols present a wide variety of 
structures ranging from simple molecules (monomers and dimers) to polymers 
(tannins, molecular weights greater than 500 daltons). Among the most abundant 
are hydrocinnamic acids (C6-C3), benzoic acids (C6-C1), flavonoids (C6-C3-C6), 
proanthocyanidins (C6-C3-C6)n, stilbenes (C6-C2-C6), lignanes (C6-C3-C3-C6), 
and lignines (C6-C3)n (Scalbert et al., 2005). Phenolics have been widely studied 
for their relationship with the quality characteristics of plant foods such as color, 
because many of them are pigments such as anthocyanins (responsible for the color 
of grapes, cherries, plums, strawberries, raspberries, etc.). Others, when oxidized 
enzymatically (polyphenol oxidase [PPO], EC 1.14.18.1), cause enzymatic browning, 
which is responsible for a large percentage of loss of quality in plant foods during 
processing and storage. They also contribute to the flavor and aroma of plant foods. 
For example, condensation of catechols to tannins produces the bitter, astringent 
taste in unripe apples and in persimmons.

Flavonoids are the most common and widely distributed group of plant phenolics. 
Over 500 different flavonoids have been described, and they are classified into at 
least ten chemical groups. Among them, flavones, flavonols, flavanols, flavanones, 
anthocyanins, and isoflavones are particularly common in fruits and vegetables. 
Flavonoids have been the most widely studied group of polyphenols in the last few 
years. Most existing flavonoids in fruits and vegetables have shown to a lower or 
higher extent some antioxidant and radical scavenger activity in in vitro studies 
(Rice-Evans et al., 1996; Williamson and Manach, 2005).

There are epidemiological studies that associate intake of foods rich in phenolics, 
and most particularly flavonoids, with a low incidence of cardiovascular diseases and 
some types of cancer (Derbyshire et al., 1995; Duthie et al., 2000; Skibola and Smith, 
2000). The more widely studied foods include tea, spices, and grape derivatives, and 
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also some fruits such as apples and berries (strawberries, raspberries, blackberries, etc.). 
Flavonoids have been found to possess anti-inflammatory, antiallergic, antiviral, hypo-
cholesterolemic, and anticarcinogenic activities (Middleton, 1996; Knekt et al., 2000; 
Skibola and Smith, 2000; Wang and Mazza, 2002). It is also important to note another 
major estrogenic activity found in a group of flavonoids, the isoflavones (genistein and 
daidzein), large concentrations of which occur in soy and derivatives and which stimu-
late bone mineralization as well as help prevent atherosclerosis and some kinds of can-
cer (Ling and Jones, 1995; Liu et al., 2005). Onions are also an important source of the 
flavonol quercetin (Figure 6.3), which is responsible for the yellow tone of the pulp and 
the brown of the skin and is believed to be one of the constituents responsible for the 
protective effects against cancer and cardiovascular diseases which have been associ-
ated with the intake of this product (Griffiths et al., 2002). Quercetin is also found in 
apples and is one of the constituents responsible for the health benefits deriving from 
their consumption (Boyer and Liu, 2004). We would also note the presence in citrus 
fruits of glycosidated flavanones (hesperidin and narirutin) that have been associated 
with health-beneficial properties of oranges and orange juice (De Pascual-Teresa et al., 
2007). Red grapes, blackberries, whortleberries, raspberries, and strawberries are all 
rich in hydroxybenzoic acids, notably ellagic acid that has a protective effect against 
cancer (Figure 6.3) (Maas and Galleta, 1991). In general, fruits and vegetables are gen-
erally good sources of flavonoids, and the more we know about their metabolism, the 
physiological beneficial effects of their intake are increasingly being attributed to their 
conjugates and metabolites than to the intact molecule.

6.3.4 phyTosTeroLs

Plant sterols have been reported to include over 250 different sterols and related 
compounds. The most common sterols in fruits and vegetables are β-sitoesterol, 
and its 22-dehydro analogue stigmasterol, campesterol, and avenasterol. The chemi-
cal structure of these sterols is similar to cholesterol differing in the side chain. It 
has been known for years that sterols, which are found largely in vegetables of the 
Brassicaceae family (cauliflower, broccoli) and in avocado fruit, have hypocholes-
terolemic effects when ingested in amounts of 1 to 3 g/day, and they are therefore 
seen as valuable allies in the prevention of cardiovascular diseases. The hypocho-
lesterolemic effect of phytosterols and their reduced forms, phytostanols, is attrib-
uted to three metabolic actions: inhibition of intestinal absorption of cholesterol 
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by competition, reduction of esterification, and stimulation of its excretion into the 
intestine. Phytosterols cause reduction in total plasma cholesterol and low-density 
lipoprotein (LDL) cholesterol without affecting levels of high-density lipoprotein 
(HDL) cholesterol (Piironen et al., 2000).

6.3.5 orgAnosuLfur compounds

Vegetables of the Liliaceae (onions and garlic) and Brassicaceae (broccoli, cab-
bage, Brussels sprouts, cauliflower) families are considered to have health-benefi-
cial properties deriving from the presence of substances whose chemical structure 
contains sulfur atoms. Allicin (2-propene-1-sulfinothioic acid S-2-propenyl ester 
CH2=CH-CH2-S(0)-S-CH2-CH=CH2) is believed to be the biologically active mol-
ecule in garlic when this is macerated or homogenized. Allicin is not present in gar-
lic until its precursor, alliin or (+)-S-allyl-L-cysteine sulfoxide (CH2=CH-CH2-S(0)
CH2-CH(NH2)-COOH), comes into contact with the enzyme alliinase when the cell 
membrane is ruptured by chopping or maceration of the garlic. Allicin is highly 
sensitive to heat, to low pH, and to organic solvents and produces various different 
degradation compounds when the garlic is processed, such as allyl sulfide, disulfide, 
and trisulfide (the latter the odoriferous factor), and allyl thiosulfinate, which is the 
molecule considered responsible for the health benefits. Also, allicin is responsible 
for garlic’s bactericide action. In general, the following beneficial effects have been 
ascribed to garlic: antioxidant and free radical scavenging (a powerful inhibitor of 
lipid peroxidation), anti-inflammatory, anticoagulant, fungicide, antiviral (influenza, 
AIDS), interferon and immune system enhancement, bactericide, reduction of cho-
lesterol levels, anticarcinogenic, and antimutagenic (Lawson, 1998; Seki et al., 2000; 
Benkeblia, 2004).

Numerous epidemiological studies have shown that a diet rich in vegetables of 
the Brassicaceae family (broccoli, cabbage, Brussels sprouts, cauliflower) reduces 
the incidence of some kinds of cancer (Wattenber, 1993; Michaud et al., 1999; Lund, 
2003). This anticarcinogenic effect is attributed to the presence in its composition of a 
group of organosulfur minority constituents known as glucosinolates and to the capac-
ity of some of its metabolites, isothiocyanates and indoles, to intervene in biotransfor-
mations catalyzed by enzymes associated with the antioxidant systems of the human 
organism, such as glutathione-S-transferase (Lampe and Peterson, 2002).

The nature of all the substances with health-beneficial activity present in fruits 
and vegetables is not yet fully understood, and also not fully understood are the 
chemical and biochemical mechanisms whereby these phytochemical substances 
affect certain physiological functions of the organism. It must be remembered that 
the protective effect of a diet rich in fruits and vegetables depends on substances 
of different chemical natures and different mechanisms, which may produce addi-
tive, synergistic, or even antagonistic effects. Some phytochemical compounds have 
been clearly associated with healthy effects on the organism, such as vitamin C or 
lycopene; in other cases, the beneficial effect has not been fully demonstrated by 
means of epidemiological studies. At the present time, the biological activity of fruit 
and vegetable constituents is still the object of research, in particular, substances 
originally known for their toxic action, such as glucosinolates and their hydrolysis 
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products, isothiocyanates, which possess anticarcinogenic properties in normal 
doses of the vegetable. One example of this is the health-protective effect associated 
with ingestion of carrot, which has been attributed to the presence of β-carotene 
and α-carotene. However, other studies have shown that the polyacetylene falcar-
inol, which is present in carrots and whose physiological function in the plant is to 
protect against fungal attacks, presents considerable anticarcinogenic activity in in 
vivo experiments in which rats are treated with the carcinogen azoxymethane. The 
anticarcinogenic effect of the intake of carrot can therefore no longer be attributed 
only to carotenoid compounds (Brandt et al., 2004).

6.4  eFFect oF MInIMal ProcessInG on 
PHytocHeMIcal coMPounds and 
antIoXIdant caPacIty In Plant Products

There is growing interest in the nutritional value of foods in order to understand what 
the contribution of each individual food constituent is to daily nutritional needs and 
human well-being and how the food processing and preservation technologies affect 
its nutritional composition and health-promoting capacity. The fresh-cut fruit and 
vegetable industry is constantly growing due to consumer demand for plant food-
derived products as the main carriers of the phytochemical compounds responsible 
for recognized beneficial health effects due to the intake of such types of food. In 
addition, the fresh-cut fruit and vegetable industry reflects the needs of the consumer 
with regard to faster preparation and more convenient products with nutritional value 
preserved, and natural and fresh color, flavor, and texture retained without the use 
of preservatives.

“Minimal processing” includes various nonthermal processing technologies that 
ensure product safety while maintaining the fresh appearance of fruit and vegetable 
products. The different stages in minimal processing of vegetables (peeling, cut-
ting, washing, sanitizing) not only affect safety and sensory quality but can also 
cause changes in the nutritional quality and health-promoting properties of final 
products. The initial stages (peeling, cutting, shredding) promote a faster micro-
bial degradation, physiological alterations (increasing respiration rate and ethylene 
synthesis), and biochemical changes induced by the rupture of plant cells and the 
leakage of intercellular products, facilitating reactions between oxidative enzymes 
and their substrates. This situation leads to various degradation reactions, the most 
important of which is enzymatic browning, which may promote color, texture, and 
flavor changes. For instance, phytochemical compounds can be oxidized in contact 
with oxygen or by light. Also, growth of spoilage or pathogenic microorganisms is 
facilitated at cutting sites, and different technologies are therefore needed to mitigate 
the effects of these degenerative processes. Storage temperature is the main factor 
affecting spoilage of minimally processed plant products. Other technologies can be 
employed such as the use of antioxidants, antimicrobial agents such as chlorines, and 
MAP to inhibit the decay of fresh-cut fruit and vegetables. Antimicrobial treatments 
with oxidizing agents like sodium hypochlorite can oxidize certain phytochemical 
compounds (Gil et al., 2006).
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A global processing and storage design to achieve high-quality minimally pro-
cessed foods requires a combination of different strategies and technologies to help 
reduce degradative processes in fresh-cut vegetables. Moreover, the content of bio-
active compounds in minimally processed plant products can vary with genotype, 
environmental stress, growth conditions, and storage and processing conditions 
(Vallejo et al., 2002, 2003; West et al., 2004). In conclusion, the selection of cultivar 
and agricultural practices in combination with specific technologies to reduce the 
negative effects of processing (cutting, peeling, shredding) are necessary to obtain 
minimally processed plant products enriched in bioactive compounds. Special atten-
tion must be paid to some phases of the processing of minimally processed plant-
derived products, such as the sanitation process. In these stages of the process, it 
is necessary to avoid enzymatic- and microbiological-induced alterations that may 
affect the stability of the phytochemical compounds responsible for the nutritional 
quality and health-promoting properties of fresh-cut vegetables. In the design of 
new processes to obtain precut fruits and vegetables with improved nutritional and 
health-promoting characteristics, processing and storage technology are selected on 
the basis of how they improved the nutritional constituents and antioxidant charac-
teristics of the plant products.

Below are some results of the effect of minimal processing of fruits and veg-
etables on their phytochemical compounds and antioxidant properties.

6.4.1 ViTAmin c

The first step in obtaining more nutritious and healthy minimally processed products 
is to use the starting material with a high content of bioactive compounds. The content 
of vitamin C in vegetables and fruits and their relationship with genetic, ripeness stage, 
agronomical practices, or climatic factors has been studied for different products and by 
diverse authors (Lee and Kader, 2000; Vallejo et al., 2002, 2003; Cano et al., 2008).

Importantly, there are not only differences between varieties in vitamin C content 
but also among different cultivars. Thus, a study of varieties of Citrus fruit (Cano et 
al., 2008) showed a higher vitamin C content in orange varieties (Navel, Sweet, and 
Sanguine) than in mandarin varieties (Clementines and Satsumes). Among orange 
varieties, Newhall and Navelate (Navel group) showed the highest vitamin C con-
centrations (64.2 and 47.8 mg/100 g, respectively), whereas Lanelate and Fukumoto 
presented the lowest values (37.5 and 39.5 mg/100 g, respectively). Among mandarin 
varieties, Oronules and Hernandine (Clementine group) showed the highest content 
(47.4 and 46 mg/100 g, respectively), whereas the Satsuma group (Owari, Oktisu, 
Avasa Pri-10, and Avasa Pri-19) presented the lower values (20, 21.3, 24.9, and 25.5 
mg/100 g, respectively). Significant genotypic differences have been found between 
fruits of Actinidia family. Kiwifruit is well known today as a fruit with high vitamin 
C content. A study of eight Actinidia genotypes (Du et al., 2009) showed that vita-
min C content varied from 41.7 to 1322.91 mg ascorbic acid/100 g f.w. Wild species 
such as Actinidia eriantha and Actinidia latifolia have higher vitamin C content 
(1284.87 and 1322.91 mg ascorbic acid/100 g f.w., respectively) than cultivars of 
Actinidia chinensis and Actinidia deliciosa. Thus, Actinidia deliciosa cv. Hayward 
and Actinidia chinensis cv. Xixuan showed lower vitamin C content with 63.41 
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and 42.27 mg ascorbic acid/100 g f.w., respectively. Also, significant differences in 
vitamin C concentrations have been found in tomato cultivars (Rambo, Durinta, 
Bodar, Pitenza, Cencara, Bola). Vitamin C ranged from 69.6 mg ascorbic acid/100 g 
f.w. in Rambo to 212.3 mg ascorbic acid/100 g f.w. in Durinta tomatoes (Table 6.3) 
(Odriozola-Serrano et al., 2008).

In general, ascorbic acid content of vegetable products declines as a consequence 
of peeling and cutting operations, although this effect depends on the type of veg-
etable concerned and temperature and storage time (Lee and Kader, 2000; Gil et 
al., 2006). For instance, vitamin C content is significantly reduced in carrot, celery, 
potato, courgette, and white cabbage (P < 0.05) but is not significantly affected in 
red cabbage, radishes, and sweet potatoes after 2 days of storage at 15ºC (Reyes et 
al., 2007) (Table 6.4).

Sometimes vitamin C showed no significant changes between whole vegetables 
and just-processed fresh-cut products. Thus, no effect of slicing and packaging 

table 6.3
effect of Minimal Processing on Vitamin c 
content

tomato cultivars Vitamin c (mg/kg)

Rambo

Whole 69.6 ± 2.4a

Fresh-cut 73.7 ± 7.7a

Durinta
Whole 212.3 ± 1.5b

Fresh-cut 204.8 ± 9.0b

Bodar
Whole 151.1 ± 3.5c

Fresh-cut 139.9 ± 9.3c

Pitenza
Whole 94.5 ± 0.5d

Fresh-cut 108.1 ± 5.3d

Cencara
Whole 81.3 ± 3.0a

Fresh-cut 74.3 ± 14.4a

Bola
Whole 129.2 ± 5.1e

Fresh-cut 143.8 ± 2.6e

Note: Different letters indicate significant differences 
(P < 0.05).

Source: Odriozola-Serrano, I.; Soliva-Fortuny, R.; Martín-
Belloso, O. 2008. Effect of minimal processing on 
bioactive compounds and color attributes of fresh-cut 
tomatoes. LWT—Food Sci Technol. 41: 217–226.
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was observed on vitamin C content in tomatoes regardless of cultivar studied 
(Table 6.3).

Another important factor influencing vitamin C retention in fresh-cut vegetables 
is the cutting mechanism used. For instance, in iceberg lettuce, 18% more ascorbic 
acid is retained by using a smooth knife instead of an undulated one. Also, 25% more 
vitamin C is retained when a mechanical cutter is used rather than cutting the lettuce 
with a knife by hand (Barry-Ryan and O’Beirne, 1999).

Cutting the product may promote the loss of vitamin C as a result of the increase 
of the surface area in contact with oxidizing agents such as oxygen that favors the 
action of ascorbate peroxidase (APX), the main enzyme responsible for degradation 
of vitamin C. Also, this vitamin loss could be attributed to the effect of the ethylene 
generated as a consequence of cutting.

Another important effect of the minimal process is related to the loss of vitamin 
C into the washing water (stage following cutting) through the cut site. These losses 
may also contribute to the differences in vitamin C content between cut and whole 
samples. Also, it is important to highlight the effect of sanitation treatments on the 
bioactive compounds in the plant tissues.

In the case of broccoli, the cutting stage reduced vitamin C content of fresh-cut 
product by 27% with respect to the uncut product (Figure 6.4). The vitamin C con-
tent of broccoli differs according to the part that is analyzed (stalk or floret); there-
fore, because the whole samples had the complete stalk, their vitamin C content was 
between 30% and 40% higher than that of cut samples. However, the different sanita-
tion treatments used (water and a solution of 150 ppm sodium hypochlorite) did not 

table 6.4
changes in ascorbic acid content of 
different Vegetables after chopping and 
storage for 2 days at 15ºc

ascorbic acid (mg/kg f.w.)

Products whole chopped

Potato  50.0 ± 11.0 33.8 ± 5.6

Sweet potato 162 ± 28 143 ± 21

Celery 33.6 ± 4.3 15.6 ± 4.2

White cabbage 350 ± 28 310 ± 23

Courgette 125 ± 20   59 ± 4.0

Carrot 16.7 ± 1.5  3.0 ± 0.2

Radish 225 ± 13 210 ± 14

Red cabbage 599 ± 24 633 ± 23

Source: Reyes, L.F.; Villareal, J.E.; Cisneros-Zevallos, L. 
2007. The increase in antioxidant capacity after 
wounding depends on the type of fruit or vegeta-
ble tissue. Food Chem. 101:1254–1262. With 
permission.
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affect vitamin C content (Martínez et al., 2007) (Figure 6.4). When the equilibrium 
atmosphere was obtained on the second day of storage, there was a 28% reduction in 
total vitamin C concentration. Thereafter, storage under modified atmosphere effec-
tively maintained the vitamin C concentration of the fresh-cut broccoli for 23 days 
at 4ºC, demonstrating the protective effect of the modified atmosphere. These levels 
remained practically unchanged even when the cold chain was broken, after 24 hours 
of permanence of product at 20ºC (Martínez et al., 2007).

Another example of vitamin C stability versus different treatments was reported 
for precut iceberg lettuce. Treatments with solutions of chloride (100 mg/L), citric acid 
(5 g/L), lactic acid (5 mL/L), and ozonated water (4 mg/L) maintained the initial levels 
of vitamin C in iceberg lettuce practically unchanged over 8 days at 4ºC, with no dif-
ferences deriving from the particular treatment used (Akbas and Ölmez, 2007).

In general, the vitamin C content of vegetables declines during storage. Low-
oxygen atmospheres combined with low temperature help maintain the initial lev-
els of vitamin C, although ascorbic acid (AA) is converted to dehydroascorbic acid 
(DAA) during storage (Figure 6.1). In these conditions, 87% of the initial vitamin C 
content was retained in green pepper rings after 15 days of chilled storage in a modi-
fied atmosphere (5% O2 + 4% CO2), while only 57% was retained in air (Howard and 
Hernandez-Brenes, 1998; Pilon et al., 2006). However, in some cases, better results 
are achieved when the cut vegetable is stored in air. For instance, vitamin C levels 
were maintained or even increased (16% to 18%) in different potato varieties after 
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cutting and storing in air for up to 6 days at 4ºC, whereas the vitamin C content fell 
by up to 36% when the potatoes were stored in a modified atmosphere (8.2 to 9.8 kPa 
CO2 + 3.1 to 3.8 kPa O2) (Tudela et al., 2002).

In some cases, vitamin C is reduced in an atmosphere containing a high concen-
tration of carbon dioxide (10% to 30% CO2). This is due to the prejudicial effect of 
the CO2 which causes cytoplasmic acidification and, consequently, oxidative damage 
with increasing ascorbate oxidase activity. From a nutritional standpoint, CO2-rich 
atmospheres may not be suitable for maintaining initial vitamin C levels in some 
vegetables. An increasing level of carbon dioxide in the atmosphere is accompa-
nied by an increase in the concentration of dehydroascorbic acid (DAA). It has been 
reported that ascorbic acid (AA) is more susceptible than dehydroascorbic acid to 
degradation by CO2-rich atmospheres, as the AA content tends to decline in atmo-
spheres of this kind, whereas DAA tends to increase. It has been suggested that AA 
oxidation can be enhanced by CO2-rich atmospheres (Agar et al., 1997). The increase 
in the percentage of DAA accompanying loss of total vitamin C has therefore been 
associated with oxidative stress, a situation in which AA is required to neutralize 
the reactive oxygenated species (ROS) generated, causing the conversion of AA to 
DAA followed by degradation of the latter to products lacking biological activity. 
For instance, it was reported that more vitamin C was retained in spinach stored in 
a modified atmosphere (6% O2 + 14% CO2) than stored in air, although the concen-
tration of dehydroascorbic acid was greater in the modified atmosphere (Gil et al., 
1999). On the other hand, in cut Swiss chard, which contains only DAA, total vita-
min C was retained better in air than in the modified atmosphere (Gil et al., 1998b).

From a nutritional standpoint, modified or controlled atmospheres containing 
more than 10% of CO2 may not be suitable for maintaining initial vitamin C levels 
in some fruits, such as minimally processed kiwi (Agar et al., 1999). For instance, 
the vitamin C content in kiwi slices stored in a controlled atmosphere with 5%, 10%, 
and 20% CO2 declined by 14%, 22%, and 34%, respectively, after 12 days at 0ºC. 
On the other hand, other minimally processed fruits such as strawberries or persim-
mons maintained their initial vitamin C levels virtually unchanged when stored at 
0ºC for 8 days in controlled atmospheres with a CO2 concentration of 12% (Wright 
and Kader, 1997).

A number of different researchers investigated the effect of minimal processing 
on the vitamin C content of fruits (Wright and Kader, 1997; Agar et al., 1999; Gil et 
al., 2006). The effect of peeling and cutting operations on the vitamin C content of 
different fruits stored in air for 9 days at 5ºC was investigated by Gil et al. (2006) 
(Figure 6.5). They found that the response to the stress caused by the preparation 
process (peeling and cutting) in terms of vitamin C content depended on the type of 
fruit. For instance, fresh-cut pineapple chunks stored for 6 days at 5ºC presented a 
considerable decrease in ascorbic acid and a significant increase in dehydroascorbic 
acid; the final outcome was a significant (10%) increase in total vitamin C content 
of fresh-cut pineapple with respect to whole unprocessed pineapple stored in the 
same conditions (Figure 6.5). In the case of strawberries, there were no significant 
differences between fresh-cut and whole fruits; in both products, there was a gradual 
increase in vitamin C content, so at the end of storage at 5ºC, the final concentration 
was 17% higher than at the outset. On the other hand, diced mango maintained its 
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initial vitamin C content over 6 days in storage at 5ºC, with no significant differences 
from the whole fruit. Finally, the vitamin C content of fresh-cut kiwi was 7.5% lower 
than in the whole product at the end than after being in storage (Figure 6.5).

Another factor that may influence the nutritional quality of fresh-cut fruits and 
vegetables is the kind of cut applied. Argañosa et al. (2008) evaluated the effect 
of different cut types (cube, parallelepiped, cylinder, and sphere) on the quality of 
papaya cv. ‘Sunrise’ during storage at 4ºC up to 10 days. In this study, cube-shaped 
fresh-cut papaya tended to retain higher ascorbic acid than the other cut types being 
cut in the cylinder, resulting in a loss of 18% in the ascorbic acid concentration dur-
ing the 10-day shelf life at 4ºC. In contrast, Artés-Hernandez et al. (2007) reported 
that wedges, slices, and half slices of fresh-cut lemon products (‘Lisbon’) preserved 
during 10 days at 0, 2, and 5ºC, had good ascorbic acid retention (85%), and no dif-
ferences were observed due to the type of cut.

Consumption of oranges is high throughout the world, and as such, they are con-
sidered to be the principal dietary source of vitamin C. Minimally processed orange 
segments are a new product that has been designed to facilitate acceptance by certain 
consumers (children, the elderly and infirm, etc.) or to serve the institutional cater-
ing sector (schools, hospitals, work canteens, hotels, etc.). Minimal processing of 
oranges entailing manual peeling and segmenting, packaging in a slightly modified 
atmosphere (19% O2+ 3% CO2), and low-temperature storage (4ºC) produced no sig-
nificant changes in vitamin C concentrations in orange segments over 10 days in 
chilled storage, while a decline in AA concentration of 24% was noted (Crespo et al., 
2005). Piga et al. (2002) reported that minimal processing resulted in a 13% loss in 
AA concentration in segments of mandarin varieties after 12 days of storage at 4ºC 
under MAP conditions. Del Caro et al. (2004) found an ascorbic acid decrease rang-
ing from 1.63 to 5.10 mg/g dry matter in ‘Minneola’ tangelo and ‘Salustiana’ orange 
segments stored 12 days at 4ºC, but no differences were observed in ‘Shamouti’ 
orange segments. A good vitamin C retention (about 85% of ascorbic acid and 15% 
of dehydroascorbic acid) was reported for other citrus fruits, such as fresh-cut lem-
ons prepared as wedges, slices, and half slices and stored for 10 days at 0, 2, and 5ºC 
(Artés-Hernández et al., 2007).

Vitamin C concentration remains relatively stable in minimally processed citrus 
products and does not differ significantly from whole oranges, lemons, or mandarins. 
The vitamin C concentration supplied by consumption of fresh-cut citrus fruits up to 
12 days of refrigerated storage in MAP is similar to that supplied by an equivalent 
amount of freshly prepared citrus fruit (Del Caro et al., 2004; Crespo et al., 2005; 
Artés-Hernández et al., 2007).

Minimally processed fruits require a combination of new preservation techniques 
capable of keeping the safety and the quality of the fruit products for a longer storage 
time to meet consumer demands. In this sense, edible coatings could be applied to 
improve the shelf life of fresh-cut fruit packaged under MAP, thus reducing mois-
ture and solute losses, gas exchange, and respiration and oxidative reaction rates, 
as well as reducing physiological disorders (Rojas-Graü et al., 2008). The effect of 
polysaccharide-based edible coatings such as pectin (2% w/v), gellano (0.5% w/v), 
and alginate (2% w/v) containing antibrowning substances such as N-acetylcysteine 
and glutathione on antioxidant constituents of fruits such as pears was studied by 
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Oms-Oliu et al. (2008a). The use of polysaccharide-based edible coatings with 
N-acetylcysteine and glutathione significantly reduced vitamin C loss of fresh-cut 
pears up to 11 days at 4ºC (loss up to 18%) compared with uncoated or coated pieces 
without the incorporation of antioxidants (losses between 32% and 48%). The pres-
ence of antioxidants reduced the diffusion of oxygen protecting the vitamin C con-
tent of fresh-cut pears.

Initial processing operations do not seem to have a significant effect on the 
loss of vitamin C in fresh-cut fruits and vegetables, although the type of packag-
ing and the storage temperature are determinant factors rather than initial pro-
cessing stages.

6.4.2 phenoLic compounds

Mechanical damage is sustained by plant tissue as a result of peeling and cutting 
increasing the synthesis of phenolics, which is associated with an increase in activ-
ity of the enzyme phenylalanine ammonio-lyase (PAL; EC 4.3.1.5), a physiological 
response of the plant tissue to the mechanical damage in order to reduce water loss 
and attack by pathogenic microorganisms (Cantos et al., 2001a; Reyes et al., 2007). 
Table 6.5 shows the increase in phenylalanine ammonio-lyase activity in some veg-
etables (carrot, lettuce, courgette, potato, green cabbage, red cabbage, radish, celery, 
etc.) as a result of cutting. The increase of phenylalanine ammonio-lyase activity 
indicates activation of phenol-synthesizing mechanisms in response to certain sig-
nals, such as the presence of ROS caused by stress, as shown in Figure 6.6.

table 6.5
changes in activity of the enzyme Phenylalanine 
ammonio-lyase (Pal) in different Vegetables 
after chopping and storage for 2 days at 15ºc

Pal activity (µmol/(h g))

Product whole chopped

Potato 0.02 ± 0.01 0.65 ± 0.1

Sweet potato 0.02 ± 0.01 0.12 ± 0.04

Celery 0.02 ± 0.01 0.17 ± 0.04

White cabbage 0.05 ± 0.01 2.81 ± 0.4

Courgette 0.06 ± 0.01 0.56 ± 0.2

Carrot 0.06 ± 0.01 4.20 ± 0.2

Lettuce 0.07 ± 0.01 0.70 ± 0.1

Radish 0.07 ± 0.01 1.56 ± 0.1

Red cabbage 0.08 ± 0.01 3.05 ± 0.5

Source: Reyes, L.F.; Villareal, J.E.; Cisneros-Zevallos, L. 2007. The 
increase in antioxidant capacity after wounding depends on 
the type of fruit or vegetable tissue. Food Chem. 101:1254–
1262. With permission.
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The extent of the increase in total phenol concentration as a physiological response 
to mechanical damage depends on the plant tissue. For instance, in some products 
such as lettuce, carrot, celery, or sweet potato, there was a significant increase (81%, 
191%, 30%, and 17%, respectively), while in others such as courgette, radish, or red 
cabbage, there was a decline in total phenols (26%, 15%, and 9%, respectively). This 
is due to a balance between the formation of phenols and their utilization in the syn-
thesis of insoluble phenols (lignin and suberin) or in polymerization products result-
ing from oxidation (enzymatic browning) (Reyes et al., 2007) (Figure 6.6).

However, the buildup of phenolic compounds and increasing phenylalanine 
ammonio-lyase activity are inhibited when the cut vegetable is stored in a modified 
or controlled atmosphere. For instance, significant increases have been observed in 
soluble phenolic acids such as chlorogenic acid in carrots or caffeic acid in Lollo 
Rosso lettuce after cutting and during the early days of storage in air at 4 to 5ºC, 
associated with an increase in the enzyme phenylalanine ammonio-lyase (Babic et 
al., 1993; Gil et al., 1998a). On the other hand, in a CO2-rich (12% to 30%) modified 
atmosphere with or without O2 (2%), or in an atmosphere containing 99% N2, phe-
nolic acid synthesis was halted, and concentrations remained constant throughout 
chilled storage or even declined by the end of the storage period (Gil et al., 1998a; 
Reyes et al., 2007). Similar behavior was reported for flavonoids in some vegetables 
such as red leaf lettuce, although the mechanical damage at the cutting stage affects 
flavonoids less than phenolic acids (Ferreres et al., 1997; Gil et al., 1998a). A dif-
ferent effect was reported in other vegetables, such as Swiss chard (Beta vulgaris 
cycla), where the concentration of flavonoids increased in the course of 8 days of 
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storage at 6ºC in both air and a modified atmosphere (7% O2 + 10% CO2) (Gil et al., 
1998b), or spinach, where the flavonoid compounds remained constant over 7 days of 
storage at 8ºC in air and in a modified atmosphere (Gil et al., 1999). A study on cut 
celery reports an increase to twice the initial concentrations of luteolin and apigenin, 
flavones accounting for 44% of the flavonoids present in this vegetable, 6 h after pro-
cessing, and a recovery of the initial concentrations after 24 h in storage at 0ºC (Viña 
and Chaves, 2007). This indicates that flavonoid synthesis is also affected by stress, 
but equilibrium is recovered more quickly than in the case of phenolic acids.

CO2-rich atmospheres would therefore seem to be suitable for maintaining concen-
trations of flavonoid compounds, but how useful they are for augmenting concentrations 
of antioxidant phenolic acids in order to improve the nutritional and health-beneficial 
properties of cut vegetables depends on the type of vegetable concerned.

In general, the effect of cutting on phenolics has been thoroughly investigated, but 
there is little information on the influence of hygienizing treatments. It was found 
that while broccoli florets contained 11% more total phenols than whole broccoli, 
the hygienizing treatment used (a solution of 150 ppm sodium hypochlorite) did not 
affect the total phenol content (Figure 6.7). A modified atmosphere was found to 
protect phenolics during chilled storage, where levels remained constant for 21 days 
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during refrigerated storage and after cold chain rupture. In: Abstracts of V Iberoamerican 
Congress in Postharvest and Agricultural Exports. Postharvest Group of Polytechnic 
University of Cartagena and Iberoamerican Postharvest Association (Eds). pp. 694–706. 
Cartagena, Murcia, España.)
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at 4ºC despite a statistically significant drop (23.4%) on the second day of storage 
(Martínez et al., 2007).

Other hygienizing systems such as ionizing radiation can improve total phenol 
contents and concentrations of potential antioxidant constituents in some products 
like Chinese cabbage (Brassica rapa L.) through selection of the appropriate treat-
ment conditions. For instance, while treatment with 0.5 kGy increases total phenol 
content, 1 kGy radiation causes a significant decrease in the same parameter. This 
increase in phenolic synthesis at 0.5 kGy is presumably connected with the forma-
tion of free radicals during irradiation, these serving as a stress signal that activates 
the antioxidant mechanisms in the plant tissue (Ahn et al., 2005).

Recent studies have shown that new hygienizing systems such as ultraviolet light 
(UV-C) with germicide activity (λ 265 nm) are capable of raising the concentrations 
of certain biologically active polyphenolics, such as anthocyanins and the stilbene 
known as trans-resveratrol, in red grape (Figure 6.8) (Cantos et al., 2001b).

Most studies on the effect of the initial minimal processing operations (peeling 
and cutting) on the anthocyanins in vegetables such as sweet potato, red cabbage, 
or ‘Lollo Rosso’ lettuce have found no significant changes, and the small decline 
observed has been associated with oxidation mechanisms catalyzed by the enzymes 
polyphenol oxidase and lipoxygenase (Gil et al., 1998a; Reyes et al., 2007). The effect 
of storage in air or in a modified atmosphere on anthocyanins also depends on the 
type of vegetable. For instance, the concentration of anthocyanins was not altered in 
green lettuce leaves stored in air but was slightly reduced in a modified atmosphere 
(14% CO2 + 2.5% O2). On the other hand, in red-leaf lettuce (‘Lollo Rosso’), whose 
initial anthocyanin content is higher, the degradation was greater in the modified 
atmosphere than in air, indicating that modified atmosphere technology would not 
be a suitable tool for maintaining anthocyanin levels in red tissues (Gil et al., 1998a). 
Recently, however, it was reported that hygienizing treatments with ultraviolet light 
(UV-C, λ 254 nm, 30 to 510 W) effectively increased anthocyanin concentrations in 
products with high anthocyanin contents, such as red grapes (Cantos et al., 2001b).

Onion is characterized by high concentrations of the flavonol quercetin (≈557 mg/
kg f.w.), which vary depending on the variety. Neither the stress caused by cutting nor 
the stress caused by washing in a solution of 150 ppm sodium hypochlorite signifi-
cantly affected the quercetin content of cut onion in a modified atmosphere during 
the first few days of storage, although after 30 days at 4ºC, the samples treated with 
the sodium hypochlorite solution presented approximately 20% more quercetin than 
samples washed with water (Figure 6.9) (Martínez et al., 2005). In general, packag-
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FIGure 6.8 Structure of trans-resveratrol.
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ing in a modified atmosphere had a protective effect on quercetin concentrations, 
which remained practically unchanged over 30 days in storage (Figure 6.9).

Fruits are also good sources of phenolics. Red grapes, blackberries, whortle-
berries, raspberries, and strawberries are all rich in hydroxybenzoic acids, notably 
ellagic acid, which has a protective effect against cancer (Maas and Galleta, 1991). 
Citrus fruits are rich in glycosidated flavanones (hesperidin and narirutin), and most 
fruits (apples, pears, peaches, strawberries, plums, melons, and others) contain fla-
vonols such as quercetin and kaempferol. Finally, anthocyanins are found in berry 
fruits such as strawberries, raspberries, blackberries, and whortleberries, or in other 
fruits such as cherries.

The scale of the increase in concentration of total phenols as a physiological 
response to mechanical damage caused to the plant tissue by peeling and cutting 
depends on the type of fruit concerned. For instance, the total phenol content in 
fresh-cut pineapple remained relatively stable and did not differ significantly 
from that of whole pineapple stored in the same conditions (9 days in air at 5ºC) 
(Figure 6.10). Similar behavior was observed in mango and melon, where the total 
phenols remained relatively stable for 9 days at 5ºC, although in the case of cut 
melon, the level was significantly lower by the end of storage (Figure 6.10).

Chopped Onion

0

100

200

300

400

500

600

700

800

0 5 11 15 30
Days at 4C

Q
ue

rc
et

in
 (m

g/
kg

 p
.f.

)

Control T5 T6 T7 T8

FIGure 6.9 Effect of minimal processing (washing, packaging, chilled storage) on querce-
tin concentrations (mg/kg f.w.) in onion. (T5, washed in water at 4ºC/vacuum-packaged; T6, 
washed in water at 4ºC/packaged in modified atmosphere; T7, washed in 150 ppm hypochlo-
rite at 4ºC/vacuum-packaged; T8, washed in 150 ppm hypochlorite at 4ºC/packaged in modi-
fied atmosphere.) (From Martínez, J.A.; Sgroppo, S.; Sánchez-Moreno, C.; De Ancos, B.; 
Cano, M.P. 2005. Effects of processing and storage of fresh-cut onion on quercetin. Acta 
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In strawberries, which contain high concentrations of phenolics (total phenols 
60 mg/100 g f.w.), mostly anthocyanins (pelargonidin-3-glucoside) and flavonols 
(quercetin glycosides and kaempferol derivatives), there was no observable effect 
attributable to cutting; total phenols, flavonoids, and anthocyanins remained stable 
throughout storage at 5ºC (Figure 6.11).

High-CO2 (12% to 30%) modified atmospheres significantly influence the concen-
trations of phenolics. For instance, buildup of phenolic compounds and increasing 
phenylalanine ammonio-lyase activity are inhibited when the cut fruit is stored in a 
modified or controlled atmosphere (Reyes et al., 2007). Flavonoids behave in a simi-
lar way. For instance, a high-CO2 (>20%) atmosphere caused degradation of straw-
berry anthocyanins, especially in the inner tissue. Color degradation was observed 
during chilled storage of strawberries in a controlled atmosphere, a development 
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related to a reduction in the activity of phenylalanine ammonio-lyase, the enzyme 
associated with synthesis of anthocyanins (Holcroft and Kader, 1999).

In general, high-O2 atmospheres in the package headspace of fresh-cut fruits and 
vegetables induced a significant depletion in total phenolic content. The phenolic 
content in just-processed fresh-cut ‘Piel de Sapo’ melon was about 16 to 20 mg gal-
lic acid 100 g f.w. packaged under 2.5 kPa O2 + 7 kPa CO2 and 10 kPa O2 + 7 kPa 
CO2 atmospheres, whereas concentration was 13 mg gallic acid 100 g f.w. under 70 
kPa O2. In these conditions, total phenolic content was best maintained or indeed 
increased in fresh-cut melon stored under 2.5 kPa O2 + 7 kPa CO2 up to 11 days 
at 4ºC (Oms-Oliu et al., 2008c). The 2.5 kPa O2 + 7 kPa CO2 atmosphere induced 
a higher production of phenolic compounds compared with higher oxygen content 
atmospheres (10, 21, 30, and 70 kPa O2 ), which may be related to an enhanced 
oxidative stress induced by too-low O2 and high CO2 concentration inside the pack-
age (Figure 6.6). Wounding may stimulate phenylalanine ammonio-lyase (PAL, E.C. 
4.3.1.5) activity during minimal processing with consequent further production of 
the phenolic compounds. The PAL activation could be elicited through induced ROS 
(Figure 6.6). This atmosphere (2.5 kPa O2 + 7 kPa CO2) preserved fresh-cut pear 
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phenol content better than 70 kPa O2 atmospheric conditions during 14 storage days 
at 4ºC (Oms-Oliu et al., 2008b). Cocci et al. (2006) reported that fresh-cut apples 
stored under air packaging (21 kPa O2) could have led to a stronger degradation of 
phenolic compounds than if under low oxygen atmospheres (5 kPa O2 + 5 kPa CO2). 
This phenomenon could be due to the fast oxidation of phenolic compounds on the 
cut surface in contact with the O2 in the package headspace.

Increased activity of the enzyme phenylalanine ammonio-lyase (PAL) in fresh-cut 
vegetables as a consequence of the stress produced by minimal processing steps was 
also observed in the flavonol compounds of fresh-cut citrus fruits such as oranges. 
The initial peeling and cutting steps did not significantly alter the concentration of 
total glycosidated flavanones, but storage in a slightly modified atmosphere combined 
with low temperatures (4ºC) caused an increase in the concentration of flavanones. 
This increase was significant in the case of hesperidin in minimally processed orange 
segments after 12 days at 4ºC (Crespo et al., 2005) (Figure 6.12). Quercetin, another 
flavonol compound, increased more than twofold the initial content in fresh-cut pear 
during 14 days of storage at 4ºC under atmospheres with high (70 kPa) and low oxy-
gen content (2.5 kPa O2 + 7 kPa CO2) (Oms-Oliu et al., 2008b).

Browning of cut surfaces is one of the main challenges in the development of 
fresh-cut fruits. The destruction of fruit cellular compartmentation allows the oxi-
dation of phenolic compounds by polyphenol oxidase (PPO). Substances with anti-
oxidant properties are used to prevent enzymatic browning such us N-acetylcysteine 
and glutathione. These natural thiol-containing compounds react with o-quinones 
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formed during the initial phase of enzymatic browning reactions, yielding color-
less adducts or reducing back to o-diphenols. The use of these types of antioxidants 
reduces the degradation of certain phenolic acids such as chlorogenic acid, as hap-
pens in fresh-cut pears (Oms-Oliu et al., 2008b).

The mechanical damage caused to plant tissue as a result of peeling and cutting 
increases the synthesis of phenolic compounds in fresh-cut fruits and vegetables. 
The type of packaging and the storage temperature are determining factors in the 
maintenance of phenolic compounds, as well as their chemical structure (phenolic 
acids or flavonoids).

6.4.3 cAroTenoid compounds

The carotenoid compounds in fruits and vegetables do not generally undergo any 
major changes as a result of minimal processing, and the changes that do occur have 
been associated with oxidation mechanisms catalyzed by the enzymes polyphenol 
oxidase and lipoxygenase and the presence of light, oxygen, and low pH (Reyes et 
al., 2007). Chilled storage has been reported to cause a sustained time-dependent 
decline, although atmospheres containing a low oxygen concentration and a high 
percentage of nitrogen or carbon dioxide improve carotenoid retention in minimally 
processed vegetables. Packaging in a modified atmosphere maintains initial caro-
tenoid concentrations in cut vegetables, whereas packaging in air results in some 
degradation in the same storage conditions. For instance, approximately 90% of the 
carotenoid compounds were retained in green pepper rings after 15 days of chilled 
storage in a modified atmosphere (5% O2 + 4% CO2), while only 52% were retained 
in air (Howard and Hernandez-Brenes, 1998; Pilon et al., 2006). The same is true 
with fresh-cut carrot, where the initial carotenoid concentration was kept constant 
during storage in a nitrogen-enriched atmosphere (90% N2 + 5% CO2) (Alasalvar et 
al., 2005).

Minimally processed fruits generally reach the end of their shelf life before there 
is any significant degradation of their carotenoid compounds (Wright and Kader, 
1997). The effect of peeling and cutting on concentrations of carotenoid compounds 
will depend on the type and variety of fruit concerned (Gil et al., 2006) (Figure 6.13). 
The concentrations of carotenoid compounds in whole pineapple (cv. ‘Tropical Gold’) 
(250 µg/100 g f.w.) and in whole mango (cv. ‘Ataulfo’) (3,000 µg/100 g f.w.) presented 
no significant change over 9 days of storage in air at 5ºC; in the case of chunks, on 
the other hand, levels dropped significantly (25%) after 3 and 9 days in the cases of 
pineapple and mango chunks, respectively. In melon (cv. ‘Joaquin Gold’), the carote-
noid content declined as a result of peeling and cutting (Figure 6.13).

Chilled storage causes a sustained time-dependent decline in concentrations of 
carotenoid compounds, although atmospheres containing a low oxygen concen-
tration and a high percentage of nitrogen or carbon dioxide favor their retention 
in fresh-cut vegetables. For instance, the total antioxidant carotenes in Navelina 
oranges (142.78 µg/100 g f.w.)—relative contents 40% lutein, 27.5% β-cryptoxanthin, 
20% zeaxanthin, 5% β-carotene, 4.6% α-cryptoxanthin, and 3% α-carotene—were 
not significantly altered in the early stages of minimal processing (peeling and 
cutting) to produce orange segments. During 12 days of chilled storage in a modified 
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atmosphere, there was a significant increase in carotene concentrations in both 
whole unprocessed oranges (stored at 8ºC) (89%) and in fresh-cut orange in seg-
ments (stored at 4ºC) (23%). This fact is associated with biosynthesis of carotenoid 
compounds during chilled storage, as widely reported in the literature. This means 
that consumption of orange that is minimally processed in segments and stored at 
4ºC for up to 12 days supplies a similar concentration of antioxidant carotenoids to 
that provided by freshly prepared orange (Crespo et al., 2005) (Figure 6.14). Fresh-
cut tomatoes retained their initial lycopene content for a period of 21 days at 4ºC as a 
consequence of the synthesis of lycopene induced by ripening and the low oxidation 
of this carotenoid as a result of low availability of oxygen in the package headspace 
(Odriozola-Serrano et al., 2008).
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6.4.4 AnTioxidAnT AcTiViTy

Augmented antioxidant activity (measured using the ABTS•+ or DPPH radical scav-
enging methods) was reported in tissues of various vegetables in response to stress 
caused by mechanical damage (peeling and cutting); this has been associated with 
an increase or decrease in concentrations of phenolic compounds more than vitamin 
C concentration, as reported in numerous publications on minimal processing of 
vegetables (Reyes et al., 2007). Numerous studies have shown that its phenolic com-
pounds confer antioxidant capacity (Proteggente et al., 2002), and that this capacity 
is one of the principal reasons why increased consumption of fruits and vegetables 
has been recommended as beneficial to health (Prior and Cao, 2000). We may there-
fore conclude that the healthy properties of certain vegetables can be enhanced by 
the mechanical damage caused by the peeling and cutting processes.

It is important to note that results also depend on the methodology used to measure 
antioxidant activity. For instance, in cut tomato packaged under a highly permeable 
film suitable for microwaving (Magnetron), it was found that the antioxidant capacity, 
determined as the ability to scavenge the radical ABTS•+ and measured in lipophilic 
extracts, remained unchanged during storage, whereas the antioxidant capacity mea-
sured in hydrophilic extracts declined with time in storage at 5ºC with respect to the 
antioxidant activity of whole tomato. Minimal processing, then, appears to reduce 
the capacity of tomato to contribute hydrophilic antioxidants to the diet. Once more, 
this confirms the influence of processing on a health-beneficial characteristic of veg-
etable products, in this case antioxidant capacity (Lana and Tijskens, 2006).
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Minimal processing generally influences the antioxidant activity of vegetable 
products to the extent that it alters the bioactive compound responsible for that activ-
ity—in most cases, phenolic compounds and vitamin C. For instance, the antioxi-
dant activity of celery after 24 hours at 0ºC in a modified atmosphere presented no 
significant changes with respect to the control, just as the concentrations of luteo-
lin and apigenin, flavones accounting for 44% of the flavonoids in celery, retained 
their initial concentration (Viña and Chaves, 2007). A similar trend was observed 
in fresh-cut tomato where no changes in antioxidant capacity might be due to the 
maintenance of the phytochemical compounds (lycopene, vitamin C, and phenolic 
compounds) during minimal processing operations and subsequent packaging and 
refrigerated storage (Odriozola-Serrano et al., 2008).

On the other hand, in fresh-cut spinach, in which ascorbic acid was oxidized to 
dehydroascorbic acid during chilled storage in a modified atmosphere, the antioxi-
dant capacity was reduced. In this case, the loss of antioxidant capacity was associ-
ated with a decline in ascorbic acid concentration (Gil et al., 1999). The decrease 
of antioxidant capacity in fresh-cut mandarin, fresh-cut pears, and fresh-cut melon 
during the storage period has been related with the depletion of bioactive compounds 
(Piga et al., 2002; Oms-Oliu et al., 2008a, 2008b, 2008c).

The hygienizing systems used to obtain a safe fresh-cut vegetable product can 
also influence the capacity of these products to inhibit free radicals. For instance, 
the combined effect of ionizing radiation and modified atmospheres can improve 
antioxidant activity in some products such as Chinese cabbage (Brassica rapa L.) 
if appropriate treatment conditions are selected. The antioxidant capacity of cut 
Chinese cabbage was increased by treatment with 0.5 kGy radiations, whereas treat-
ments exceeding 1 kGy produced the opposite effect. Irradiation, then, may be con-
sidered suitable for augmenting antioxidant activity in cut vegetable products (Ahn 
et al., 2005).

6.4.5 gLucosinoLATes

Epidemiological studies have shown that isothiocyanates, which are produced by 
hydrolysis of glucosinolates in vegetables of the Brassicaceae family (broccoli, cab-
bage, Brussels sprouts, cauliflower), reduce the incidence of some kinds of cancer 
(colon and lung) (Lund, 2003). This anticarcinogenic action is linked to the concen-
tration of glucosinolates in the plant tissue, their conversion to isothiocyanates, and 
the bioavailability of the isothiocyanate metabolites. In a first stage, variation in the 
content of glucosinolates is closely linked with the genetic and environmental fac-
tors (cultivars, temperature, light, growth system, fertilization practices, postharvest 
storage and processing). Thus, the growing of broccoli in hydroponic conditions and 
the application of stress factor (i.e., NaCl) at head induction and during development 
could be beneficial for enrichment in glucosinolates (Moreno et al., 2008). In general, 
the action of cutting vegetables of the Brassicaceae family causes a reduction in the 
concentration of glucosinolates through the action of the enzyme myrosinase (Leoni 
et al., 1997), giving rise to various hydrolysis products, the most important in terms 
of biological activity being isothiocyanates. For instance, the initial concentration of 
glucosinolates (62 µmol/100 g f.w.) in broccoli florets dropped by 75% after 6 hours 
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at 25ºC, and only 50% of these were hydrolyzed to isothiocyanates. However, there 
were no significant differences between storage at ambient temperature and chilled 
storage (4 to 8ºC); in both cases, the initial concentration of glucosinolates fell by 
27% in 7 days (Song and Thornalley, 2007).

Other authors reported that removal of part of the stalk during preparation of 
the fresh-cut broccoli product caused a statistically significant increase (30% to 
40%) in the concentration of glucosinolates (Figure 6.15) (Martínez et al., 2007). 
This increase in extracted glucosinolates could be due to the induction of glucosino-
late synthesis in response to cutting (Verkerk et al., 2001), or again to an increase 
in the percentage of inflorescences in the cut product, where the glucosinolates, 
although distributed all over the plant, are present in significant greater concentra-
tion (Rangkadilok et al., 2002).

There has been little research into the effect of hygienizing treatments on glu-
cosinolate integrity, but these do not appear to greatly affect storage. For instance, a 
hygienizing treatment with or without sodium hypochlorite did not significantly influ-
ence glucosinolate levels in cut broccoli florets stored for 23 days at 4ºC (Martínez 
et al., 2007).

In general, controlled atmospheres (6% CO2 + 2% O2) combined with chilling at 
4ºC have been found to prolong the shelf life of cut broccoli as compared to stor-
age in air, due essentially to a reduction in respiration rate. In these conditions, it is 
possible to control chlorophyll degradation and, hence, the appearance of yellowing 
as a sign of senescence in products of this kind. Some authors recommend CO2 
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FIGure 6.15 Effect of minimal processing on total glucosinolates in broccoli florets in 
a slightly modified atmosphere (16% O2 + 4% CO2) at 4ºC. (CW, cut/water at 4ºC; CCL, 
cut/150 ppm hypochlorite at 4ºC; WW, whole/washed in water at 4ºC; WCL, whole/washed 
in 150 ppm hypochlorite at 4ºC.) (From Martínez, J.A.; De Ancos, B.; Sánchez-Moreno, C.; 
Cano, M.P. 2007. Protective effect of minimally processing on bioactive compounds of broc-
coli (Brassica oleracea L. var. italica) during refrigerated storage and after cold chain rup-
ture. In: Abstracts of V Iberoamerican Congress in Postharvest and Agricultural Exports. 
Postharvest Group of Polytechnic University of Cartagena and Iberoamerican Postharvest 
Association (Eds.). pp. 694–706. Cartagena, Murcia, España.)
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concentrations less than 8% and O2 concentrations greater than 2% to prevent the 
development of unpleasant odors inside the packaging (Bastrash et al., 1993). During 
storage in a modified atmosphere, there was a nonsignificant downward trend in total 
glucosinolates (15%) (Figure 6.15) (Rangkadilok et al., 2002; Martínez et al., 2007). 
However, other authors reported a 71% drop in total glucosinolates when broccoli 
was stored for 7 days at 4ºC in a similar atmosphere (17% O2 + 3% CO2) (Vallejo et 
al., 2003).

6.5  HealtHy ProPertIes oF MInIMally 
Processed VeGetables

Studies published on the effect of some processing technologies coming under the 
heading of “minimal processing,” such as high hydrostatic pressure, show that the 
healthy properties of fruit and vegetable derivatives are unchanged after processing. 
These entailed human intervention trials to examine parameters associated with the 
effects of intake of these products, such as the bioavailability of phytochemical com-
pounds (vitamin C, carotenoids) and biomarkers for oxidative stress (isoprostanes) 
and inflammation (C-reactive protein [CRP] and prostaglandin E2 [PGE2]) (Sánchez-
Moreno et al., 2003a, 2003b, 2005, 2006c). These studies confirmed that processing 
with high hydrostatic pressure keeps the bioactive compounds and healthy properties 
associated with consumption of fruit and vegetables virtually unchanged.

There are also human intervention studies on the effect of minimal processing of 
vegetables (cutting, hygienizing, modified-atmosphere packaging) on the bioavail-
ability of phytochemical compounds (carotenoids, tocopherols, flavanones). For 
instance, the different steps followed to produce fresh-cut broccoli (cutting, washing 
with a 150 ppm sodium hypochlorite solution, modified-atmosphere packaging, stor-
age for 9 days at 4ºC) did not alter the bioavailability of carotenoid compounds or 
tocopherol in the product (Granado-Lorencio et al., 2008). Another study, of mini-
mally processed orange segments stored in a modified atmosphere at 4ºC, reported 
that with an intake of 200 g of product for 14 days, levels of flavanones, hesperidin, 
and naringenin had significantly increased after 7 days, remaining constant thereaf-
ter until the end of the study (De Pascual-Teresa et al., 2007). This indicates, then, 
that a daily intake of 200 g of minimally processed orange segments is sufficient 
to raise plasma levels of flavanones and their metabolites, thus accounting for the 
beneficial effect of consuming flavonoids of this family as evidenced in various epi-
demiological studies (Erlund, 2004).

In conclusion, we should stress that it is necessary to select specific processing 
conditions (cutting, hygienizing method, modified atmosphere, storage tempera-
ture) for each fruit or vegetable in order to achieve a safe fresh-cut product offer-
ing high nutritional quality with health benefits intact. The data on the beneficial 
effect of modified-atmosphere packaging combined with chilled storage on certain 
phytochemical compounds are generally contradictory; however, in some fresh-cut 
vegetable products, the concentrations of certain phytochemical compounds (caro-
tenoids, vitamin C, polyphenolics) and the antioxidant activity are retained or even 
augmented. In general, it is safe to say that the concentrations of phytochemical 
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compounds, the nutritional value, and the healthy properties of fresh-cut (minimally 
processed) fruits or vegetables or mixtures are similar to those of the whole veg-
etables from which they are derived.

6.6  reGulatIons GoVernInG nutrItIonal 
declaratIons and HealtHy ProPertIes oF Foods

In response to the new regulations governing nutritional labeling and application to 
minimally processed foods, there is a need for more scientific studies (in vitro and 
in vivo) to reliably determine the effect of minimal processing on the nutritional and 
bioactive substances in vegetable products and the healthy effects produced by their 
intake. This will facilitate the preparation of “nutritional profiles” so that health 
professionals and food technologists can inform consumers by means of reliable 
nutritional and health claims based on real scientific studies.

The Codex Alimentarius set up a Commission to implement the joint Food and 
Agriculture Organization (FAO)/World Health Organization (WHO) program of 
food standards. The guidelines on nutrition labeling drawn up by the Codex are 
founded on the principle that no food may be described or presented falsely or 
misleadingly (Codex Alimentarius Commission, 1992). The Codex Guidelines on 
Nutrition Labeling contain provisions for voluntary nutrient declarations and for the 
calculation and presentation of information on nutrients (CAC 2-1985, Rev. 1-1993: 
http://www.fao.org/docrep/005/Y2770S/y2770s06.htm); that is, it lays down general 
principles to be observed while leaving the definition of specific declarations up to 
national regulators.

With this mandate, various countries have drawn up specific regulations regard-
ing nutrition and health claims for foods. The U.S. Food and Drug Administration 
(FDA), the body responsible for food legislation, indicates that nutritional labeling 
is mandatory for processed products (http://www.cfsa.fda.gov/label.html), while 
application of the regulation to fresh-consumed products is voluntary (71 FR42031 
of August 2006). Since 1990, the FDA has approved a major set of rules regulat-
ing nutrition and health claims for foods, which are updated periodically. There 
are basically three categories of claims in labeling: health, nutrient contents, and 
structure/function. Each of these types of claim is authorized under different pro-
cedures designated by the FDA through the competent body (Office of Nutritional 
Products, Labeling, and Dietary Supplements) of the Center for Food Safety and 
Applied Nutrition (CFSAN) (http://www.cfsan.fda.gov/~dms/hclaims.html). By way 
of example, we would cite the Food Labeling Guide, which contains a summary of 
health claims that have been approved for use in the labeling of foods and dietary 
supplements in the United States (http://www.cdsan.fda.gov//~dms/flg-6c.html).

European regulation in this area lags far behind that of the United States. The new 
Community Regulation on nutritional and health claims made on foods (Reg. (EC) 
1924/2006 of the European Parliament and of the Council of 20 December 2006), in 
force since 19 January 2007 and mandatory since July 2007, is based on the require-
ment that the nutrition and health claims made by the food industry be true and state 
the scientific basis on which they are founded. Consumer protection is an essential 
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element of the new regulation, and this is assured by making it mandatory to market 
only safe foods with proper labeling to guarantee that nutrition and health claims are 
based on real scientific evidence and not on misleading, exaggerated, or scientifically 
baseless messages. For instance, in order to assure the veracity of claims made by 
the food industry, the new regulation requires that substances or products for which 
such claims are made must have been shown to possess a beneficial nutritional or 
physiological effect by means of internationally accepted scientific tests, which in 
Spain are to be regulated by the Spanish Food Safety and Nutrition Agency (Agencia 
Española de Seguridad Alimentaria y Nutrición/AESAN). Moreover, the bioactive 
substance about which the claim is made must be present in the end product in suf-
ficient concentrations, or absent, or present in small enough quantities to produce the 
claimed nutritional or physiological effect. This bioactive substance must further be 
present in high enough concentrations to produce the claimed effect in an amount of 
food that can reasonably be consumed as part of a daily diet and can also be assimi-
lated by the body once the food is ingested. Therefore, messages such as “light,” 
“low-fat,” “reduces cholesterol,” or “high fiber content” may only be used in the 
labeling of products if the manufacturers/distributors comply with the requirements 
laid down in the regulation. For example, to be able to claim that a food is “low-
sugar,” it must be guaranteed not to contain more than 5 grams of sugar for every 
hundred grams of fresh product.

On the basis of these criteria, the regulation provides that nutrition and health 
claims may only be made in three categories:

 1. A “nutrition claim” or “content claim” is one that states, suggests, or implies 
that a food has particular beneficial nutritional properties due to the energy 
it provides or the nutrients or other substances that it contains or does not 
contain (e.g., “low calorie/salt/sugar” or “high vitamin/fiber/protein”).

 2. A “health claim” is one that states, suggests, or implies that a relationship 
exists between a food category, a food, or one of its constituents and health 
(e.g., “reduces cholesterol”).

 3. A “reduction of disease risk claim” is one that states, suggests, or implies 
that the consumption of a food category, a food, or one of its constituents 
significantly reduces a risk factor in the development of a human disease 
(e.g., “reduces the risk of cerebral ischemia or strokes”).

The regulation introduces the concept of “nutrient profiles” to generally establish 
and limit the composition of a food as the context in which claims may be made.

For purposes of implementation and monitoring, the regulation involves the 
health authorities of all the member states of the European Union. The European 
Food Safety Authority (EFSA) has a particularly important role in assessing the 
scientific bases on which claims are founded and in establishing “nutrient profiles.” 
In Spain, the EFSA works with the AESAN (Ministry of Health and Consumer 
Affairs), which will be responsible for implementing the regulation in cooperation 
with the autonomous communities and will be the body called upon to examine 
claims by Spanish manufacturers.
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7.1 IntroductIon

Fruits and vegetables are a gift of nature and delight people of all ages. They pro-
vide a wide range of flavors and textures and are loaded with most of the nutrients 
required for good health and wellness.

Their consumption as fresh produce is largely recommended all over the world; 
however, nowadays, consumers have limited time for food preparation. This has led 
the fresh-cut fruits and vegetables market to grow, as they offer good and convenient 
produce, ready to eat, with the attributes of fresh produce.

Fresh-cut fruits and vegetables are composed of living cells that naturally spoil 
and deteriorate over time and are affected by all preparation operations and sur-
rounding conditions during pre- and postharvest handling, processing operations, 
and storage. Respiration and ethylene production rates, color, aroma, and texture 
change as a response to physical damages produced during cutting operations, as 
well as to the activity of undesirable microorganisms (Wiley 1994; Aguayo et al. 
2004; Artés-Hernández et al. 2007; Artes-Calero et al. 2009).

Quality attributes of the fruit and vegetables used as raw materials for processing 
have a great influence on the final quality and shelf-life of fresh-cut products; hence 
it is very important to identify and understand relevant changes for specific products 
and how they are affected by handling, processing, and storage.

Produce to be used for the fresh-cut industry should resist processing and main-
tain their attributes with minimum variations for as long as possible. This chapter 
focuses on the fruits and vegetables requirements for handling and conditioning for 
fresh-cut produce processing.

7.2 QualIty oF Intact FresH FruIts and VeGetables

Fresh fruits and vegetables are expected to preserve quality during handling, storage, 
processing, and distribution. Even though quality criteria vary among products, it is 
generally associated with intrinsic properties of the food, such as visual appearance, 
texture, flavor, nutritive value, and safety issues during field production, handling, 
and processing. Appearance has a great influence on product selection for process-
ing; shape, size, color, gloss, uniformity, and lack of wilting, browning, and decay 
symptoms give clues about stage of maturity, freshness, and expected process yield.

Texture attributes gather structural properties of the product and related sensorial 
attributes perceived as the product is bitten. Structures of fresh fruits and vegetables 
cells and tissues are complex in shape, chemical composition, adhesive and cohesive 
forces between cells, and how they are affected by turgidity, maturity stage, and other 
variables, resulting in a wide range of responses to force stresses during handling 
and processing (Schouten and Kooten 2004). Texture can be described by a series of 
parameters for specific characteristics, such as firmness or hardness, fracturability, 
adhesiveness, gumminess, crispiness, fibrousness, juiciness, flexibility, and others, 
with their relative importance dependent on the product and its final use. Mechanical 
response of intact produce is affected when fresh-cut products are prepared, because 
of injured cells and tissues, size reduction, elimination of protective skin, increased 
water losses, and wilt and decay.
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Flavor embraces taste and aroma attributes, with a very wide range of combi-
nations of sweetness, sourness, bitterness, and astringency, along with the char-
acteristic aromas of each product, and the absence of undesirable off-flavors and 
off-odors. Kader (2008) highlights the importance of nutritive and better-flavored 
fruits and vegetables as a key factor in selecting cultivars, as a key to increase sales 
and consumption.

Nutrient content and biochemical composition vary with the products as they 
might come from different parts of the plant. Storage organs such as roots and tubers 
have high starch content; stems are rich in fibers and skeleton-type tissues with high 
lignin and cellulose content; and fruits are rich in sugars, organic acids, mineral 
salts, pectic substances, and enzymes (Maestrelli and Chourot 2002). Soluble solids 
content, total or titratable acidity, pH, water content, density, and the ratio of soluble 
solids content to acidity are commonly used as quality attributes. Fruits and veg-
etables are very good sources of vitamins A and C, minerals, carbohydrates, dietetic 
fiber, proteins, and antioxidant compounds such us carotenoids, flavonoids, and other 
phenolic compounds (Kader and Barret 2004); their composition and concentration 
vary among cultivars and are affected by pre- and postharvest practices.

Safety requirements related to fresh-cut produce include good agricultural prac-
tices (GAP) and good processing practices (GMF), freedom of plagues, mycotoxins, 
pesticide residues, and any other chemical or physical contamination that might risk 
consumer health.

Finally, it is important to consider that required quality attributes of fruits and 
vegetables for the fresh-cut industry may differ from those for the intact fruit market, 
because no alterations are done to the products in the latter case. Processors need 
intact fruits and vegetables that can withstand processing and maintain quality attri-
butes of the fresh-cut product as long as possible, with high production yields, with 
very good and consistent quality, free from defects, with the right maturation stage; 
thus, the use of grocery store surplus or low quality and unmarketable products for 
processing should be avoided. The right intact fruits and vegetables used as raw mat-
ter must allow for the preparation of high-quality fresh-cut products, with uniform 
and consistent quality, suitable postcutting shelf-life, and consumer satisfaction.

7.3 dynaMIc beHaVIor oF FresH FruIts and VeGetables

Fruits and vegetables are composed of living tissues and have to withstand two major 
hurdles: harvest and processing. When they are harvested, water and nutrient supply 
from the mother plant ends, and tissues are injured at the incision point. Processing 
causes further physical damages as the products are cut, and the product skin is 
removed, causing an increase in the respiration and other metabolic activities con-
tinue all the way up to the consumer table.

For such a dynamic system, changes are continually occurring, even though they 
may not be obvious for the first hours or days after harvesting or cutting. Appearance 
and texture alterations are the first to be noticed, although many more physical, phys-
iological, and biochemical changes are ongoing at the same time at different rates, 
and are influenced by internal and external factors.
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The main intrinsic changes of fruits and vegetables are directly related to external 
factors, such as temperature, relative humidity, handling, microbiological, and other 
stresses occurring during pre- and postharvest operations.

7.3.1 respirATion rATe

The rate of respiration is sensible to internal factors, such as product type and matu-
rity stage, and also to external factors like temperature (Figure 7.1), ethylene con-
centration, stress caused during harvest, postharvest, and processing operations, 
pathogens, and physical injuries (Fonseca et al. 2002; Kader et al. 2002a; Varoquaux 
2002). The faster the respiration rate is, the shorter will be the shelf life of the intact 
and fresh-cut products. Respiration rate is a good indicator of ongoing processes 
inside a product and how fast they are happening; products harvested during active 
growth (vegetables and immature fruits) usually have high respiration rates, while 
mature fruits and storage organs have relatively low rates (Saltveit 2004a).

7.3.2 eThyLene producTion

Ethylene has an active participation in growth, development, maturation, healing, and 
senescence of fresh produce (Kader 2002a; Saltveit 2004b). Its production rate varies 

0

50

100

150

200

250

300

350

0 105 15 20

Re
sp

ira
tio

n 
Ra

te
 (m

g 
CO

2/
kg

/h
)

Storage Temperature (°C)
Asparagus Broccoli Carambola Pineapple Raspberry

FIGure 7.1 Effect of storage temperature on respiration rate of several intact fruits and veg-
etables. (From Barth, M.M., Zhuang, H., and Saltveit, M.E. 2004. Fresh-cut vegetables. In 
The Commercial Storage of Fruits, Vegetables, and Florist and Nursery Stocks. USDA-ARS. 
Agriculture Handbook Number 66 (draft-revised 2004). Ed. K. Gross. http://www.ba.ars.usda.gov/
hb66/147freshcutvegetables.pdf (accessed August 25, 2009); Beaulieu, J.C. and Gorny, J.R. 2004; 
Fresh-cut fruits. In The Commercial Storage of Fruits, Vegetables, and Florist and Nursery Stocks. 
USDA-ARS. Agriculture Handbook Number 66 (draft-revised 2004). Ed. K. Gross. http://www.
ba.ars.usda.gov/hb66/146freshcutfruits.pdf (accessed August 25, 2009); Gross, K. 2004. Summary 
of respiration and ethylene production rates. In The Commercial Storage of Fruits, Vegetables, and 
Florist and Nursery Stocks. USDA-ARS. Agriculture Handbook Number 66 (draft-revised 2004). 
Ed. K. Gross. http://www.ba.ars.usda.gov/hb66/010respiration.pdf (accessed August 25, 2009).)
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among products; it increases with temperature, disease incidence, mechanical injuries, 
water stress, and maturity stage at harvest; and it can be partially controlled by low tem-
perature storage, reduced oxygen composition, or elevated carbon dioxide levels surround-
ing the commodity. Very small concentrations of ethylene can damage sensible products 
(Table 7.1); hence, they should be handled separately from those that produce it.

7.3.3 wATer Loss

Fruit and vegetable water content is very high and can be easily lost through the skin 
lenticels, stomatas, cuticule, and other structures when the surrounding atmosphere 
has low relative humidity. The skin of fruits and vegetables acts as a natural barrier 
that helps to partially control water loss, but its effectiveness depends on product mor-
phology, surface characteristics, size, ratio of product surface area to weight and vol-
ume, maturity stage, physical injuries, as well as environmental temperature, relative 
humidity, and air movement around the product. Some products are more susceptible 
to lose water, such as lettuce and other leafy vegetables, which wilt and shrivel and 
generally deteriorate rapidly; others are more resistant to water loss, like apples and 
pears. The water loss for other products increases for those with rough, uneven, or 
extended surface area or with high stomata or lenticels density, like rambutan, with 
hair-like structures that favor water loss and desiccation, with the consequent exter-
nal darkening occurring in a few days at 25ºC and 60% relative humidity (Yingsanga 
et al. 2006), with losses of 7% to 11% weight during the first storage day.

On the other hand, fresh-cut products can lose water even more rapidly than whole 
products because of their increased surface area to volume ratio, as skin removal and 
damaged tissues resulting from cutting operations favor cellular content leakage. For 
such products, the use of sharp knives and proper packaging materials are key ele-
ments to reduce water migration.

7.3.4 inTernAL And exTernAL coLor

Color is one of the main quality attributes of fresh commodities commonly used as 
selection criterion by the consumers and the fresh-cut industry, as well as an indicator 
of the overall quality and maturity stage of the product. Color varies among products, 
cultivars, and stages of maturity or development; it can be affected by preharvest fac-
tors such as plant nutrition, seasonality, climate conditions, production lot, temperature, 
relative humidity, storage time, and postharvest handling conditions. Color changes 
can result from the degradation or formation of pigment compounds such as chloro-
phylls (green), anthocyanins (red, blue, and purple), and carotenoids and flavonoids 
(yellow and orange) (Maestrelli and Chourot 2002; Kader and Barrett 2005). They 
can occur as part of the ripening process, but they also can be caused by mechanical 
stresses on cell wall, membranes, and tissues during produce handling and fresh-cut 
processing. Such damages favor fluids leakage, tissue softening, and enzymatic brown-
ing reactions, as enzymes and their substrates come into contact (Singh and Cadwaller 
2004). Enzymatic activity of PPO (polyphenol oxidase) and POD (peroxidase) is also 
associated with color changes in fruits and vegetables. Mangoes, avocados, peaches, 
apples, pears, bananas, olives, potatoes, mushrooms, lettuce, grapes, and other fruits 
and vegetables are very sensitive to enzymatic browning due to PPO activity.
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Color changes can be accelerated by external factors such as high temperature, 
low relative humidity environment, physical damages, and other stress conditions. 
Odriozola-Serrano et al. (2009) found that the degradation of anthocyanins respon-
sible for the appealing bright red color of strawberries was significantly larger as the 
temperature rises and storage time increases.

Color requirements for fresh intact product consumption varies with those for 
fresh-cut processing. For the whole produce market, external color is one of the main 
quality attributes, while for the industry, both external and internal colors are impor-
tant. In general, color should be bright, even, and preserve the natural appearance of 
the fresh product. Care must be taken with new cultivars with improved processing 
characteristics but with major differences in color, because they could be rejected by 
the consumer.

7.3.5 TexTure

Texture attributes vary during pre- and postharvest handling, as they are affected 
by stage of maturity, plant nutrition, water stress, storage temperature and rela-
tive humidity, rough handling, and ripening processes. Product softening, loss of 
turgidity, and increased elasticity or toughness are some of the changes occurring 
during product handling, which may reduce the product’s value and utility for the 
fresh-cut industry. Changes can be due to water losses, as mentioned earlier, or to 
the activity of several enzymes or pathological breakdown in combination with 
handling conditions. Enzymes such as β-galactosidase, polygalacturonase, pectin 
methyl esterase, cellulose, phenilalanineammonia lyase, peroxidase, and cellulase 
participate in cell-wall modification; degradation of pectin compounds in toma-
toes, melons, avocados, and peaches; pectin solubilization in strawberries; ripen-
ing initiation processes; tissue weakening and softening in raspberries, avocado, 
blackberries, mangoes, cherimoya, and tomatoes; and toughness development in 
asparagus (Bhowmik and Dris 2004).

Physical damages of fresh fruits and vegetables should be minimized through-
out harvest, transportation, and postharvest and processing operations, because 
they have a negative effect on quality attributes and shelf life. Symptoms could 
show immediately, during processing, or after several days or weeks of stor-
age; they are generally described as tissue darkening, loss of firmness, bruises, 
cracks, cuts, and perforations which lead to faster deterioration reactions than 
with intact products. Damaged tissues increase respiration rates, water loss, and 
other metabolic reactions; allow better contact between enzymes and their sub-
strates; and favor microbial spoilage and other undesirable reactions (Singh and 
Anderson 2004).

Maestrelli and Chourot (2002) classified fruits as very fragile, fragile, resistant, 
or very resistant to handling. They found cultivar, stage of maturity, and handling 
practices influenced the response to mechanical injuries of peaches, pears, prunes, 
and apricots. Damages are caused by impact, compression, penetration, vibration, 
and shear forces against the product; hence, they can be controlled by protecting 
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and immobilizing the product, which can be achieved by careful handling, reduc-
ing unnecessary movements, drop heights, and any cut edges or rough surfaces that 
could threaten product integrity.

Bruising response to processing varies among apple and peach cultivars, but the 
fruit susceptibility can also be influenced by preharvest practices, weather condi-
tions, maturity stage, and other factors that might affect phenolic compound content 
and enzymatic activity (Varoquaux, 2002).

Impact bruising damages susceptibility is larger for sweet cherries handled 
below 10ºC as compared with temperatures up to 20ºC. Mechanical damages due 
to vibration are not affected by temperature (Crisosto et al. 1993). On the other 
hand, physiological disorders such as chilling and freezing injuries also contrib-
ute to tissue softening, water-soaked areas, ripening problems, surface and flesh 
discoloration, off-flavors and off-odors production, and increased susceptibil-
ity to microbial spoilage and breakdown (Kader 2002a; Kader and Barret 2004; 
Wang 2004).

7.3.6 composiTionAL chAnges

Internal composition of fruits and vegetables keeps changing during growth and 
development and after harvest. Changes could be desirable or not, depending on the 
product and how and when it is going to be processed. Soluble solids content and 
acidity are two important parameters for fruits, frequently related to stage of matu-
rity, flavor, and consumer preferences, and used as quality parameters for product 
selection for processing. Little changes occur in nonclimacteric fruits after harvest 
(pineapple, citrus fruits), while climacteric fruits suffer important changes as they 
continue to ripen.

Aroma compounds losses or the production of off-flavors and off-odors directly 
affect fruit and vegetable flavor. They can be associated to maturity stage, unfavor-
able storage conditions, or enzymatic activity of peroxidases and lypoxygenases in 
chile peppers, broccoli, asparagus, carrots, and green beans.

Antioxidant and other nutritional attributes can be lost during handling and pro-
cessing. Kader and Barret (2004) pointed out the high sensibility of ascorbic acid to 
high temperatures, light, low humidity environments, physical damages, and chill-
ing injuries.

7.3.7 growTh And deVeLopmenT

Some fresh produce continues to grow and develop after harvest. Rooting can 
occur on root crops and onions, seed germination on tomatoes and peppers, and 
elongation in asparagus (Kader 2002a). Proper selection of the harvesting index, 
handling and storage conditions, and special treatments are necessary to dimin-
ish these undesirable changes. Most of these changes are undesirable for fresh-
cut processing, because metabolic activity increases and product appearance may 
rapidly deteriorate.
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7.3.8 microBiAL spoiLAge

Fruits and vegetables are good sources of nutrients and water for humans, but also for 
microorganisms, which can grow easily under ambient conditions. Microorganisms 
can get into the fruits at different stages of their field production, at the earlier stages 
of development, or during postharvest handling and processing operations. Some 
microbes can rapidly deteriorate fruit and vegetables’ appearance and other quality 
attributes, but do not represent a risk for consumers (phytopathogens), while others 
can be harmful for consumer health (food safety related microorganisms). They can 
be separated into two different groups:

Fruit and vegetables microorganisms: Include molds, yeast, bacteria and •	
viruses which affect product quality, but do not represent a risk for con-
sumer health.
Harmful microorganisms: They can cause illness and even death to consum-•	
ers, but in general they affect neither the product appearance nor other qual-
ity attributes of the fruit or vegetable. Since no deterioration symptoms are 
observed in the product, care must be taken to avoid product contamination. 
Sanitation programs in the fields and processing area and good hygienic 
practices of the operators are needed to avoid product contamination.

7.4  tecHnoloGIcal tools to PreserVe 
FresH Produce For ProcessInG

Quality is a key factor for processed foods, but it is particularly true and important 
for fresh-cut fruits and vegetables, which must preserve the quality attributes of the 
intact produce after cutting stresses, without being subjected to any strong tempera-
ture-stabilizing treatment. Hodges and Toivonen (2008) highlighted the importance 
of recognizing that all processes applied to a fruit or vegetable cause stress-induced 
changes in the tissue physiology and metabolism. They also pointed out the need to 
understand how these changes occur to set effective strategies to preserve the prod-
uct quality and extend its shelf life.

The fresh-cut processing industry requires high-grade fruits and vegetables as 
raw materials. They should have good appearance, texture, taste, odor, and nutri-
tive attributes, and they must be safe for the consumer. They should be free from 
mechanical injuries, decay, insects, and other damages, and they must resist process 
operations and further handling and storage procedures.

In addition, effective technological tools must be used in each of the slabs of the 
chain, from the production fields to the processing industry, to assure proper quality 
produce supply and minimize product losses.

The success of a fresh-cut product will depend on the fulfillment of the target 
consumer needs and expectations, the use of the right fruits and vegetables at their 
optimum maturity stage for processing, and the application of the right operation 
procedures and packages, as well as the utilization of appropriate market tactics.

Strategies for better intact fruits and vegetables for processing involving prehar-
vest, harvest, and postharvest handling will be discussed later in this chapter.
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7.4.1 cuLTiVAr eVALuATion And seLecTion

For each type of produce, there could be a few or many cultivars in the market, each 
with particular benefits and limitations for processing. Studies comparing cultivars 
usually show considerable variation in respiration rates, color, texture, bruising sus-
ceptibility, size, shape, appearance, nutritional value, sensory, and other characteris-
tics of many fruits and vegetables (Crisosto et al. 1993; Gorny et al. 2000; Crisosto 
and Mitchell 2002; Maestrelli and Chourot 2002; Schouten and Kooten 2004; Deepa 
et al. 2007).

Cultivar selection for the fresh-cut industry looks for intact fresh fruits or veg-
etables that can meet the desired quality attributes preestablished for their fresh-cut 
product, resist transportation and handling before processing, tolerate processing 
operations with minor quality alterations, and have a prolonged after-cutting shelf 
life. These four elements are interrelated because of the dynamic behavior of intact 
fresh fruits and vegetables, because their characteristics and quality are continually 
changing and influenced by environmental conditions, production technology dur-
ing preharvest and postharvest handling, fresh-cut processing and packaging, and 
distribution to the final market.

Industry needs reliable agricultural products with high quality throughout the 
year, when possible, in order to produce uniform fresh-cut products without interrup-
tion. Cultivar selection is the first step, and it has to be followed by proper preharvest 
practices, harvesting indicators, postharvest handling operations and storage before 
processing, and food safety programs to avoid consumer risks (Chiesa et al. 2003).

Ideal fruits and vegetables for fresh-cut processing are those with the best and 
homogeneous quality attributes: right stage of development or maturity; high field 
production and processing yields; availability year-round; free from physical, physi-
ological, or pathological disorders; easy to handle; highly resistant to handling and 
all processing operations and stabilizing treatments; little susceptible to external 
conditions; with a prolonged shelf life after processing to maintain quality attributes 
all the way to the consumer and safe consumption. It should also meet consumer 
likes and preferences and market requirements.

For specific products, particular requirements are needed. Processors need to 
clearly define the attributes of their final products to evaluate cultivar response to 
handling, processing, and after-cutting handling and to determine limiting factors, 
such as juice leaking, discoloration, browning, wilting, microbial spoilage, or others 
that might restrict fresh-cut product shelf life. The effects of harvesting indicators, 
handling, and preparation for processing practices on final product quality should 
also be evaluated.

Some examples of studies conducted to select the best cultivars for fresh-cut pro-
cessing include one of Gorny et al. (1999), who found that the critical factors that 
impact fresh-cut peach and nectarine slice quality were ruled by product response 
to cutting, which was better when the flesh firmness was between 13 and 27 N, and 
the fruits were stored at 0ºC and 90% to 95% relative humidity. In another study, 
the same authors (2000) compared the suitability of Anjou, Bartlett, Bosc, and Red 
Anjou pear cultivars for fresh-cut slices production and found significant differences 
in respiration and ethylene production rates, flesh firmness, color, and susceptibility 
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to cut-surface browning, which was very intense for Anjou and Red Anjou cultivars. 
Apple sensibility to browning of five apple cultivars was also studied by Milani and 
Hamedi (2005), who found differences in browning rate; the Red Delicious cultivar 
exhibited the highest browning rate, followed by Golden Delicious with a medium 
rate, and Granny Smith and Golden Smoty had a weak browning rate. Sweet cherry 
cultivars were evaluated for fresh-cut processing by Toivonen et al. (2006), who con-
cluded that most of them were adequate for fresh-cut processing, as they maintain 
firmness, even though they showed differences in postcutting bleed, weight loss, and 
decay throughout storage.

Following are some hints for fruits and vegetables cultivar selection for fresh-cut 
processed products:

Define desirable quality parameters and tolerance ranges for the fresh-cut •	
product (color, shape, size, flavor, soluble solids content, acidity, texture, 
juiciness, nutritional content, other).
Identify available cultivars with consistent and reliable quality that can •	
meet product concept.
Look for limiting factors to fresh-cut product quality and shelf life, based •	
on visual and eating quality and microbial safety; consider deteriorative 
changes that reduce their marketability, such as browning, water-soaked 
tissues, translucency, softening, composition changes, microbial growth, 
decay, or others.
Evaluate cultivar aptitude for processing by studying product response to •	
handling and processing, and susceptibility to deteriorative changes before, 
during, and after cutting.
Determine required harvest maturity stage and ripening treatments •	
when needed.
Evaluate processing yields (usable product per kilogram of intact fruit or veg-•	
etable, processing time per kilogram of prepared fresh-cut product, etc.).
For those cases in which a cultivar is preferred though it may have some •	
limitations, evaluate alternative treatments to control undesired browning, 
softening, or other changes on the fresh-cut product.
Determine expected postcutting shelf life of the final product at han-•	
dling temperatures.
Study product compatibility among products for mixed fresh-cut fruits •	
or vegetables.
Seek possible suppliers, production sites, agricultural practices, traceability •	
possibility, product quality, and availability throughout the year.
When possible and convenient, evaluate product response to mechanization •	
to reduce processing time, reduce contamination risks, and improve yields.

7.4.2 prehArVesT prAcTices To improVe inTAcT produce quALiTy

Genetic material, sowing, growing conditions, light intensity along production period, 
pruning, product thinning, harvest maturity, nutrients and water supply, soil quality, 
fertilization, weeds control, and pest management affect product quality together 
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with climate conditions (Hodges and Toivonen 2008; Kader 2008). Thus, careful 
production plans must be implemented, looking to strengthen the preferred charac-
teristic of a particular crop and, consequently, the final quality and shelf life of fresh-
cut products. The effects of some preharvest practices are provided in advance.

Crop rotation is recommended for its positive effect on product quality contrast 
with the decay inoculum of soilborne fungi, bacteria, and nematodes which would 
build up with repeated cropping of the same vegetable in the production fields 
(Crisosto and Mitchell 2002). Fruit size and yield are affected by fruitlet thinning, 
position inside the tree, pruning, and other cultural practices according to the same 
authors.

Irrigation is very important for all crops, because plants tissues need water to 
live. Low water supply might stress product and increase its sensibility to sunburns, 
alter maturation processes in pears, and provoke a leather-like texture on peaches, 
while moderate water stress can reduce fruit size and increase soluble solids content, 
acidity, and ascorbic acid content (Kader 2002a). Gelly et al. (2003) also reported 
that deficit irrigation on peaches (Prunus pérsica L.) increased soluble solids content 
and helped to maintain fruit color longer. On the other hand, excess water stress 
could lead to cracking failures in cherries, apricots, tomatoes, and other products; 
reduce firmness and soluble solids content; and cause an increased susceptibility to 
mechanical injuries due to an excess of turgidity (Kader 2002b). Plants can also be 
stressed because of salt presence in irrigation water. Kim et al. (2008b) evaluated 
stress due to water salinity on romaine lettuce (Lactuca sativa cultivar Clemente). 
Sodium chloride concentrations above 100 mM resulted in 1.5- to 3-fold reduction 
of lettuce height and weight, as compared with control treatment without salt. Color 
losses increased with sodium chloride concentrations.

Carotenoids and phenolic compounds contents are also affected by irrigation with 
salt water. The number of days before harvest at which irrigation is stopped also 
influenced product quality in Iceberg lettuce, as observed by Fonseca (2006), who 
found out that when irrigation was stopped 4 days before harvesting instead of 16 
days, the product weight and diameter were larger, but the aerobic bacteria counts 
increased, resulting in faster deterioration of the quality of the product. For intact 
tomatoes, Kim et al. (2008a) found a 30% increase in lycopene and vitamin C con-
tent when they were irrigated with salt water, though phenolic compounds content 
was not affected. Type of substrate also affects quality attributes.

Fertilization affects both quality at harvest and postharvest shelf life of fruits 
and vegetables. Nutrients should be balanced, because deficiencies or excesses can 
favor physiological disorders and reduce product quality and shelf life. High nitrogen 
fertilization is used to increase product size, but it can reduce volatile compounds 
production and promote changes in product flavor; other elements also show opposite 
response, such as high levels of potassium, which can reduce color disorders, while 
high levels of magnesium can increase them (Crisosto and Mitchell 2002). Plant 
nutrition differences can affect product size, firmness, and weight loss susceptibil-
ity. Calcium has been associated with a reduction of respiration rate and ethylene 
production, firmness increase, and ripening and deteriorative reactions slowdown 
(Kader 2002b).
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Hodges and Toivonen (2008) compared quality attributes of tomato slices grown in 
hairy vetch and black polyethylene mulch and found that those grown in the hairy vetch 
mulch were firmer and had less water-soaked areas and less increase in electrical conduc-
tivity, stresses associated with chilling injuries and membrane damages, respectively.

Calcium chloride sprays have been successfully used to reduce browning core, 
cork spots, superficial scalds disorders, and external and internal rots on Anjou 
pears, with an overall enhancement of fruit appearance and an improvement of fruit 
juiciness and fruit color (Alcarez-Lopez et al. 2009; Raese and Drake 2000).

Climatic conditions (temperature, rain, wind, light) affect internal quality attri-
butes of the products as well as their susceptibility to handling and processing. 
The effect of climatic conditions can be partially controlled in the growing areas 
by shades, drainage, and wind stoppers; they can also be precisely controlled in 
greenhouse plantations. Jolliffe (1996) found an important reduction on skin chlo-
rophyll content and shelf life for low light intensity on greenhouse-grown English 
cucumbers; such a reduction can be avoided by the use of supplemental light dur-
ing growing which increases product yields, external and internal quality of many 
vegetables, including dry matter content and skin chlorophyll content on cucumber, 
higher ascorbic acid and sugar content in tomato, and better head firmness on lettuce 
(Hovi-Pekkanen and Tahvonen 2008).

There is a trend in Europe and Latin America to start moving from traditional 
growing to protected areas cultivation for better control during produce growing. 
A wide range of simple and complex technologies are used to control temperature, 
relative humidity, and irrigation control, and more recently, floating trays with a 
nutrients solution supply were incorporated, and small leaves grow with a significant 
reduction in nitrates accumulation and microbial load, two characteristics appreci-
ated for fresh-cut processing (Rodríguez-Hidalgo et al. 2006).

7.4.3 hArVesT And mATuriTy indices

Stage of maturity at harvest is critical not only to assure product quality and shelf life 
of intact fruits and vegetables for the fresh market but also for the fresh-cut industry; 
it affects product composition, postharvest tolerance to handling and processing 
operations, and their postcutting life (Kader 2002b; Toivonen and DeEll 2002; Kader 
and Barret 2004; Martín-Belloso and Rojas-Graü 2005; Kader 2008).

Maturity at harvest influences fruits and vegetables response to processing and 
deterioration reactions. Toivonen (2008) studied the effect of maturity at harvest on 
the susceptibility of antibrowning treated apple slices to cut-edge browning. He found 
that the cutting surface of slices from Granny Smith apples picked prior to proper 
harvest maturity are more susceptible to browning even after commercial antibrown-
ing treatments. Fruit ripeness of pear slices at cutting affected their shelf life (Gorny 
et al. 2000); it varied from 2 days at 0°C for ripe fruit to more than 8 days for partially 
ripe and mature-green pears; and it also affected surface darkening at 0°C, which was 
significantly reduced for partially ripe and mature-green fruit. However, the eating 
quality of mature-green pear slices exhibited lack of juiciness and aroma.

Harvesting criteria vary among products: how they are to be consumed or pro-
cessed, distance to marketplaces, intended storage time and temperature, industry 
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requirements, consumer preferences, and many other parameters. Some produce 
may be consumed in several stages of maturity, such as mangoes, papayas, and plan-
tains, which have different uses for green-mature and fully ripe products; vegetables 
are obtained from different parts of the plant, such as leaves, flowers, sprouts, roots, 
and tubers that reach their best quality attributes at various stages of growth and 
development of the plant, so there is a wide range of possibilities for harvesting, 
depending on the final destination of the produce, the desired quality attributes, and 
their resistance or tolerance to withstand handling and processing.

Maturation or harvesting indices have been set to describe the right time to harvest 
for better quality and shelf life. Harvest indices must be simple, easy to understand 
and apply, reliable, the product of an objective measurement, and nondestructive if 
possible (Reid 2002). Table 7.2 shows maturity indices commonly used for fruits and 
vegetables harvesting. Production yields and quality parameters of the product are 

table 7.2
Maturity Indices commonly used for Fruits and Vegetables

Index examples

Elapsed days from full bloom to harvest Apples, pears

Mean heat units during development Peas, apples, sweet corn

Development of abscission layer Some melons, apples, feijoas

Surface morphology and structure Cuticle formation on grapes, tomatoes; netting of some 
melons; gloss of some fruits (development of wax)

Size All fruits and many vegetables

Specific gravity Cherries, watermelons, potatoes

Shape Angularity of banana fingers; full cheeks of mangoes; 
compactnes of broccoli and cauliflower

Solidity Lettuce, cabbage, Brussels sprouts

Textural properties:

Firmness Apples, pears, stone fruits

Tenderness Peas, apples, sweet corn

External color All fruits and most vegetables

Internal color and structure Formation of jellylike material in tomato fruits; flesh color 
of some fruits

Compositional factors:

Starch content Apples, pears

Sugar content Apples, pears, stone fruits, grapes

Acid content, sugar:acid ratio Pomegranates, citrus, papaya, melons, kiwifruit

Juice content Citrus fruits

Oil content Avocados

Astringency (tannin content) Persimmons, dates

Internal ethylene concentration Apples, pears

Source: Reid, M.S. 2002. Maturation and maturity indices. In Postharvest Technology of Horticultural 
Crops. Ed. A.A. Kader. University of California. Agriculture and Natural Resources Publication 
3311, pp. 55–62. With permission.
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taken into consideration, as well as market prices and buyers’ requirements. Early 
harvesting results in low production yields and underdeveloped quality attributes, 
whereas late harvesting leads to overmature products and excessive postharvest 
losses.

To develop a maturity index, Reid (2002) suggested the following steps:

 1. Determine changes in the commodity throughout its development.
 2. Look for features whose changes correlate well with the stages of the com-

modity’s development.
 3. Carry out storage trials and taste panels to determine maturity indices that 

fulfill minimum acceptability and required shelf life.
 4. Select maturity indices and assigned minimally acceptable values.
 5. Test harvesting indices over several years in several growing locations to 

ensure that they reflect the quality of the harvested product.

The chosen index or indices should be adjusted for fruits and vegetables to be used for 
fresh-cut processing, after evaluating their response to process, handling, and storage 
operations.

Nonfruit vegetables generally include diameter, length, shape, color, firmness and 
compactness, and other appearance parameters as the main harvesting indices; some 
examples are asparagus, celery, rhubarb, and okra length; bud size of artichokes; 
compactness of broccoli, cauliflower, Brussels sprouts, cabbage, and some lettuce 
cultivars; and color in lima beans, broccoli, collards, and peas.

Color, size, firmness, appearance, and internal quality attributes are used for fruit 
vegetables harvested, along with observations about natural incision of the fruit to 
the plant. For instance, for cantaloupes and other melons, stem appearance and how 
the stem naturally breaks are good indicators for harvesting, together with soluble 
solids content, aroma, fruit and rind color changes, or even days from bloom. Tomato 
harvesting indices selection will depend on the use given to the product: They can 
be harvested mature-green, which are very firm tomatoes, with color changing from 
green to light green; ripe with full red color and soft, but still firm; or in the middle, 
known as breaker tomatoes, which are firmer than ripe tomatoes but softer than 
mature-green and exhibit a pink to red color on the blossom end. Color and firmness 
are very important parameters for cucumber, eggplant, bell pepper, watermelon, and 
other fruit vegetables. Asghary et al. (2005) found ‘Semsory’ muskmelon (Cucumis 
melo L. var. reticulates) harvested at the first stages of yellow color development 
had higher sugar content, better color, taste, aroma, and market value than those 
harvested at the mature green stage.

Beaulieu et al. (2004) highlighted tissue softening as a serious problem and limit-
ing factor for fresh-cut products, and listed softening enzymes, decreased turgid-
ity due to water loss, and stage of maturity as the main causes of texture changes. 
They studied the effect of product firmness on the postcutting sensory attributes of 
fresh-cut cantaloupe stored at 4°C, prepared from melons harvested at four distinct 
maturity stages (one-quarter to full-slip), and found that those from three-quarters 
mature cantaloupes exhibit less firmness loss than those from full-slip maturity 
fruits. Antioxidant characteristics also vary with cultivars and maturity stage; total 
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and individual phenolic content, antioxidant capacity, carotenoids, ascorbic acid, and 
capsaicin content varied among sweet pepper genotypes and maturity stage (Marin 
et al. 2004; Deepa et al. 2007). Kader (2008) pointed out that nonfruit vegetables 
have better quality taste when they are harvested immature, while fruit vegetables 
and fruits get better when they are harvested fully ripe.

Harvesting criteria for fruits also include shape, size, and appearance parameters, 
but flavor and aroma take an important role. They have great influence on product 
quality, because aroma-related volatile and nonvolatile compound synthesis increases 
as the product matures and ripens (Kader 2008). Optimum levels of such compounds 
do not always match the harvesting criteria, because other parameters have to be 
considered, such as the type of product, resistance to handling and processing, time 
required to reach the final market, produce prices, how it is processed or consumed, 
and others. For apples, harvest date is determined by several parameters, including 
days from the full bloom as a rough idea of fruit maturity, background color, ease of 
separation of the fruit from the spur, soluble solids content, starch conversion into sug-
ars, flesh firmness, and internal ethylene concentration (Gast 1994; Toivonen 2008).

For climacteric fruits, proper selection of harvesting indicators is very important, 
because if fruits are picked prior to physiological maturation, in an early period of 
preclimateric stage, fruits quality attributes would not reach desired levels. Robles 
et al. (2006) studied changes in Ataulfo mangoes as the fruit ripened and found an 
important increase in total soluble solids and ethylene production rate, accompanied 
by a gradual reduction of the respiration rate, acidity, and firmness. Maradol papaya, 
Keitt mangoes, and Red Spanish pineapple give better results for fresh-cut process-
ing, when processed before the full ripeness stage (Hernández et al. 2007), explained 
by less firmness and color alterations during postcutting storage.

In summary, maturity at harvest affects quality attributes and after-cutting shelf 
life of intact and fresh-cut produce, and harvesting indices should be adjusted to 
produce response to handling and processing. Under- or overmature produce results 
in deficient quality attributes and low yields, while overmature products diminish 
postcutting shelf life of fresh-cut products and increase susceptibility to deteriora-
tion, mechanical damages, microbial spoilage, and other damages.

7.4.4 posThArVesT sTrATegies To reduce undesirABLe chAnges

7.4.4.1 use optimum storage temperatures to reduce Metabolic activity
Temperature is the most important external factor to control during postharvest 
handling and storage previous to processing, because it rules most of the changes 
occurring inside an intact or fresh-cut fruit or vegetable. As the temperature drops, 
most reactions slow down; hence quality attributes can withstand for longer periods. 
Optimum storage temperature should always be chosen for intact and fresh-cut fruit 
and vegetables (Table 7.1). As a general rule, fresh-cut products should be stored at 
5ºC or below, but the optimum temperature for the intact products could be higher 
for chilling sensitive fruits and vegetables, and it must be considered for produce 
storage before processing. Some produce can withstand temperatures near freezing 
(0ºC and below), some need temperatures near 0ºC, and those sensitive to chilling 
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injury disorders cannot be stored at temperatures below 7 to 13ºC, depending on the 
product. Storage at lower temperatures than those tolerated by the intact produce will 
result in uneven ripening, flavor, and color, and aroma losses, texture changes, and 
other undesirable changes.

For every 10ºC rise on the produce handling temperature in the range from 0 to 
30ºC, the rates of respiration and deterioration increase two to three times for non-
chilling-sensitive commodities (Kader 2002a; Saltveit 2004a). Crisosto et al. (1993) 
observed that sweet cherry respiration rates of four cultivars rapidly increased from 
nearly 10 mg CO2/kg/h at 0ºC to 45 to 50 mg CO2/kg/h at 20ºC, though response 
to temperature varied among cultivars exhibiting differences in fruit sensibility to 
temperature changes (Crisosto et al. 1993).

Exposure to high temperatures is also detrimental, though some product tis-
sues can tolerate them for short periods; it causes phytotoxic symptoms that lead 
to accelerated deterioration (Saltveit 2004a). Prolonged exposure to sun in the 
fields, transportation trucks, or during storage should be avoided to reduce qual-
ity losses.

Once the produces are processed, temperature must be held at 5ºC to minimize changes 
on the quality attributes of the fresh-cut products as well as microbial spoilage.

7.4.4.2 relative Humidity and water loss control
Following temperature, relative humidity is the second factor in importance for quality 
maintenance. Shelf life and value of fruits and vegetables decreases with water loss 
because it causes appearance deterioration, tissue softening, wilting, shriveling, and 
weight loss. Such changes also affect product suitability for the fresh market and the 
fresh-cut industry, because commodity resistance and yield during processing and han-
dling deteriorate, and it is more sensible to have a shorter shelf life for the product.

Fresh produce are not solid-pack but porous materials filled with their own inter-
nal atmosphere, which has a high relative humidity. They lose water through the 
skin or abscission cuts, because of relative humidity differences between the internal 
atmosphere and that surrounding the product. Because of this, fresh produce should 
be stored under high relative humidity environments, as a complement to optimum 
storage temperature. However, storage requirements vary because water losses also 
depend on skin and other product characteristics, which make some products more 
susceptible to losses than others (Table 7.2). Díaz-Pérez et al. (2007) determined 
water loss relations with intrinsic characteristics of bell pepper, such as fruit size, 
maturity stage, cuticle thickness, natural wax over the product surface, and reported 
larger water loss through the calyx or stem scar than from the product skin, as previ-
ously reported for eggplants and tomato.

Water loss cannot be completely stopped, but it can be reduced by careful han-
dling and proper storage temperature and relative humidity conditions. Temperature 
should be as low as the product can tolerate without chilling injury symptoms 
(Table 7.1), and relative humidity should be higher than 80% for most products, and 
up to 95% to 100% for products very sensitive to water loss, such as leafy vegetables 
and strawberries. Packaging materials, produce waxing, and reduced exposure to air 
movement could also help reduce water losses.
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7.4.4.3 air Movement
Cold air is normally used for produce cooling and storage; it removes heat from the 
produce and delivers it to the evaporator of the refrigeration system. The faster the 
air passes through the produce, the quicker the product cools. However, once the 
product is cold, excess air movement favors water losses, and thus, it should be kept 
as low as possible to allow proper ventilation without major losses. Adequate pack-
age sizes and ventilations and design proper product layout in the storage rooms can 
help to control excessive exposure to air.

7.4.4.4 light
Exposure of potatoes to light favors greening during storage because of the produc-
tion of solanine and chlorophyll. Such changes are undesirable and can be avoided 
by storing in darkness. Prolonged storage of green vegetables without light could 
also discolor them. The light effect starts at the fields or greenhouses; light intensity 
also affects flavonoids, thiamine, riboflavin, carotenoids, ascorbic acid, and other 
compounds found in fruits and vegetables during growing, thus affecting their com-
position and nutritional quality (Kader 2002b).

7.4.4.5 atmosphere composition
Cells and tissues require oxygen and produce carbon dioxide during respiration. Low 
oxygen and high carbon dioxide concentration in the atmosphere surrounding the fruit 
or vegetable can be used to delay deterioration and extend shelf life. Table 7.1 shows 
recommended atmosphere composition for several commodities; however, product 
benefits and shelf-life extension can significantly vary among products and cultivars.

7.4.4.6 ethylene
Ethylene is a plant regulator that affects growth, development, ripening, and senes-
cence processes and postharvest quality (Watkins 2006). Very low concentrations of 
ethylene in the atmosphere surrounding the product can trigger ripening processes 
of climacteric fruits and undesirable reactions on some fruits and vegetables, such as 
color loss and senescence reactions. Sensibility to ethylene varies among products, 
and changes can be desirable or not, but as a general rule, very low concentrations 
of ethylene are needed to affect product quality. Controlled application of ethylene 
can be used for uniform maturation and degreening but should be avoided for long-
term storage. As a general rule, ethylene producers must always be separated from 
ethylene-sensitive products.

7.4.4.7 Handling and Processing
Mechanical damages on fruits and vegetables are caused by impact, compression, 
and shear and puncture forces applied to the product while harvesting and han-
dling it all the way to the consumer or processing industry. Such damages acceler-
ate metabolic processes and favor microbiological spoilage. Some of these damages 
symptoms can be detected only after several days of storage, during processing, or 
during subsequent storage, but they greatly affect product quality, stability, and shelf 
life. Stress caused by physical efforts during handling should be minimized in order 
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to supply raw materials suitable to resist further stress processes during fresh-cut 
processing.

Varoquaux (2002) suggested that peeling and cutting damage product cells and 
cause an increase of the membrane permeability and, probably, a reduction of phos-
pholipids biosynthesis. These events trigger the reactions of restoration of cellular 
microstructures and membrane integrity, entail the production of aldehydes of long 
carbonated chains, cause an increase in respiration rate, and lead to rapid consump-
tion of cellular metabolites and consequent deterioration. However, produce response 
to stress also depends on the type of fruit or vegetable, its stage of development or 
maturity, and environmental conditions, and thus, it can vary for a single product, 
such as kiwi for which ethylene production rise due to cutting stress can be very 
rapid, or it might take several hours (Varoquaux et al. 2002).

7.4.4.8 Field and storage Packages
The main function of packaging is to protect fresh fruits and vegetables against 
mechanical injuries, contamination, or any other damages throughout postharvest 
handling. Packages should have smooth surfaces and edges, be resistant to staking, 
have a suitable size and shape for the product, be easy to handle, allow proper ven-
tilation for cooling, and be readily available. Some packages should have water loss 
barriers or some other special requirement. Packages for fresh fruits and vegetables 
used for fresh-cut processing are used only to protect the product as it is carried from 
the fields to the processing plant, and for short-term storage prior to processing.

7.4.5 condiTioning And sTorAge Before processing

Fresh-cut products quality starts with fresh fruits and vegetables, properly handled 
during preharvest, harvest, and postharvest. The fresher the prime matter, the better 
is the final product.

Temporary storage between harvesting and processing also affects the quality 
and shelf life of fresh-cut products; in general, the longer the delay before process-
ing, the shorter the shelf life is going to be. However, because fresh-cut products are 
very perishable, lasting between 1 and 2 weeks, temporary storage of intact fruits 
and vegetables will be convenient. Tropical or template fruits, roots, or tubers, or 
other vegetables brought from distant markets could be processed at the final market, 
though some quality attributes could be partially compromised.

As for the cultivar selection, the effect of storage prior to processing should be 
studied for specific intact fruits and vegetables and their fresh-cut products.

Products to be stored prior to processing should be conditioned before storage 
or transportation to the market where they are going to be prepared, as a means to 
preserve their quality. Some common preparation operations include product selec-
tion (separation of culls), washing, classification based on quality criteria, stabilizing 
treatments such as application of growth regulators, antifungal treatments, curing, 
packaging, and cooling.

Induced fruit ripening could be useful to obtain uniform product characteristics 
prior to processing. It is generally carried out under controlled conditions of tem-
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perature, humidity, and air circulation. Ethylene generator devices yield very good 
results with banana, tomato, avocado, plantain, and other fruits.

In contrast, application of 1-methylcyclopropene (1-MCP) has been widely used 
to reduce the action of ethylene in fruits and vegetables. Several authors reported 
that color changes, tissue softening, and other changes occurring during ripening 
are substantially delayed (Schouten and Kooten 2004). 1-MCP (1-methylcyclopro-
pene) inhibits ethylene action and ripening reactions. It is applied at 20 to 25°C in 
low concentrations (2.5 nL/L to 1 µL/L) for 12 to 24 hours, but results depend on 
cultivar, development stage, time from harvest to treatment, and multiple applica-
tions. Effects vary among fruits and vegetables, including delay in respiration rate, 
ethylene production, volatile production, color changes, chlorophyll degradation, 
membrane changes, softening, acidity and sugars variation, and development of dis-
orders and diseases. It protects products from endogenous and exogenous sources 
of ethylene. Chlorophyll degradation and color changes are prevented or delayed 
in oranges, broccoli, tomato, avocado, and other green vegetables, and volatile 
development is inhibited in several apple cultivars, apricots, melons, bananas, and 
other fruits. Product softening is also delayed in fruits such as avocado, custard 
apple, mango, papaya, apple, apricots, pears, mature plums, peaches, nectarines, 
and tomato (Blankenship and Dole 2004; Watkins 2006; Manganaris et al. 2008). 
As product ripening and senescence processes are delayed or inhibited, the product 
shelf life is increased.

McArtney et al. (2008) studied preharvest applications of 1-MCP in Golden 
Delicious apples, and they were able to reduce the rate of softening of the fruit dur-
ing storage.

Storage of intact fruits and vegetables should be carried out at their optimal tem-
perature and relative humidity levels.

7.5 conclusIons

Intact and fresh-cut fruits and vegetable characteristics have an intrinsic dynamic 
behavior because they are composed of living tissues that keep changing over time 
and are influenced by environmental conditions and handling practices.

Initial quality of the intact fruits and vegetables used for fresh-cut processing will fix 
the maximum attainable quality and after-cutting shelf life of the processed product.

Temperature control and reduction of mechanical injuries of the intact produce before 
processing are key factors in maintaining their quality and suitability for processing.
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8 Treatments to Ensure 
Safety of Fresh-Cut 
Fruits and Vegetables

Maria Isabel Gil, Ana Allende, 
and Maria Victoria Selma

8.1 IntroductIon

The highest priority of fresh-cut processors is the safety of their products. Fresh-
cut products are considered “ready to eat” owing to the wash process used in their 
preparation. It is possible to reduce the numbers of pathogens on produce by washing 
produce in water, but it is not possible to eliminate human pathogens through any 
technology other than thorough cooking or irradiation. Thus it is essential to pre-
vent the presence of pathogens with produce food safety programs including Good 
Agricultural Practices (GAPs), Good Manufacturing Practices (GMPs), and Hazard 
Analysis Critical Control Point (HACCP) programs (IFPA, 2001).

8.2 wasHInG oF FresH-cut Produce

The proper washing of fresh-cut produce immediately after cutting is one of the 
most important steps in fresh-cut processing (Gil and Selma, 2006). Food safety 
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guidelines for the fresh-cut produce industry generally specify a washing or sani-
tizing step to remove dirt, pesticide residues, and microorganisms responsible for 
quality loss and decay. The washing is based on conveying the product under water 
across an upward flow of air bubbles or pressurized water into the water tank, which 
might contain a sanitizing agent. This step is also used to pre-cool cut produce and 
remove cell exudates that adhere to product cut surfaces supporting microbial growth 
or resulting in discoloration.

Washing with water alone removes only the free cellular contents that are released 
by cutting; it is ineffective in assuring fresh-cut produce safety (Allende et al., 2008a). 
Pathogens can survive for relatively long times in water, or in plant residue entrapped 
in process line equipment or biofilms, and can subsequently contaminate clean prod-
uct that passes through that water (Allende et al., 2008b; López-Gálvez et al., 2008). 
The large operational costs of water use have resulted in the industry-wide common 
practice of reusing or recirculating washwater (Luo, 2007). This causes the efficacy 
of the washing to be affected by the presence of organic matter in the water and 
allows microorganisms to survive for relatively long times in water or attached to 
plant tissue (Allende et al., 2008b). The effectiveness of the washing depends, there-
fore, on the quality of the washwater. The product should be washed and rinsed with 
processing water visually free of dust, dirt, and other debris and sanitized (Sapers, 
2003). The U.S. Food and Drug Administration (FDA) guide to minimize microbial 
food safety hazards of fresh-cut fruits and vegetables points out that adequate water 
quality is critical in a fresh-cut processing facility (FDA/CFSAN, 2008).

It is well known that fresh-cut processors usually rely on wash-water sanitizers 
to reduce initial bacterial populations in their fresh-cut products as a strategy to 
maintain their quality and extend their shelf life (Zagory, 1999). There is a concern 
that reduction in surface populations reduces competition for space and nutrients 
and could promote the growth of potential pathogenic microorganisms (Brackett, 
1992; Parish et al., 2003). Some of the researchers evaluated the sanitizer efficacy 
by determining microbial reductions at day 0 (Beuchat et al., 2004; Ukuku et al., 
2005; Allende et al., 2008c), but these differences disappear after storage. This fact 
has been supported by several authors who suggested that microbial populations of 
fresh-cut fruits and vegetables could increase most rapidly and even reach equal or 
highest numbers after treatment with antimicrobial solutions compared to water con-
trols (Beltrán et al., 2005b; Allende et al., 2007; Gómez-López et al., 2007; Stringer et 
al., 2007; Allende et al., 2008b). Some authors asserted that microbiology will affect 
overall product quality (Brackett, 1992; Marchetti et al., 1992; Lavelli et al., 2006). 
However, it has been demonstrated that neither the level of total count nor the level of 
specific spoilage microorganisms per se can directly predict the sensory quality of a 
product (Allende et al., 2008a). Many published studies support this view, as in many 
cases total bacterial numbers bear little or no relationship to product quality or shelf 
life (Bennik et al., 1998; Zagory, 1999; Gram et al., 2002). Furthermore, authors who 
initially correlated food quality and safety have demonstrated that given enough time, 
microorganisms can grow to high populations in packaged produce in the absence of 
obvious sensory defects (Brackett, 1999; Berrang et al., 1989). Therefore, the goal of 
washing is not necessarily to remove as many microorganisms as possible from the 
produce. Rather, the challenge is to ensure that the microorganisms present do not 
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create human health risk and that if harmful microorganisms should inadvertently 
be present, that environmental conditions prevent their growth. Therefore, the best 
method to eliminate pathogens from produce is to prevent contamination in the first 
place (Parish et al., 2003). It is more difficult to decontaminate produce than it is 
to avoid contamination. However, this is not always possible, and the need to wash 
and sanitize many types of produce remains of vital importance to prevent disease 
outbreaks.

8.3 wHy water dIsInFectIon Is needed

Washwater in tanks, recirculated water, or water that is reused in a spray-wash system 
can become contaminated with pathogens if contaminated product coming in from 
the field is washed in that water (Allende et al., 2008b). Disinfection is the treatment 
of process water to inactivate or destroy pathogenic bacteria, fungi, viruses, and 
other microorganisms. Water is one of the key elements in maintaining the quality 
and safety of the fresh-cut products. The goal of disinfection is to prevent the transfer 
of microorganisms from process water to produce and from a contaminated pro-
duce to another produce over time (Suslow, 2001). Even though washing can remove 
some of the surface microorganisms, it cannot remove all of them. Microorganisms 
adhere to the surface of produce and may be present in nooks and crannies where 
water and washwater disinfectants cannot penetrate (Parish et al., 2003; Sapers, 
2003). Commercial sanitizers can be very effective in eliminating free-floating or 
exposed microorganisms on produce surface. However, they are especially effective 
to disinfect, not to sanitize, produce. Clean, disinfected water is necessary to mini-
mize the potential transmission of pathogens. The risk of cross-contamination is not 
eliminated by using large quantities of water. Pathogens can be rapidly acquired and 
taken up on plant surfaces, and natural openings or wounds can serve as points of 
entry (Burnett and Beuchat, 2001). Once fruits and vegetables have been contami-
nated with bacterial pathogens or parasites, none of these methods will ensure the 
safety of the product. Disinfection of water is therefore a critical step to minimize 
the potential transmission of pathogens from water to produce and among produce 
over time (Suslow, 2001; IFPA, 2002). In fact, the fresh-cut industry continues to 
use sanitizers, in spite of their limited direct microbiological benefits on produce, to 
extend the use of washwater or confer some improvement in quality during early to 
mid-storage.

8.4 consIderatIons durInG FresH-cut Produce wasH

Three parameters have to be controlled when washing fresh-cut fruits and vege-
tables: quantity of water used (5 to 10 L/kg of product), temperature of water to 
cool the product, and concentration of the sanitizer (Yildiz, 1994). For the product 
being rinsed, water temperature must be as cold as possible, and 0ºC is the optimal 
water temperature for most products. However, when the water temperature is much 
lower than the produce temperature, the internal gas contracts, thereby creating a 
partial vacuum that will draw in water through pores, channels, or punctures and 
be sufficient to draw water into the fruit (Bartz, 1999; Sapers, 2003). Infiltration of 
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washwater into intact fruit has been demonstrated with several fruits and vegetables. 
Washwater contaminated with microorganisms, including pathogens, can infiltrate 
the intercellular spaces of produce through pores.

Water used in the washing of fresh-cut product may become a source of con-
tamination if the washwater contains human pathogens and if there is insufficient 
wash-water disinfectant present (Suslow, 2001). When the fresh-cut produce is fully 
submerged in water, for washing or as a means of cooling, they are more likely 
to have washwater infiltration into the tissues. The reason is that microorganisms, 
including human pathogens, have a greater affinity to adhere to cut surfaces than 
uncut surfaces (Seo and Frank, 1999). Growing conditions, particularly conditions 
such as soil type (sand, muck, etc.), may have a profound effect on washwater disin-
fectant efficacy as well as the potential for removal of soil particles (e.g., difficulty in 
removing sand particles from crinkly leaf spinach products). Microbial reduction on 
produce and water by disinfectant is a concentration-by-time-dependent relationship, 
and it must be remembered that human pathogens, if present on the surface, may not 
be completely eliminated by washing (Suslow, 2001).

Water quality has traditionally been addressed separately in terms of public 
health impact of waterborne pathogens and outbreaks due to contaminated water. 
Recently, however, the role of water as a contributing factor to foodborne disease 
has been explored (Mena, 2006). Water has been considered the “forgotten food, 
particularly in terms of its impact as an ingredient of a manufactured food product, 
and now water source and quality are becoming more recognized as important and 
potentially impacting components during food production and processing, particu-
larly for fresh-cut produce.

8.5  sanItIzInG treatMents For FresH-cut 
FruIts and VeGetables

Sanitizing treatments are recommended to minimize the potential for growth of 
microorganisms and contamination of fresh-cut produce. Based on scientific reports, 
the FDA elaborates guides of recommendations to minimize microbial food safety 
hazards for fresh fruits and vegetables. The guide published in 1998 defines “sani-
tize” as “to treat clean produce by a process that is effective in destroying or sub-
stantially reducing the numbers of microorganisms of public health concern” (FDA, 
1998). This guide also referred to reducing other undesirable microorganisms, with-
out adversely affecting the quality of the product or its safety for the consumer.” 
However, in the last FDA guide published in February 2008, the washing of fresh 
produce has been approached in a different way. In this new version, the guideline 
states that “washing raw agricultural commodities before any processing of the pro-
duce occurs may reduce potential surface contamination. However, washing, even 
with disinfectants, can only reduce, not eliminate, pathogens if present, as wash-
ing has little or no effect on pathogens that have been internalized in the produce.” 
Moreover, the importance of the maintenance of water quality during washing has 
attracted much attention as it is now specified that “antimicrobial chemicals, when 
used appropriately with adequate quality water, help minimize the potential for 
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microbial contamination of processing water and subsequent cross contamination of 
the product.” Many of the most recent findings about fresh-cut washing agree with 
this new approach (Allende et al., 2008b; López-Gálvez et al., 2008).

A variety of methods are used to reduce the potential for microbial contamina-
tion. Each method has distinct advantages and limitations depending upon the type 
of produce, mitigation protocol, and other variables. In the last few years, important 
information has been published concerning the efficacy of washing and sanitizing 
treatments in reducing microbial populations on fresh produce. A clear and well-
documented comparison of different sanitation methods has been compiled in the 
Food Safety Guidelines for the Fresh-Cut Produce Industry review (IFPA, 2001). 
This topic is covered in the review by Parish et al. (2003) and that of Sapers (2003). 
The efficiency of numerous chemical and physical methods for assuring the micro-
biological safety of fresh-cut produce is covered in this chapter, which includes the 
latest and most significant research findings (Table 8.1). This chapter excludes other 
treatments with lethal effects on plant tissue, such as heat treatment, freezing, dry-
ing, fermentation, or those that can be unsafe for consumers.

Traditional methods of reducing microbial populations on produce involve 
chemical and physical treatments. The control of contamination requires that these 
treatments be applied to equipment and facilities as well as to produce. Methods of 
cleaning and sanitizing produce surfaces usually involve the application of water, 
cleaning chemicals (for example, detergent), and mechanical treatment of the sur-
face by brush or spray washers, followed by rinsing with potable water (Artés and 
Allende, 2005). The efficacy of the method used to reduce microbial populations 
is usually dependent upon the type of treatment, type and physiology of the target 
microorganisms, characteristics of produce surfaces (cracks, crevices, hydrophobic 
tendency, and texture), exposure time, and concentration of cleaner/sanitizer, pH, 
and temperature (Sapers, 2001; Parish et al., 2003). Bacteria tend to concentrate 
where there are more binding sites. Attachment also might be in stomata (Seo and 
Frank, 1999), indentations, or other natural irregularities on the intact surface where 
bacteria could lodge. Bacteria also might attach at cut surfaces (Takeuchi and Frank, 
2000; Liao and Cook, 2001) or in punctures or cracks in the external surface (Burnett 
et al., 2000). Sapers (2003) described that microbial resistance to sanitizing washes 
will also depend in part on the time interval between contamination and washing.

In each country, the regulatory status of washwater disinfectants depends on 
some particular agencies. The definition of the product used to disinfect washwater 
depends on the type of product to be washed and in some cases, the location where 
the disinfectant is used (IFPA, 2002). In the United States, for instance, if the prod-
uct to be washed is a fresh-cut produce, the washwater disinfectant is regulated by 
the FDA as a secondary direct food additive, unless it may be considered Generally 
Recognized as Safe (GRAS). If the product is a raw agricultural commodity that 
is washed in a food-processing facility, such as a fresh-cut facility, both the U.S. 
Environmental Protection Agency (EPA) and FDA have regulatory jurisdiction and 
the disinfectant product must be registered as pesticides with EPA. A selected list 
of washwater disinfectants that have been approved by FDA (21 CFR 173.315; 21 
CFR 178.1010) is reported in the Food Safety Guidelines for the Fresh-Cut Produce 
Industry (IFPA, 2001).
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8.6 cHlorIne-based sanItIzers

Chlorine-based sanitizers have been extensively used to sanitize produce and sur-
faces within produce processing facilities, as well as to reduce microbial popula-
tions in water for several decades and are perhaps the most widely used sanitizers 
in the food industry (Ogawa et al., 1980; Walker and LaGrange 1991; Cherry, 1999). 
Chlorine is obtained as a gas (Cl2) or as liquid in the form of sodium (NaOCl) or 
calcium hypochlorites [Ca(OCl)2]. Generally, it is used in the 50 to 200 ppm concen-
tration range with a contact time of 1 to 2 min. The antimicrobial activity of chlo-
rine compounds depends on the amount of hypochlorous acid (HOCl) present in the 
water which depends on the pH of the water, the concentration of organic material 
in the water, and, to some extent, the temperature of the water. Above pH 7.5, very 

table 8.1
Main considerations of washwater sanitizers

sanitizers considerations

Hypochlorite The pH of the water should be kept between 6.0 and 7.5 to ensure the 
concentration of active chlorine (hypochlorous acid) is high enough.

A rinse step of produce with potable water is necessary.

Chlorine dioxide Produces fewer potentially carcinogenic chlorinated reaction products 
than chlorine, and it has greater activity at neutral pH.

Acidified sodium chlorite More soluble than sodium hypochlorite (NaOCl) in water and has 
greater oxidizing capacity than hypochlorous acid.

Organic acid formulations COD of water increases significantly after the addition of organic acid 
formulations such as Citrox and Purac.

Tsunami is a good alternative as a sanitizing agent, but it is more 
expensive than chlorine.

Alkaline-based sanitizers The high pH of alkaline washing solutions (11 to 12) and concerns 
about environmental discharge of phosphates may be limiting factors 
for use of certain alkaline compounds on produce.

Hydrogen peroxide GRAS for some food applications but has not yet been approved as an 
antimicrobial wash-agent for produce.

Lactoperoxidase technology The active molecule with disinfectant activity is hypothiocyanite, which 
does not remain in the finished product because it has very short life 
duration.

Ozone A good option for washwater disinfection, reducing the need for water 
replacement, but it is not a substitute for the washing tank sanitizer.

UV-C illumination Its efficacy as a washwater disinfectant is significantly impacted by 
turbidity.

Advanced oxidation 
processes

They are effective reducing microorganisms, chemical oxygen demand, 
and turbidity of water from the fresh-cut industry.

Water could be reused for a longer time, but it is not a substitute for the 
washing tank sanitizer.

High pressure, pulsed 
electric field, oscillating 
magnetic fields

With the high capital expenditure together with the expensive process of 
optimization and water treatment, it is unlikely that the fresh produce 
industry would take up these technologies.
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little chlorine occurs as active hypochlorous acid (HOCl), but rather more as inactive 
hypochlorite (OCl–). If the concentration of active chlorine (hypochlorous acid) is 
not high enough, it was not effective as a disinfectant. Therefore, the pH of the water 
should be kept between 6.0 and 7.5 to ensure chlorine activity (Sapers, 2001). In con-
trast, if the water pH gets below 6.0, chlorine gas may be formed which is a health 
hazard for employees. Chlorine will not confer any benefits if the washwater is not 
kept relatively free of organic matter, or if the chlorine is not allowed to contact the 
product for a long enough time. The concentration of available chlorine determines 
the oxidizing potential of the solution and its disinfecting power. Although minimum 
concentrations of available chlorine (1 ppm) are required to inactivate microorganisms 
in clean water, higher concentrations are commonly used for most commodities.

Chlorination systems must be properly monitored and operated to ensure food 
safety (Suslow, 2001). The chlorine concentration and pH of chlorinated process 
water should be checked frequently using test paper strips, colorimetric kits, or elec-
tronic sensors. ORP or REDOX measured by electrical conductivity across a pair of 
electrodes is a method used to determine chlorine concentration, particularly appli-
cable to water used in dump tanks or for cleaning or cooling purposes (Suslow, 2004). 
Some automated cooling systems monitor the oxidation reduction potential (ORP) 
of process water using probes that measure activity in millivolts (mV). The rela-
tionships between ORP, contact time, and microbial inactivation for chlorine-based 
oxidizers are used to establish the setting for the system. For example, an ORP set 
point of 600 to 650 mV is commonly used. There are readily available commercial 
systems for in-line monitoring and application of chlorine to maintain water cleanli-
ness and to monitor periodically the concentration of hypochlorous acid (Adeskaveg, 
1995). Colorimetric test kits are commonly used and are the most accurate for rou-
tine evaluations. For postharvest use, however, inaccurate measurements can result 
due to other salts dissolved in the water from organic and soil particles washed off 
of the commodity. Therefore, ORP is often used as a more accurate guide to detect 
sudden changes in conductivity that may influence free chlorine concentration.

Chlorine may incompletely oxidize organic materials to produce undesirable 
byproducts in process water, such as chloroform or other trihalomethanes, which are 
known or suspected of being carcinogenic (Chang et al., 1988; Parish et al., 2003). 
Furthermore, concerns about their impacts on human and environmental safety have 
also been raised in recent years. For this reason, its use for treatment of minimally 
processed vegetables is banned in several European countries, including Germany, 
The Netherlands, Switzerland, and Belgium (Artés and Allende, 2005). Also, some 
restrictions in the use of chlorine are implemented in other countries. Therefore, 
other alternatives to chlorine or improvements of chlorine-based sanitizers have 
been investigated. From the U.S. government regulatory perspective, the benefits of 
proper chlorination as a primary tool for sanitation outweigh concern for the poten-
tial presence of these by-products.

Chlorine dioxide (ClO2) is more effective against many classes of microorganisms 
at lower concentrations than free chlorine. Its major advantages over HOCl include 
reduced reactivity with organic matter and greater activity at neutral pH. Therefore, 
it produces fewer potentially carcinogenic chlorinated reaction products than chlo-
rine (Tsai et al., 1995; Rittman, 1997), although its oxidizing power is reported as 2.5 



218 Advances in Fresh-Cut Fruits and Vegetables Processing

times higher than that of chlorine (Apel, 1993; White, 1992). However, stability of 
chlorine dioxide may be a problem (White, 1992; Parish et al., 2003). Also, chlorine 
dioxide generation systems are generally more expensive than that of hypochlorite, 
as they require on-site generation, specialized worker safety programs, as well as 
close injection systems for containment of concentrate leakage and volatilization 
fumes. However, stabilized liquid formulations, which are cheaper and easier to use, 
are now available (Tecsa®Clor, Protecsa S.A.; ProMinent Gugal S.A.).

Acidified sodium chlorite is a highly effective antimicrobial produced by lower-
ing the pH (2.5 to 3.2) of a solution of sodium chlorite (NaClO2) with any GRAS acid 
(Warf, 2001). Reactive intermediates of this compound are highly oxidative with 
broad-spectrum germicidal activity (Allende et al., 2008c, 2008d). Currently, acidi-
fied sodium chlorite is commercially supplied as a combination of citric acid and 
sodium chlorite and is known as Sanova (Ecolab®). This chemical combination pro-
duces active chlorine dioxide (ClO2) that is more soluble than sodium hypochlorite 
(NaOCl) in water and has about 2.5 times greater oxidizing capacity than hypochlo-
rous acid (HOCl) (Inatsu et al., 2005). Acidified sodium chlorite has been approved 
for use on certain raw fruits and vegetables as either a spray or dip in the range of 0.5 
to 1.2 g L–1 followed by a potable water rinse (21CFR173.325). Recent studies have 
demonstrated its efficacy reducing total viable and E. coli counts of fresh-cut lettuce, 
escarole, cilantro, and carrots, which is similar to that of chlorine and even higher 
(González et al., 2005; Allende et al., 2008a, 2008c, 2008d).

Electrolyzed oxidizing (EO) water is a special case of chlorination where a dilute 
salt solution (1% NaCl) is passed through an electrochemical cell where the anode 
and cathode are separated by a diaphragm (Guentzel et al., 2008). In this case, the 
concentration of available chlorine is between 10 and 100 ppm, and it has a high 
oxidation potential between 1000 and 1150 mv (Sapers, 2003). During the process, 
there is a conversion of chloride ions and water molecules into chlorine oxidants such 
as Cl2 and HOCl/ClO–. Research studies have demonstrated the efficacy of EO water 
as an antimicrobial decontamination agent for use in food preparation and water 
purification (Park et al., 2004; Buck et al., 2003; Izumi, 1999).

8.7 otHer cHeMIcal sanItIzers

Acidification of low-acid products may act to prevent microbial proliferation because 
many pathogens generally cannot grow at pH values below 4.5 (Parish et al., 2003). 
Most of the fruits naturally possess significant concentrations of organic acids such 
as acetic, benzoic, citric, malic, sorbic, succinic, and tartaric acids which negatively 
affect the viability of contaminating bacteria. Other fruits such as melons and papa-
yas as well as the majority of vegetables contain lower concentrations of organic 
acids, and pH values above 5.0 do not suppress the growth of pathogenic bacterial 
contaminants. Organic acids, in particular, vinegar and lemon juice have potential 
as inexpensive, simple household sanitizers; however, it is not clear whether organic 
treatments would produce off-flavors in treated produce (González et al., 2005).

Organic acid formulation such as Citrox®, containing phenolic compounds as 
the active ingredient (Citrox Limited, Middlesbrough, UK) and Purac® (PURAC 
Bioquímica, Spain), made of lactic acid, are commercially available for use as 
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washwater and produce disinfectants. The manufacter’s recommendations for pro-
duce treatment are concentrations of 5 ml L–1 applied for 5 min in the case of Citrox 
and 20 ml L–1 for 3 min for Purac. They are as effective as chlorine, catallix system, 
and Sanova for initial sanitation of leafy fresh-cut produce such as fresh-cut esca-
role and lettuce (Allende et al., 2008a). However, Citrox and Purac are not effective 
in reducing the E. coli population in washwater even at the highest manufacturer’s 
recommended doses. Moreover, chemical oxygen demand (COD) of washwater 
increases significantly after the addition of both sanitizers and did not prevent trans-
fer of E. coli cells between inoculated and uninoculated fresh-cut lettuce and, there-
fore, did not prevent cross-contamination (López-Gálvez et al., 2008).

Other organic acid formulations, such as peroxyacetic acid (CH3CO3H), which 
is actually an equilibrium mixture of the peroxy compound, hydrogen peroxide, 
and acetic acid (Ecolab, 1997; Sapers, 2003) are commercially available for use as 
wash-water disinfectants (Tsunami™ Ecolab, Mendota Heights, MN). It is a color-
less liquid with an acrid odor. Peroxyacetic acid is active over a broad pH range and 
is less sensitive to organic matter than sodium hypochlorite. The high antimicrobial 
properties of peroxyacetic acid are well known (Block, 1991). This agent is rec-
ommended for use in treating process water, but one of the major suppliers is also 
claiming substantial reductions in microbial populations on produce surface (Sapers, 
2003). However, after application of peroxyacetic acid for disinfection, produce must 
be rinsed with potable water. Peroxyacetic acid is approved for addition to washwa-
ter (21CFR173.315). It decomposes into acetic acid, water, and oxygen, all harmless 
residuals. It is a strong oxidizing agent and can be hazardous to handle at high con-
centrations but not at strengths marketed to the produce industry. Peroxyacetic acid 
is also recommended as water disinfection agents preventing E. coli cross-contami-
nation of produce during processing (López-Gálvez et al., 2008).

Various high pH cleaners containing sodium hydroxide, potassium hydroxide, 
sodium bicarbonate, and sodium orthophenylphenate (with or without surfactants) 
have also been effective for microbial inactivation (Pao et al., 2000). High pH waxes 
used on fresh market citrus have shown antimicrobial activity when applied on 
orange fruit surfaces (Pao et al., 1999). Among alkaline-based sanitizers, trisodium 
phosphate (TSP) has been shown to be effective as a wash to decontaminate and 
reduce Salmonella risk in tomatoes (Zhuang and Beuchat, 1996) and apples (Sapers 
et al., 1999; Liao and Sapers, 2000). However, resistance of Listeria monocytogenes 
to TSP have also been reported (Zhang and Farber, 1996). Experimental applications 
for disinfection of fresh and fresh-cut produce have employed concentrations from 
2% to 15% during 15 s to 5 min (Zhuang and Beuchat, 1996; Liao and Sapers, 2000; 
Sapers, 2003). Trisodium phosphate is classified as GRAS (21CFR182.1778) when 
used in accordance with GMPs (Sapers, 2003). However, the high pH of typical alka-
line wash solutions (11 to 12) and concerns about environmental discharge of phos-
phates may be limiting factors for use of certain alkaline compounds on produce.

Hydrogen peroxide (H2O2) is GRAS for some food applications (21CFR184.1366) 
but has not yet been approved as an antimicrobial wash-agent for produce. It pro-
duces no residue because it is broken down to water and oxygen by catalase (Sapers, 
2003). Solutions of 5% H2O2 alone or combined with commercial surfactants can 
achieve substantially higher log reductions for inoculated apples than 200 ppm 
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chlorine (Sapers et al., 1999). Treatment by dipping in H2O2 solution reduced micro-
bial populations on fresh-cut produce without altering sensory characteristics. H2O2 
vapor treatments have been used to inhibit postharvest decay in some fruits and veg-
etables (Ukuku and Sapers, 2001; Ukuku et al., 2001). However, H2O2 is phytotoxic 
to some commodities, causing browning in lettuce and mushrooms and anthocyanin 
bleaching in raspberries and strawberries (Sapers and Simmons, 1998).

The H2O2 plus the sodium thiocyanate generates hypothiocyanite (OSCN–) in the 
presence of peroxidise. This technology is named the lactoperoxidase (LPS) tech-
nology, and its commercial name is Catallix®. The active molecule with disinfectant 
activity is OSCN–. The OSCN– molecule does not remain in the finished product 
because it has very short life duration. It is only recently that Catallix has been tar-
geted at food processing, and especially for fresh-cuts (Allende et al., 2008a). In the 
past, the use has been investigated but always proved to be too expensive compared to 
chlorine. Due to the innovative approach of the LPS technology, the overall costs are 
similar. Catallix is approved for use on fresh-cut products as a processing aid. It has 
been found that Catallix is as effective as chlorine, Tsunami, Purac, and Sanova for 
initial sanitation of leafy fresh-cut produce such as escarole and lettuce (Allende et 
al., 2008a). However, as observed for peroxyacetic acid, the use of Catallix increases 
the COD of washwater.

Ozonated water and gaseous ozone (O3) are applied to fresh-cut vegetables for san-
itation purposes, reducing microbial populations, preventing browning, and extend-
ing the shelf life of some of these products (Beltrán et al., 2005a, 2005b; Selma et al., 
2006, 2007, 2008c, 2008d). Ozone is also effective for reducing microbial flora of 
fresh-cut onion, escarole, carrot, and spinach washwaters collected from the industry 
(Selma et al., 2008b). Ozone is reported to have 1.5 times the oxidizing potential of 
chlorine and 3,000 times the potential of hypochlorous acid. It decomposes spon-
taneously during water treatment via a series of complex reaction mechanisms that 
involve the generation of hydroxyl free radicals (•OH) (Hoigné and Bader, 1983a, 
1983b; Glaze, 1987). The •OH radicals are the principal reactive oxidizing agents 
in water and are highly active in the inactivation of bacteria and virus (Vorontsov 
et al., 1997; Kim et al., 2003; Selma et al., 2006, 2007). When O3 breaks down, it 
forms oxygen, and it has not been identified as creating undesirable disinfection 
byproducts, such as trihalomethanes. However, O3 may indirectly form them if halo-
gens are present in the washwater. Ozone was approved in 2001 by the FDA for use 
under GMP, as an antimicrobial agent for the treatment of raw and fresh-cut fruits 
and vegetables, in gas and aqueous phases (Graham, 1997; Xu, 1999). Typical O3 use 
rates for disinfection of postharvest water are 0.5 to 4 ppm and 0.1 ppm for flume 
water (Strasser, 1998; IFPA, 2002). Ozone is not generally affected by pH within a 
range of 6 to 8, but its decomposition increases with high pH especially above pH 8. 
Disinfection, however, may still occur at a high pH because the biocidal activity of 
the compound is relatively rapid (White, 1992). Ozone treatments have been shown 
to be effective, reducing COD and turbidity of water from the fresh-cut industry 
(Selma et al., 2008b). An often-cited disadvantage of using O3 as a disinfectant is 
its high instability, making it difficult to predict how O3 reacts in the presence of 
organic matter (Cho et al., 2003). As a consequence, the high antimicrobial efficacy 
of O3 treatments demonstrated in potable tap water is lower in the case of vegetable 



Treatments to Ensure Safety of Fresh-Cut Fruits and Vegetables 221

washwaters from the fresh-cut industry, as the influence of physicochemical charac-
teristics (mainly turbidity and organic matter) of the water affects the effectiveness 
of the treatments (Bryant et al., 1992; Selma et al., 2006, 2007, 2008b). Treatment 
cost of an O3 system could be critical for its acceptability and implementation in 
the food industry. However, recent improvements in this technology, through the 
generation of smaller bubbles by dissolved O3 flotation technique, benefit the O3 
generation process by increasing the effectiveness of O3, as well as reducing power 
consumption and related operating costs (Lee et al., 2008). Therefore, O3 technology 
is a good option for the wash-water disinfection for the fresh-cut industry, because it 
will reduce the need for water replacement and for high sanitizer concentration such 
as chlorine during vegetable washing.

8.8 PHysIcal treatMents

Other alternatives to chemicals for disinfection of recycled or recirculating process 
water and fruit and vegetable sanitization are physical treatments, such as ultravio-
let (UV) illumination (Allende et al., 2006; Selma et al., 2008b). In fact, the most 
energetic fraction of the UV spectra, corresponding to the UV-C range (200 to 290 
nm), is used as an antibacterial agent in water and air treatments, allowing effective 
disinfection rates using germicidal lamps (254 nm) (Chang et al., 1985). The inacti-
vation of microorganisms as a result of UV radiation is almost entirely attributable to 
photobiochemical reactions that are induced within the microorganisms. Microbial 
inactivation is directly related to the UV energy dose received by the microorganism 
and is measured in joules per square meter (J/m2) (Lucht et al., 1998). UV technol-
ogy has been FDA approved (21CFR179.39) for use as a disinfectant to treat food 
as long as the proper wavelength of energy is maintained (200 to 300 nm). Many 
UV light systems are available for water sterilization. UV light systems do not leave 
any chemical residues and they are not affected by water chemistry, but their effi-
cacy as washwater disinfectant is significantly impacted by turbidity and so requires 
clear water to be effective. In fact, the effectiveness of UV-C in disinfection depends 
on the presence of particle-associated microorganisms, which may have a negative 
impact on the disinfection process, because UV cannot penetrate particles by trans-
mission through solid material. Therefore, turbidity, suspended solids, and absorbing 
compounds interfere in UV efficacy on water disinfection (Selma et al., 2008b). As 
a consequence, filtration should be used as a pretreatment to reduce the total number 
of particles. Moreover, in contrast with O3, turbidity is not significantly reduced by 
UV-C treatment (Selma et al., 2008b).

Other physical technologies such as high pressure, pulsed electric field, pulsed 
light, oscillating magnetic fields, and ultrasound treatments, have been investigated 
to reduce or eliminate microorganisms (FDA/CFSAN, 2000). The effects of mod-
erate thermal and pulsed electric field treatments on textural properties of carrots, 
potatoes, broccoli, and apples have been investigated (Lebovka et al., 2004; Stringer 
et al., 2007), but there are no findings suggesting their use in controlling microor-
ganisms on fresh products. Because of the high capital expenditure together with the 
expensive process of optimization and water treatment, it is unlikely that the fresh 
produce industry would take up these technologies. Furthermore, the additional 
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1 log reduction achieved by applying ultrasound to a chlorinated water wash does 
not eliminate the risk of pathogens on fresh produce (Seymour et al., 2002).

8.9 coMbIned MetHods and Hurdles

The concept of using multiple intervention methods is analogous to hurdle technology 
where two or more preservation technologies are used to prevent growth of micro-
organisms in or on foods (Leistner, 1994). It would be expected that combinations 
of sanitizers and other intervention methods, such as heat or irradiation, would have 
additive, synergistic, or antagonistic interactions (Allende et al., 2006). For instance, 
chlorine–ozone combinations may have beneficial effects on the shelf life and qual-
ity of lettuce salads, as well as on the water used for rinsing or cleaning the lettuce 
(García et al., 2003; Baur et al., 2004). Adding approved surfactants to process water 
reduces water surface tension and may increase the effectiveness of sanitizers.

Advanced oxidation processes (AOPs) represent the newest development in sani-
tizing technology, and two or more oxidants are used simultaneously. The result is 
the on-site total destruction of even refractory organics without the generation of 
sludge or residues. This technology is being widely applied to treat contaminated 
groundwaters, to purify and disinfect drinking waters and process waters, and to 
destroy trace organics in industrial effluents. The most common process used to gen-
erate •OH is through the use of combined catalytic oxidants such as ozone-ultraviolet 
(O3-UV), hydrogen peroxide-ultraviolet (H2O2-UV), and hydrogen peroxide-ozone 
(H2O2-O3) (Gottschalk et al., 2000). Although these processes can produce •OH, the 
O3-UV combination provides the maximum yield of •OH per oxidant (Gottschalk 
et al., 2000). For this reason, the O3-UV process has been attracting increasing 
research interest (Teo et al., 2002; Beltrán et al., 2005a; Selma et al., 2006, 2007). 
The O3-UV process has also been applied to fresh-cut vegetables for sanitation pur-
poses, reducing microbial populations, preventing browning, and extending the shelf 
life of some of these products (Beltrán et al., 2005a, 2005b; Selma et al., 2006, 
2007). Furthermore, the O3-UV combination is an effective disinfection treatment 
on vegetable washwater collected from the industry, achieving microbial reductions 
of 6.6 log CFU/ml (Selma et al., 2008b). Also, O3-UV treatments have been shown 
to be effective at reducing COD and turbidity of water from the fresh-cut industry 
(Selma et al., 2008b). Therefore, water quality can remain constant for longer periods 
and could, therefore, be reused.

Heterogeneous photocatalysis is also considered an AOP that uses UV-C illumi-
nation and titanium dioxide (TiO2-UV) (Fujishima and Honda, 1972). All the reac-
tions occur at nanometric scale on the pure silica fiber surface that fixes the titanium 
dioxide activated by a special lamp. Electron-hole pairs are generated on the TiO2 
photocatalyst surface by UV illumination and photon absorption, promoting the 
formation of hydroxyl radicals (•OH) through a reductive pathway. The •OH have 
far more oxidizing power than O3, H2O2, hypochlorous acid, and chlorine (Suslow, 
2001) and they have been described to inactivate bacteria and virus (Vorontsov et 
al., 1997; Srinivasan and Somasundaram, 2003). The heterogeneous photocatalytic 
technology has been proposed as one of the best disinfection tools for water appli-
cations, because contaminant disinfection by-products or malodorous halogenated 
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compounds derived from the secondary chloramines reaction with the organic mat-
ter are not incorporated in the water. It acts on virus, bacteria, seaweed, and other 
species, standing out in its effectiveness against the Legionella. Heterogeneous pho-
tocatalysis is an effective disinfection technology on vegetable washwaters, reduc-
ing microbial counts, including bacteria, molds, and yeasts (Selma et al., 2008a). 
TiO2-UV resulted in being as effective as the O3-UV treatment method for micro-
bial inactivation of vegetable washwater from the fresh-cut produce industry (Selma 
et al., 2008a). Heterogeneous photocatalytic systems are also effective in reducing 
water turbidity, although COD was unaffected after the treatments (Selma et al., 
2008a). In contrast with O3 and O3-UV equipment, photocatalytic systems are easy 
to install and maintain and do not require special precautions because there is no risk 
for the users. However, commercial photocatalytic systems are able to treat water 
but not foodstuffs. Another disadvantage of using this technology as a disinfection 
technique is that water turbidity can negatively affect the photocatalytic inactivation 
(Kim et al., 2003). As a consequence, filtration should be used as a pretreatment to 
reduce the total number of particles.

8.10 conclusIons

Proper washing of fresh-cut produce immediately after cutting is one of the most 
important steps in fresh-cut processing, but its effectiveness depends on the quality 
of the washwater. Sanitizers, despite their limited direct microbiological benefits 
on produce, are necessary in vegetable washwater to minimize the risk of cross-
contamination from water to produce and among produce over time.

8.11 reMarks

Ensure that water used to wash produce after cutting is of sufficient micro-•	
bial and physicochemical quality.
Ensure that sufficient but not excessive concentrations of approved water •	
disinfectant are present in produce washwater to reduce the potential for 
cross-contamination. Thus, monitor the disinfectant level in the water at a 
frequency sufficient to ensure that it is of appropriate microbial quality for 
its intended use.
Evaluate water quality variables such as pH, organic load, turbidity, soil, and •	
sanitizer concentration to ensure that the wash-water disinfectant of choice is 
effective in reducing the potential for water-to-produce cross-contamination.
Minimize use for fresh-cut production of fruits and vegetables that have •	
visible signs of decay due to the possible increased risk of the presence of 
human pathogens associated with decay or damage.
Evaluate process design to accommodate raw product variability (e.g., vari-•	
ations in soil and weather conditions) that may affect wash-water efficacy. 
For example, evaluate specific product wash-water disinfectant demand, 
monitor product-to-water volume ratio, assess use of filtration systems to 
remove sand or soil from water during processing, or assess when water 
should be changed or added.
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8.12 Future trends

Among sanitizers, ease of use and relative low cost mean that chlorine-based 
agents are still the best alternatives as disinfection agents able to prevent patho-
gen cross-contamination of produce during washing. However, hyperchlorination 
(use of high levels of chlorine) of wastewater with high organic matter content may 
have potentially negative effects on product sensory quality, the environment, and 
human health. Thus, lower doses of chlorine-based agents could be used in fresh-cut 
produce washing without losing efficacy, reducing the risk of chlorine byproducts. 
Additionally, the implementation of a proper wastewater treatment able to remove 
undesirable physical, chemical, and microbiological components, such as AOPs, 
should be selected with the goal of minimizing the effective dose to reduce safety 
hazards, especially in the fresh and fresh-cut industry where water reuse practices 
are used. The use of a good wastewater treatment combined with the addition of 
enough sanitizer to maintain residual antimicrobial activity represents the best bar-
rier to keep the quality of the water and to eliminate microorganisms before they 
attach to the produce.
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9.1 IntroductIon

Fresh-cut fruits and vegetables are highly perishable products due to their intrinsic 
characteristics and minimal processing. Microbial growth, sensorial attributes decay, 
and loss of nutrients are among the major causes that compromise quality and safety 
of fresh-cut produce (Ayala-Zavala et al., 2008a). These drawbacks are caused by the 
steps involved in minimal processing, like peeling and cutting, which promote an 
increment in the metabolic rate, enzymatic reactions, and released juice (Rapisarda 
et al., 2006). Chemical synthetic additives can reduce decay rate, but consumers are 
concerned about chemical residues in the product, which could affect their health 
and cause environmental pollution (White and McFadden, 2008), thereby giving 
rise to the need to develop alternative methods for controlling fresh-cut fruit decay. 
One of the major emerging technologies for the control of postharvest diseases is the 
application of natural additives.

In recent years, the interest in natural antimicrobial compounds has increased, 
and numerous studies on the antimicrobial activity of a wide range of natural com-
pounds have been reported (Ayala-Zavala et al., 2008b). Many pathogenic micro-
organisms that can be the cause of foodborne diseases and fresh food decay can be 
inhibited using natural compounds (Fisher and Phillips, 2008). Among these, several 
essential oils, alcohols, organic acids, and aromatic compounds have found to be 
biologically active against postharvest diseases.

The main reason for promoting the application of natural products in fresh fruits 
and vegetables is the consumer’s demand for natural and organic methods to preserve 
foods. There is an increasing number of consumers choosing convenient and ready-
to-use fruits and vegetables with a fresh-like quality, containing only natural ingre-
dients (Roller and Lusengo, 1997). Different studies have been focused on improving 
the efficiency of natural compounds as emerging technologies to preserve fresh-
cut fruit safety and quality (Ayala-Zavala et al., 2008a, 2008b, 2008c). However, 
regulatory actions on the use of natural alternative additives are still being analyzed. 
Demands from increasingly mistrustful consumers have led to numerous legislation 
reviews, which are expected to result in well-planned laws regarding regulations on 
natural food additives.

9.2  lIMItInG Factors tHat aFFect QualIty and enHance 
decay oF FresH-cut FruIts and VeGetables

Decay can seriously limit the shelf life of fresh-cut fruits and vegetables. During 
processing and storage, decay and loss of quality can be observed in most of the 
fresh produce (Busta et al., 2003). The main attributes that affect quality of fresh 
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produce are loss of sensory acceptability and microbial load, which could be 
avoided using different additives (Bett-Garber et al., 2003). The next section cov-
ers the relevance of sensory and microbiological attributes limiting shelf life of 
fresh-cut produce.

9.2.1 suscepTiBiLiTy of fresh-cuT fruiT To microBiAL ATTAck

On the basis of nutrient content, fruits and vegetables can be a good source of 
nutrients for bacteria, yeast, and mold growth (Ayala-Zavala et al., 2008a). The 
microecology of fresh produce is especially important to consider, because these 
produce can change the microenvironment through their metabolic activity. 
Natural microbial flora may have about 104 to 105 colony-forming units per gram 
(CFU/g) (Busta et al., 2003). The commonly encountered microflora of fruits and 
vegetables are Pseudomonas spp., Erwinia herbicola, Enterobacter agglomerans, 
lactic acid bacteria, and molds and yeasts (Busta et al., 2003). Although this micro-
flora is largely responsible for the spoilage of fresh produce, it can vary greatly for 
each product, depending on the medium’s pH, nutrient availability, water activity, 
storage conditions, among other factors. Temperature can play an important role 
in determining the outcome of the final microflora found in refrigerated fruits 
and vegetables (Gonzalez-Aguilar et al., 2004). The humidity at which fruits and 
vegetables are stored can also affect microbial development: Low humidity will 
discourage bacteria from growing on the surface of fruits and vegetables (Ayala-
Zavala et al., 2008a).

9.2.2  fruiT composiTion is reLATed To The rATe 
of deTeriorATion processes

The fact that fresh-cut fruits are complex and active systems in which microbio-
logical, enzymatic, and physicochemical reactions are simultaneously taking place 
makes the deterioration processes faster in them than in whole fruits (Artés et al., 
2007). Fresh-cut fruit deterioration is dependent on the understanding of these 
reactions and their respective mechanisms. Fruit composition involves different 
compounds that will affect the shelf life of the product. Key factors include mois-
ture (water activity), sugar, acid content, and pH (Brecht, 2006). Water activity 
(aw) is directly related to the relative humidity (RH) equilibrium of a given food 
and describes the degree at which water is “bound” in the system, controlling its 
availability to act as a solvent and participating in chemical/biochemical reac-
tions and growth of microorganisms (Ayala-Zavala et al., 2008a). Fungi are the 
most important microorganisms causing postharvest wastage of fresh-cut fruit, 
where the relatively acid conditions tend to suppress bacterial growth (Frazier and 
Westhoff, 1993). However, in vegetables, bacterial infections are more common 
due to their high pH. Bacteria are also important as agents of both spoilage and 
foodborne diseases. These important properties can be used to predict the stability 
and safety of food with respect to microbial growth, rates of deteriorative reac-
tions, and chemical and physical properties.
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9.2.3 how is sensoriAL AppeAL AffecTed By decAy?

Sensorial appeal of fresh-cut fruits and vegetables by consumers is a major factor 
in the purchase decision (Toivonen and Brummell, 2008). The most important sen-
sory attributes of fresh-cut produce include appearance, color, texture, flavor, and 
aroma. Color affects consumer acceptance of fresh fruits and vegetables (Gonzalez-
Aguilar et al., 2000). Another aspect is the deterioration of texture. The texture of 
fruits and vegetables is often interpreted in terms of firmness, crispness, juiciness, 
and toughness (attributed by the fibrousness of plant tissue), where firm or crispy tis-
sues are generally desired in fresh produce (Toivonen and Brummell, 2008). Flavor 
and aroma are often the major indicators of shelf life from the consumer’s point of 
view (Beaulieu and Lea, 2003). However, it has to be pointed out that after minimal 
processing and storage of fresh-cut fruit, deterioration occurs, compromising senso-
rial appeal.

Fresh-cut fruit and vegetables are living tissues constituted by metabolic active 
cells; however, during peeling and cutting, cells are disrupted, and the interactions 
between substrates and enzymes are favored, enhancing sensorial decay (Toivonen 
and Brummell, 2008). Browning reactions have generally been assumed to be a 
direct consequence of polyphenol oxidase (PPO) action on polyphenols (Gonzalez-
Aguilar et al., 2005), although some have attributed at least a partial role to the action 
of phenol peroxidase (POD) on polyphenols (Toivonen and Brummell, 2008). Slicing 
operations also result in dramatic losses in firmness of fruit tissues. Pectinolytic 
and proteolytic enzymes exuding from bruised cells may diffuse into inner tissues 
(Karakurt and Huber, 2003). Following processing of fresh-cut produce, the two 
primary mechanisms of flavor loss are metabolic and diffusional (Forney, 2008). 
Metabolic changes in flavor are the result of the synthesis or catabolism of either fla-
vor compounds or compounds responsible for off-flavors. These metabolic processes 
are dependent on product physiology, which is influenced by maturity and a variety 
of environmental factors.

Fresh-cut products are wounded tissues, and consequently they deteriorate more 
rapidly and their physiology differs from that of intact fruit and vegetables. The vari-
ous processes of peeling, coring, and chopping, slicing, dicing, or shredding cause 
cell injury, releasing its content at the sites of wounding. Subcellular compartmen-
talization is disrupted at the cut surfaces, and the mixing of substrates and enzymes, 
which are normally separated, can initiate reactions that do not occur typically. 
Therefore, preservative technologies are needed to maintain quality and safety of 
fresh-cut produce.

9.3  conVentIonal addItIVes aPPlIed to 
FresH-cut FruIts and VeGetables

Many of the treatments and storage conditions applied to fresh-cuts are designed to 
ameliorate the initial effects of wounding and wounding-induced responses. Several 
additive compounds are being applied to minimize or reduce fresh-cut produce 
decay, and others represent an alternative to use in the fresh-cut industry. They range 
from appropriate sanitizers, antioxidants, and texturizers.
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9.3.1 sAniTizers

Sanitizers are chemicals that may be used to reduce microorganisms from the sur-
faces of whole and cut produce, because fresh produce can be a vehicle of viruses, 
parasites, spoilage bacteria, molds, and yeast, as well as occasional pathogenic bac-
teria (Artés et al., 2007).

“Methods to reduce/eliminate pathogens from fresh and fresh-cut produce” sum-
marizes the uses of several sanitizers: chlorine (hypochlorite), chlorine dioxide, and 
acidified sodium chlorite, bromine, iodine, quaternary ammonium compounds, acidic 
compounds, alkaline compounds (phosphates), and hydrogen peroxide. Some examples 
of the use of sanitizers for fresh-cut fruits are discussed here (Parish et al., 2003).

9.3.1.1 chlorine
Chlorine has been used for sanitation purposes in food processing for several decades 
and is perhaps the most widely used sanitizer in the food industry (Artés et al., 2007). 
Chemicals that are chlorine based are often used to sanitize produce and surfaces 
within produce processing facilities, as well as to reduce microbial populations in 
water used during whole fruit sanitation, cleaning and packing operations, and for 
fresh-cut fruits and vegetables disinfection (Artés et al., 2007). At the foodservice, 
chlorine remains a convenient and inexpensive sanitizer for use against many food-
borne pathogens. The most common forms of free chlorine include liquid chlorine 
and hypochlorite, although other chlorine forms are commercially available, like 
chlorine dioxide and acidified sodium chlorite. Liquid chlorine and hypochlorite are 
generally used in the 50 to 200 ppm concentration range with a contact time of 1 to 
2 min to sanitize produce surfaces and processing equipment. Hypochlorous acid 
(HOCl) is the form of free available chlorine that has the highest bactericidal activ-
ity against a broad range of microorganisms. In aqueous solutions, the equilibrium 
between hypochlorous acid (HOCl) and the hypochlorite ion (OCl–) is pH dependent 
with the concentration of HOCl increasing as pH decreases. Typically, pH values 
between 6.0 and 7.5 are used in sanitizer solutions to minimize corrosion of equip-
ment while yielding acceptable chlorine efficacy. Maximum solubility in water is 
observed near 4°C; however, it has been suggested that the temperature of processing 
water should be maintained at least 10°C higher than that of produce items in order 
to reduce the possibility of microbial infiltration caused by a temperature-generated 
pressure differential. The opportunity for infiltration of microorganisms is also min-
imized when the sanitary condition of the water is maintained.

Various studies have reported the efficacy to a different extent of chlorine sanita-
tion on fruit inoculated with different pathogens. Chlorine sanitation (200 to 250 
ppm Cl2) inhibited 1.74 log10 CFU of Escherichia coli on inoculated apples (Sapers et 
al., 2002). Chlorine and nisin-EDTA (ethylene diamine tetra acetic acid) treatments 
inhibited 1.86 log10 CFU of gram (–) bacteria on fresh-cut cantaloupes (Ukuku and 
Fett, 2002). Moreover, in another study, where chlorine (>200 ppm) was utilized to 
reduce Salmonella and E. coli O157:H7, the reduction was of 2.3 log10 CFU/cm2 in 
apples, tomatoes, and lettuces (Parish et al., 2003). A more effective sanitation pro-
cess was achieved using chlorine to reduce Salmonella on inoculated apples, with an 
inhibition of 3.2 log10 CFU/g (Parnell and Harris, 2003).
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Because chlorine reacts with organic matter, components leaching from tissues of 
cut produce surfaces may neutralize some of the chlorine before it reaches microbial 
cells, thereby reducing its effectiveness. Additionally, crevices, cracks, and small 
fissures in produce, along with the hydrophobic nature of the waxy cuticle on the 
surface of many fruit and vegetables, may prevent chlorine and other sanitizers from 
reaching the microorganisms. Surfactants, detergents, and solvents, alone or coupled 
with physical manipulation such as brushing, may be used to reduce hydrophobicity 
or to remove part of the wax to increase exposure of microorganisms to sanitizers.

Safety concerns about the production of chlorinated organic compounds, such as 
trihalomethanes, and their impact on human and environmental safety have been 
raised in recent years, and alternatives to chlorine have been investigated. However, 
regulations and guidelines applicable to chlorine dioxide and chlorite are reported by 
the U.S. Food and Drug Administration (FDA). Chlorine, as acidified sodium chlo-
rite, is applied as a direct food additive permitted in food for human consumption. Its 
use as an antimicrobial agent in water to sanitize fruits and vegetables is permitted at 
levels from 50 to 1500 ppm (CFSAN/FDA, 2006).

9.3.1.2 Iodine
Iodophores have a broad spectrum of antimicrobial activity, are less corrosive than 
chlorine at low temperatures, and are less volatile and irritating to skin than other 
types of iodine solutions (Parish et al., 2003). However, iodine-containing sanitizer 
solutions may be corrosive (upon vaporization above 50°C), have reduced efficacy 
at low temperature, and may stain equipment, clothes, and skin. The use of iodine-
containing solutions as direct-contact sanitizers for produce is further limited due to 
a reaction between iodine and starch resulting in a blue-purple color. Despite these 
limitations, iodine solutions such as iodophores (combinations of elemental iodine 
and nonionic surfactants or carriers) are commonly used as sanitizers for food con-
tact surfaces and equipment in the food-processing industry (Parish et al., 2003).

As with most sanitizers, iodophores are more active against vegetative cells than 
against bacterial spores. Decimal reduction values for vegetative bacterial cells are 
between 3 and 15 seconds at 6 to 13 ppm available iodine at neutral pH (Hays et al., 
1967). D values for spores of Bacillus cereus, Bacillus subtilis, and C. botulinum 
Type A treated with 10 to 100 ppm of iodophore are 10- to 1000-fold greater than 
for vegetative cells (Odlaug, 1981). Although iodophores are not approved for direct 
food contact, they might have some usefulness for treatment of produce items that are 
peeled before consumption. This type of use would require regulatory approval and a 
demonstration that produce treated with these compounds is safe for consumption.

The primary residue of iodine-potassium iodide is the inorganic halide, iodide 
(I). In the presence of organic matrices, such as food items, the iodine in the iodine-
potassium iodide complex is very rapidly reduced to iodide, with a reaction rate in 
the order of seconds. Due to the natural occurrence in all fruits and vegetables of 
antioxidants, which are the likely agents in this reduction, there is little likelihood of 
iodine remaining intact in any crop matrix. Iodine has been approved by the FDA for 
use in drugs and has been deemed generally recognized as safe (GRAS) to be used 
as a food additive (CFSAN/FDA, 2006). There are also a number of antimicrobial 
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uses already approved by the EPA for iodine and iodophores, including sanitization 
of food handling equipment.

9.3.1.3 Quaternary ammonium compounds
Commonly called “quats,” quaternary ammonium compounds are cationic surfac-
tants that are odorless, colorless, stable at high temperatures, noncorrosive to equip-
ment, nonirritating to skin, and able to penetrate food contact surfaces more readily 
than other sanitizers (Parish et al., 2003). The antimicrobial activity of quats is greater 
against fungi and Gram-positive bacteria than against Gram-negative bacteria. Thus, 
Listeria monocytogenes is more sensitive to quats than coliforms, Salmonella spp., 
pathogenic E. coli, or Pseudomonas. Due to their high surface-active capability, the 
mechanism of activity for quats possibly involves a breakdown of the cell membrane/
wall complex (Marriott, 1999). Exposure of orange fruit during 30 s to a 500 ppm 
quat solution reduced Xanthomonas campestris as effectively as 150 to 250 ppm 
chlorine for 2 min (Brown and Schubert, 1987).

Quat sanitizers form a residual antimicrobial film when applied to most hard sur-
faces and are relatively stable to organic compounds. They are most effective when 
used at pH 6 to 10 and are not compatible with acidic environments, soaps, or anionic 
detergents. Although they are not approved for direct food contact, quats may have 
some limited usefulness with whole produce that must be peeled prior to consumption. 
As with iodine compounds, direct food contact would require regulatory approval 
and a demonstration that produce treated with quats is safe for consumption.

The food additive, quaternary ammonium chloride combination, may be safely 
used in food in accordance with the following conditions: The additive contains the 
following compounds: n-dodecyl dimethyl benzyl ammonium chloride (CAS Reg. 
No. 139–07–1), n-dodecyl dimethyl ethylbenzyl ammonium chloride (CAS Reg. 
No. 27479–28–3), n-hexadecyl dimethyl benzyl ammonium chloride (CAS Reg. No. 
122–18–9), n-octadecyl dimethyl benzyl ammonium chloride (CAS Reg. No. 122–
19–0), n-tetradecyl dimethyl benzyl ammonium chloride (CAS Reg. No. 139–08–2), 
n-tetradecyl dimethyl ethylbenzyl ammonium chloride (CAS Reg. No. 27479–29–4). 
The additive meets the following specifications: pH (5% active solution) 7 to 8; total 
amines, maximum 1% as combined free amines and amine hydrochlorides (CFSAN/
FDA, 2006).

9.3.1.4 acidic compounds
Organic acids are commonly used as antimicrobial acidulants and antibrowning 
agents in fresh-cut produce (Table 9.1) (Ruiz-Cruz et al., 2007). Because many 
pathogens cannot grow at pH values much below 4.5, acidification may act to prevent 
microbial proliferation. Organic acids may also possess bactericidal capabilities. 
The antimicrobial action of organic acids is due to the pH reduction in the environ-
ment, disruption of membrane transport and permeability, anion accumulation, or a 
reduction in internal cellular pH by the dissociation of hydrogen ions from the acid. 
Many types of produce, especially fruit, naturally possess significant concentrations 
of organic acids, such as acetic, benzoic, citric, malic, sorbic, succinic, and tartaric 
acids, which negatively affect the viability of contaminating bacteria.
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Organic acids, including lactic acid, acetic acid, citric acid, ascorbic acid, and 
other organic acids are approved or listed in FDA regulations for various technical 
purposes (e.g., as acidulants, antioxidants, flavoring agents, pH adjusters, nutrients, 
and preservatives). The FDA’s decision about this use of organic acids was based 
on industry requests that were supported by data that showed that this application 
of organic acids meets FDA’s definition (CFSAN/FDA, 2006). Therefore, products 
made from organic acid–treated produce do not have to declare the organic acids in 
the ingredients statement on the product label.

9.3.1.5 alkaline compounds
In contrast to acidulants, alkaline compounds work like antimicrobial agents rais-
ing the pH. E. coli O157:H7 populations were reduced 5 and 6 log after a 30-s 
treatment with 1% trisodium phosphate (TSP) at 10°C and room temperature, 
respectively (Somers et al., 1994). Campylobacter jejuni was almost as sensitive 
as E. coli O157:H7 to TSP. Treatment with 8% TSP decreased populations of L. 
monocytogenes only 1 log cycle. A 5-min treatment with 2% TSP produced a 1 
log reduction of Salmonella chester attached to the surface of apple disks (Liao 
and Sapers, 2000). Salmonella montevideo populations on the surface of tomatoes 
were reduced from 5.2 log CFU/cm2 to nondetectable levels after 15 s in 15% TSP 
(Zhuang and Beuchat, 1996). A significant reduction in population was observed 
after 15 s in 1% TSP.

Various high pH cleaners containing sodium hydroxide, potassium hydroxide, 
sodium bicarbonate, and sodium orthophenylphenate (with or without surfactants) 
reduced populations of E. coli on orange surfaces (Pao et al., 2000). These same 
researchers determined that high pH waxes used on fresh market citrus provided 
substantial inactivation of E. coli on orange fruit surfaces (Pao et al., 1999). The high 

table 9.1
organic acids used as sanitizers in Fresh-cut Fruits and Vegetables

organic acid dose Produce effect reference

Citric acid As lemon 
juice

Fresh-cut papaya Reduced 
Salmonella typhi

Fernandez-
Escartin et al. 
(1989)

Sodium lactate
Potassium sorbate
Phytic acid
Citric acid

2%
0.02%
0.02%
10 mM

Cabbage, broccoli, 
and mung bean 
sprouts

Reduced Listeria 
monocytogenes

Bari et al. (2005)

Tartaric acid 1,500 ppm Vegetable salad Reduced total 
bacteria

Shapiro and 
Holder (1960)

Lactic acid 1% Vegetable salad Reduced coliform 
bacteria

Torriani et al. 
(1997)
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pH of typical alkaline wash solutions (11 to 12) and concerns about environmental 
discharge of phosphates may be limiting factors for the use of certain alkaline com-
pounds on produce.

9.3.1.6 ozone
The use of ozone as an antimicrobial agent in food processing has been reviewed 
(Kim et al., 1999); however, little has been reported about the inactivation of patho-
gens on produce. Salmonellae and E. coli populations were reduced 3 to 4 log/g in 
ground black pepper after 60-min treatment with ozonated air (6.7 mg/L at a flow 
rate of 6 L/min); however, significant changes in the volatile oil profiles were also 
noted (Zhao and Cranston, 1995). Volatile oils in whole black peppercorns treated in 
ozonated water were not significantly affected.

Ozone is an effective treatment for drinking water and will inactivate bacteria, 
fungi, viruses, and protozoa (Restaino et al., 1995). According to Restaino et al. 
(1995), bacterial pathogens, such as Salmonella typhimurium, Yersinia enteroco-
litica, Staphylococcus aureus, and L. monocytogenes, are sensitive to treatment 
with 20 ppm ozone in water. Treatment of Cryptosporidium parvum oocysts with 
1 ppm ozone for 5 min resulted in < 1 log inactivation. In the same study, Giardia 
spp. cysts were more sensitive than C. parvum to ozone treatment (Finch and 
Fairbairn, 1991).

Treatment with ozonated water can extend the shelf life of apples, grapes, oranges, 
pears, raspberries, and strawberries by reducing microbial populations and by oxi-
dation of ethylene to retard ripening (Beuchat et al., 1998). Microbial populations 
on berries and oranges were reduced by treatment with 2 to 3 ppm and 40 ppm, 
respectively. Kim et al. reported a 2 log/g reduction in total counts for shredded 
lettuce suspended in water ozonated with 1.3 mM ozone at a flow rate of 0.5 L/min 
(Kim et al., 1999). Fungal growth during storage of blackberries was inhibited by 0.1 
to 0.3 ppm ozone (Barth et al., 1995). Treatment of grapes by ozone increased shelf 
life and reduced fungal growth (Sarig et al., 1996). Spoilage of vegetables, such as 
onions, potatoes, and sugar beets, was reduced upon storage in an ozone-containing 
atmosphere (Kim et al., 1999).

Due to its strong oxidizing activity, ozone may cause physiological injury in pro-
duce (Parish et al., 2003). Bananas treated with ozone developed black spots after 8 
days of exposure to 25 to 30 ppm gaseous ozone. Carrots exposed to ozone gas dur-
ing storage had a lighter, less intense color than untreated carrots (Liew and Prange, 
1994). Ozone can also cause corrosion of metals and other materials in process-
ing equipment. It is capital intensive and may be difficult to monitor and control 
in situations where highly variable organic loads are likely to occur. As with other 
sanitizers, employee safety and health issues must be addressed, and appropri-
ate safeguards must be in place when using ozone as a sanitizing agent. Because 
ozone produces toxic vapors, adequate ventilation is necessary for employee safety. 
However, because it has excellent ability to penetrate and does not leave a residue, 
ozone may be useful for treatment of process water, food contact surfaces, or whole 
produce. Industry representatives indicate that the postharvest use of ozone for treat-
ment of produce is increasing.
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9.3.1.7 Hydrogen Peroxide
Hydrogen peroxide (H2O2) possesses bactericidal and inhibitory activity due to its 
properties as an oxidant, and due to its capacity to generate other cytotoxic oxidizing 
species such as hydroxyl radicals. The sporicidal activity of H2O2 coupled with rapid 
breakdown makes it a desirable sterilant for use on some food contact surfaces and 
for packaging materials in aseptic filling operations. The residual H2O2 level may 
vary dependent on the presence or absence of peroxidase in the produce item.

Use of H2O2 on whole and fresh-cut produce has been investigated in recent years. 
Salmonella populations on alfalfa sprouts were reduced approximately 2 log CFU/g 
after treatment for 2 min with 2% H2O2 or 200 ppm chlorine (Beuchat and Ryu, 
1997). Less than 1 log CFU/g reduction was observed on cantaloupe cubes under 
similar test conditions. Treatment with 5% H2O2 bleached sprouts and cantaloupe 
cubes. Treatment of whole cantaloupes, honeydew melons, and asparagus spears 
with 1% H2O2 was less effective at reducing levels of inoculated salmonellae and 
E. coli O157:H7 than hypochlorite, acidified sodium chlorite, or a peracetic acid-
containing sanitizer (Park and Beuchat, 1999). H2O2 (3%), alone or in combination 
with 2% or 5% acetic acid sprayed onto green peppers reduced Shigella popula-
tions approximately 5 log cycles, compared to less than a 1-log reduction by water 
alone (Peters, 1995). In the same study, Shigella inoculated onto lettuce was reduced 
approximately 4 log after dipping in H2O2 combined with either 2% or 5% acetic 
acid; however, obvious visual defects were noted on the treated lettuce. The same 
treatment gave similar results for E. coli O157:H7 inoculated onto broccoli florets or 
tomatoes with minimal visual defects.

Microbial populations on whole cantaloupes, grapes, prunes, raisins, walnuts, 
and pistachios were significantly reduced upon treatment with H2O2 vapor (Sapers 
and Simmons, 1998). Treatment by dipping in a H2O2 solution reduced microbial 
populations on fresh-cut bell peppers, cucumber, zucchini, cantaloupe, and honey-
dew melon, but did not alter sensory characteristics. Treatment of other produce was 
not as successful. H2O2 vapor concentrations necessary to control Pseudomonas 
tolaasii caused mushrooms to turn brown, while anthocyanin bleaching occurred 
in strawberries and raspberries. Shredded lettuce was severely browned upon dip-
ping in a solution of H2O2. Combinations of 5% H2O2 with acidic surfactants at 
50°C produced a 3 to 4 log reduction of nonpathogenic E. coli inoculated onto 
the surfaces of unwaxed Golden Delicious apples (Sapers et al., 1999). Further 
research is necessary to determine the usefulness of H2O2 treatment on other fruits 
and vegetables.

9.3.2 AnTioxidAnTs

As previously described, browning is a major detrimental factor of the quality of 
white-fleshed fresh-cut fruits and vegetables. To avoid this problem, several additives 
are applied mainly by dipping, spraying, or vacuum impregnation. Antioxidants are 
grouped in accordance to their mode of action (i.e., as acidulants, reducing, chelat-
ing, complexing, enzyme, and inhibitors).
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9.3.2.1 acidulants
The optimum pH for polyphenoloxidase has been reported to be from acid to neutral 
in most fruits and vegetables, and the optimum activity is observed at pH 6 to 6.5, 
and minimum activity is detected below pH 4.5. This is the reason behind the use of 
chemicals that lower the product’s pH or acidulants to help control enzymatic brown-
ing. Acidulants are used in combination with other treatments, because reducing 
browning by controlling only the pH is difficult. Acidulants, such as citric, malic, 
and phosphoric acids, are capable of lowering the pH of a system, thus reducing the 
polyphenol oxidase activity (Rojas-Graü et al., 2007).

Citric acid is widely used as an acidulant and is typically applied at levels ranging 
between 0.5% and 2% (w/v) for the prevention of browning in fruits and vegetables. 
Citric acid can be used in combination with other antibrowning agents, such as ascor-
bic or erythorbic acids and their neutral salts, for the chelation of prooxidants and for 
the inactivation of PPO. In addition to lowering the pH, citric acid acts by chelating 
the copper at the active site of the enzyme (Marshall et al., 2000). De Souza et al. 
(2006) used treatments of citric acid, calcium chloride, and reduced oxygen (2.5%), 
or high carbon dioxide (5% to 40%) atmospheres for mango (Kensington) stored at 
3°C. They concluded that the use of citric acid had little positive effect and appeared 
to promote softening. The best treatment was low oxygen and calcium chloride, 
which allowed for a shelf life of 15 days (De Souza et al., 2006).

9.3.2.2 reducing agents
Reducing agents react with quinones, reducing them to phenols, and act on the 
enzyme PPO by linking irreversibly the copper of the enzyme. Reducing compounds 
are very effective in the control of browning (Lamikanra, 2002). One of the most 
widely used antibrowning agents is ascorbic acid. Ascorbic acid is a moderate reduc-
ing compound. It is acidic in nature, forms neutral salts with bases, and is water sol-
uble. Erythorbic acid, which is the D isomer of ascorbic acid but without the vitamin 
C activity, is cheaper than vitamin C and is believed to have the same antioxidant 
properties (Gonzalez-Aguilar et al., 2005).

Sulfites are inhibitors of enzymatic browning. These compounds include sulfur 
dioxide (SO2) and several forms of inorganic sulfites that release SO2. Although they 
are very effective, the FDA has restricted their use due to potential allergic reactions 
(FDA, 2000).

Ascorbic acid reduces PPO browning by reducing o-quinones back to phenol 
compounds before they form brown pigments. However, ascorbic acid is consumed 
in the process, providing only temporary protection unless used at higher concentra-
tions. Gorny et al. determined that 2% ascorbic acid with 1% calcium lactate reduced 
the browning of fresh-cut peaches initially, but after 8 days at 0°C, the difference 
was minimal (Gorny et al., 2002). Gil et al. determined that 2% ascorbic acid was 
effective in reducing the browning of fresh-cut Fuji apple slices, but in combination 
with low oxygen atmosphere storage (Gil et al., 1998).

Another reducing agent is cysteine, but for complete browning control, the 
amount of cysteine required is often incompatible with product taste (Lamikanra, 
2002). The thiol-containing compounds, such as N-acetyl L-cysteine and reduced 



242 Advances in Fresh-Cut Fruits and Vegetables Processing

glutathione, are natural chemicals that react with quinones formed during the initial 
phase of enzymatic browning reactions. Oms-Oliu et al. (2006) used combinations 
of N-acetyl-L-cysteine, reduced glutathione, ascorbic acid, and 4-hexylresorcinol 
and concluded that 0.75% of N-acetyl-L-cysteine was effective to prevent browning 
of fresh-cut pears up to 28 days at 4°C, and 0.7% glutathione was effective up to 21 
days at 4°C. There was also an enhanced effect combining N-acetyl-L-cysteine with 
reduced glutathione. Ascorbic acid and 4-hexylresorcinol were not effective (Oms-
Oliu et al., 2006). Rojas-Graü et al. (2006) compared the browning inhibition of 
N-acetyl-cysteine, glutathione, ascorbic acid, and 4-hexylresorcinol with ‘Fuji’ apples 
stored for 14 days at 4°C. They determined that the best treatment concentrations 
were at least 0.75% of N-acetyl-cysteine, 0.60% of N-acetyl-cysteine, with 0.60% of 
glutathione. The sensory effects of the treatments were not determined (Rojas-Graü 
et al., 2006). Gonzalez-Aguilar et al. (2005) compared N-acetyl cysteine with ascor-
bic acid and isoascorbic acid as antibrowning agents for fresh-cut pineapple stored 
for 14 days at 10°C. Although the treatment with N-acetyl-cysteine (0.05 M) was the 
most effective in reducing browning and better appearance, higher levels of sugars 
and vitamin C (0.05 M) resulted from isoasorbic acid (0.1 M) and ascorbic acid. The 
level of antibrowning used did not affect other sensory characteristics (Gonzalez-
Aguilar et al., 2005).

9.3.2.3 chelating agents
Chelating agents prevent enzymatic browning through the formation of a complex 
between these inhibitors and copper through an unshared pair of electrons in their 
molecular structures. Some of the chelating agents used on fruits and vegetables are 
citric acid and EDTA (Alzamora et al., 2000). EDTA is used with other antibrown-
ing chemicals in concentrations up to 500 ppm (Lamikanra, 2002). Some tests using 
EDTA as an inhibitor of peach PPO were not totally effective (Marshall et al., 2000).

Phosphates have been used as components of commercial browning inhibitors. 
Pilizota and Sapers used combinations of sodium hexametaphosphate, ascorbic acid, 
calcium chloride, sodium chloride, and sodium erythorbate, with different levels of 
citric acid to adjust the pH, to develop an acidic browning inhibitor targeted at the 
core browning of fresh-cut apple slices but without affecting the tissue by the lower 
pH. The best treatments were 3% ascorbic acid + 1% citric acid + 1% sodium hexam-
etaphosphate that had a pH of 2.9, but the problem was that in some cases, sodium 
hexamethaphosphate induced tissue breakdown with both varieties tested but only 
at 10°C. Although no formal sensory evaluation was done, some sour flavor was 
detected (Pilizota and Sapers, 2004).

Kojic acid, 5-hydroxy-2-hydroxymethyl-4H-pyran-4-one, is a γ-pyrone derivative 
and a fungal metabolite produced by many species of Aspergillus and Penicillium 
and a good metal ion chelator (Marshall et al., 2000). Son et al. (2001) used kojic 
acid among 36 other antibrowning compounds to compare the inhibitory effect on 
apple slices. Kojic acid, oxalic acid, oxalacetic acid, ascorbic acid, cysteine, gluta-
thione, N-acetyl-cysteine, and 4-hexyl resorcinol were grouped as the ones to show 
the highest inhibitory activity on apple browning. The minimal concentrations for 
an effective antibrowning activity were 0.25% oxalacetic acid, 0.05% oxalic acid, 
0.05% cysteine, and 0.05% kojic acid (Son et al., 2001).



Use of Additives to Preserve the Quality of Fresh-Cut Fruits and Vegetables 243

9.3.2.4 enzyme Inhibitors
4-Hexylresorcinol is an antibrowning agent with potential for application to fresh-
cut products. Dong et al. (2000) used 4-hexylresorcinol with a combination of other 
compounds to extend the shelf life of fresh-cut Anjou pears. They determined that 
4-hexylresorcinol (0.005% and 0.01%) was effective to prevent browning in com-
bination with 0.5% ascorbic acid, but there was no effect without ascorbic acid. 
Sensory evaluation indicated that 0.01% of 4-hexylresorcinol was detected by panel-
ists (Dong et al., 2000).

Salts of calcium, zinc, and sodium have been tested as anti-browning agents that 
act by inhibiting the enzyme polyphenol oxidase. However, chloride is a weak inhibi-
tor; some authors report that the chloride levels required to inhibit the enzyme are 
too high and compromise taste (Lamikanra, 2002). Other studies tested a mix of 
ascorbic acid–sodium chloride, which inhibited 90% to 100% of the PPO activity 
(Alzamora et al., 2000).

Lu et al. (2007) used sodium chlorite in fresh-cut apple slices in dipping treat-
ment solutions for 1 min. The treatments were sodium chlorite, sodium chlo-
rite acidified with organic acids, and other salts. Apple slices treated in acidified 
sodium chlorite or sodium chlorite alone had a significantly smaller decrease in 
lightness value (L*), indicating less browning than those treated in citric acid or 
water control at 4 h. After 2 weeks of storage, only sodium chlorite (0.5 to 1 g/L), 
sodium bisulfite (0.5 g/L), and calcium l-ascorbate (10 g/L) continued to inhibit 
browning. Treatment with 0.5 g/L sodium chlorite and pH adjusted in the range 
from 3.9 to 6.2 using citric acid reduced browning more effectively than 0.5 g/L 
sodium chlorite without pH adjustment. Two organic acids, salicylic acid and 
cinnamic acid, when added to a sodium chlorite solution, were found to achieve 
even better inhibition of browning than citric acid at the same pH value (Lu et 
al., 2007).

9.3.2.5 other antibrownings
Enzymatic treatments with proteases that attack PPO have been suggested as alter-
native prevention treatments for enzymatic browning. Some preliminary tests used 
small pieces of apples and potatoes dipped for 5 min in a 2% enzyme solution; results 
showed that papain worked best on apples, whereas ficin (enzyme from figs) worked 
better on potatoes (Lamikanra, 2002). Forget et al. (1998) studied the antibrowning 
efficiency of papain extracts by studying their activity through two mechanisms: 
PPO inactivation and presence of quinone trapping substances.

9.3.3 TexTurizers

There are two factors that most influence the mouth feel of a fruit or vegetable: firm-
ness and juiciness. Firmness is determined largely by the physical anatomy of the 
tissue, particularly cell size, shape, and packing, cell wall thickness and strength, 
and the extent of cell-to-cell adhesion, together with turgor status. The most common 
additives to preserve fresh-cut fruit texture are calcium and ethylene blockers.
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9.3.3.1 calcium
Calcium forms used in the fresh-cut industry are calcium lactate, calcium chloride, 
calcium phosphate, calcium propionate, and calcium gluconate, which are used more 
when the objective is preservation or enhancement of the product firmness (Luna-
Guzman and Barrett, 2000). Selection of the appropriate source depends on several 
factors: bioavailability and solubility are the most significant, followed by flavor 
change and interaction with the food matrix.

Calcium chloride has been widely used as a preservative and firming agent in the 
fruits and vegetables industry for fresh-cut commodities. Luna-Guzman and Barrett 
(2000) compared the effect of calcium chloride and calcium lactate dips on fresh-cut 
cantaloupe firmness. The use of calcium chloride is associated with bitterness and 
off-flavors (Ohlsson, 1994), mainly due to the residual chlorine remaining on the 
surface of the product.

Calcium lactate, calcium propionate, and calcium gluconate have shown some of 
the benefits of the use of calcium chloride, such as product firmness improvement, 
and avoid some of the disadvantages, such as bitterness and residual flavor (Yang and 
Lawless, 2003). The use of calcium salts other than calcium chloride could inhibit 
the formation of carcinogenic compounds (chloramines and trihalomethanes) linked 
to the use of chlorine. Calcium incorporation by impregnation with two calcium 
sources, calcium lactate and calcium gluconate, has been studied in fresh-cut apples 
(Anino et al., 2006).

9.3.3.2 ethylene blockers
1-Methylcyclopropene (1-MCP) has been considered one of the best options for 
extending quality and shelf-life of fresh-cut fruits and vegetables (Blankenship and 
Dole, 2003). 1-MCP exerts its action by tightly binding ethylene receptors, prevent-
ing ethylene binding, and consequently, inhibiting its action (Sisler and Serek, 1997). 
Treatment can be applied to either whole or sliced fruit (Laurie, 2005), and therefore 
it has a potential use in modified atmosphere packaging systems. Some studies have 
focused on the effects of 1-MCP treatment of whole fruits on the quality and shelf-
life of fresh-cut produce. In some fruits, like banana and persimmon, whole fruit 
showed better results than fresh-cut fruit in terms of texture preservation (Vilas-
Boas and Kader, 2001). Several reports showed excellent results in fresh-cut apples 
(Jiang and Joyce, 2002; Bai et al., 2004; Calderón-López et al., 2005). Weight loss 
of 1-MCP-treated apple slices was less than 2% after 21 days, with improved firm-
ness preservation (Calderón-López et al., 2005). Furthermore, the firmness of sliced 
tomatoes was improved, and water soaking reduced by treating with 1-MCP (Jeong 
et al., 2004).

9.4  eMerGInG addItIVes aPPlIed to FresH-
cut FruIts and VeGetables

Research actions on the effect of several natural additive compounds have been 
undertaken, evaluating their mode of action, activity, toxicology, and effect on sen-
sorial, biochemical, and physiological properties of the treated fresh-cut produce, 
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all aimed at fulfilling consumer demands of healthy and safe produce with excel-
lent quality. Therefore, considerable research has been recently directed toward the 
development of effective natural food preservatives. However, regulatory legislation 
of these additives is still in progress.

9.4.1 nATurAL AddiTiVes wiTh AnTimicroBiAL And fLAVoring poTenTiAL

Food safety and quality have always been important to consumers and continue to 
be a basic requirement of a modern food system. Chemical control of fresh-cut fruit 
decay (synthetic additives) has been used since the initiation of this industry as a 
reliable preservative factor to control the amount of deteriorative factors in fresh-cut 
fruits and vegetables. However, most of these compounds do not satisfy the concepts 
of “natural” and “healthy” that consumers prefer and that the food industry, conse-
quently, needs to provide (IFT, 2008). This necessity is underlined by many in agro-
industries, legislatures, and consumer organizations around the world.

Natural antimicrobial compounds are a re-emerging alternative to fresh-cut pro-
duce preservation. The antimicrobial power of plant and herb extracts has been rec-
ognized for centuries and mainly used as natural medicine. Plants produce a wide 
range of volatile compounds, some of which are important flavor quality factors 
in fruits, vegetables, spices, and herbs (Lanciotti et al., 2004). A number of vola-
tile compounds inhibit the growth of microorganisms (Burt, 2004). The ability of 
plant volatiles to inhibit microorganism growth is one of the reasons why there is an 
increased interest in using them to control post-harvest and post-processing decay of 
fruits and vegetables (Yao and Tian, 2005). Plant volatiles have been widely used as 
food flavoring agents, and many are GRAS.

Essential oils (EOs) represent the most important aromatic fraction of plants and 
plant produce, constituted by a complex mixture of terpenes, alcohols, cetones, alde-
hydes, esters, and sulfur compounds, depending on the source of the plants. Their 
antibacterial mode of action has been related to their individual active compounds. 
Tripathi and Dubey (2003) reported that the exact mode of action of antimicrobial 
compounds, such as thymol, eugenol, and carvacrol, has not been well determined, 
although it seems that they may inactivate essential enzymes, react with the cell 
membrane, or disturb genetic material functionality.

Plant EOs have shown a wide antimicrobial range of action against several bacte-
ria and their toxins produced in foods, yeast, and molds (Tripathi and Dubey, 2003; 
Burt, 2004). Therefore, EOs present huge potential as food preservatives, especially 
because most are classified as GRAS. Citrus EO preserved the quality of fresh-
cut fruit salads without affecting consumer acceptance of the product (Lanciotti et 
al., 2004). Garlic oil preserved overall quality and antioxidant capacity of fresh-cut 
tomatoes (Ayala-Zavala et al., 2008b). Cinnamon leaf and garlic oils showed antifun-
gal activity against Alternaria alternata (Ayala-Zavala et al., 2008c).

The antimicrobial activities of a variety of naturally occurring phenolics from dif-
ferent plant sources have been studied in detail (Burt, 2004). Phenolics from spices, 
such as gingeron, zingerone, and capsaicin, have been found to inhibit germination 
of bacterial spores. Natural plant phenolic compounds are important food preserva-
tive factors and have, as a group, a remarkable antimicrobial range (Burt, 2004).
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Methyl jasmonate (MJ) is a natural compound widely distributed in plants. It 
was first detected as a sweet fragrant compound in Jasminum essential oil and other 
plant species (González-Aguilar et al., 2006). MJ is known to regulate plant develop-
ment and response to environmental stress (Demo et al., 2005; Yao and Tian, 2005), 
affecting many biochemical and physiological reactions in the tissue of whole and 
fresh-cut fruits and vegetables and extending shelf-life of whole and fresh-cut toma-
toes, mangoes, guavas, and strawberries (González-Aguilar et al., 2006).

Ethanol, a GRAS compound, has shown to be effective for controlling decay of 
whole fruits and vegetables, inhibiting microbial growth (Karabulut et al., 2004). 
The mode of action of ethanol is by interaction with the membrane of microorgan-
isms. Several devices have been designed to control ethanol release in the headspace 
of packed fruit (Kalathenos and Russell, 2003b). Ayala-Zavala et al. (2005, 2008) 
reported that ethanol treatment in conjunction with MJ increased antioxidant capac-
ity, volatile compounds, and post-harvest life of strawberry fruit, as well as extended 
shelf-life of fresh-cut tomatoes. Plotto et al. (2006) concluded that ethanol vapor 
applied for 20 h, prior to processing whole mangoes, did not delay ripening; however, 
shorter time of exposure (10 h) suppressed fruit ripening.

Appropriate or compatible use of natural antimicrobial agents would involve using 
these compounds to add positive sensory characteristics in addition to improve food 
safety and extend shelf-life of fresh fruits and vegetables (Tripathi and Dubey, 2003; 
Ayala-Zavala et al., 2008a). Essential oils are effective antimicrobials; however, their 
aromatic volatile constituents can be absorbed by the food product. By choosing the right 
combination in aromas between the antimicrobial essential oil and the fresh-cut pro-
duce, quality involving safety and flavor can be improved (Ayala-Zavala et al., 2008a).

9.4.2 nATurAL AddiTiVes wiTh AnTiBrowning And TexTurizer poTenTiAL

Complexing agents entrap or form complexes with the substrates of the enzyme PPO 
or with reaction products. Some of the complexing agents are cyclodextrins of cyclic 
nonreducing oligosaccharides of six or more D-glucose residues. The problem that 
some researchers have observed is that β-cyclodextrin has low water solubility and, 
in some experiments with apples, was not effective or not consistent in controlling 
browning (Lamikanra, 2002).

Lopez-Nicolas et al. (2007) used different types of cyclodextrins as secondary 
antibrowning agents in apple juice and determined that maltosyl-β-cyclodextrix can 
enhance the ability of ascorbic acid to prevent the enzymatic browning due to the 
protective effect against ascorbic acid oxidation. Alvarez-Parilla et al. (2007) com-
pared the polyphenol oxidase inhibitory effect of β-cyclodextrix, 4-hexylresorcinol, 
and methyl jasmonate in red delicious apple; the inhibitory strength was higher for 
4-hexylresorcinol followed by β-cyclodextrix, and then methyl jasmonate. There was 
also a dual synergistic effect between β-cyclodextrix and 4-hexylresorcinol.

Honey has been studied for its antioxidant capacity and is believed to contain a 
small peptide that inhibits the activity of PPO (Marshall et al., 2000). Jeon and Zhao 
(2005) evaluated ten different honeys from floral sources and their antibrowning 
effects on fresh cut apples. The apples were vacuum impregnated in 10% honey solu-
tions and the color was monitored for 10 days during storage at 4°C and 80% RH. 
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The Wildflower and Alfalfa honeys significantly inhibited browning discoloration, 
although there was an initial reduction of lightness as a result of the color from 
honey. A honey with light color may be preferred to be used as an anti-browning 
agent for fresh-cut apples.

Lozano de Gonzales et al. (1993) used pineapple juice for anti-browning, consid-
ering that pineapple contains the enzyme bromelain, which is also capable of inhib-
iting enzymatic browning just as is ascorbic acid. Pineapple juice was an effective 
browning inhibitor in both fresh and dried apples. All fractions of pineapple juice 
separated by different extraction methods inhibited enzymatic browning at least by 
26%, as measured colorimetrically and by visual examination. Fractioning identified 
that the inhibitor is a neutral compound of low molecular weight.

Song et al. (2007) used rhubarb juice as a natural anti-browning agent for fresh-cut 
apple slices. They found that juices at 20% concentration containing 67 mg/100 g of 
oxalic acid inhibited browning. Yoruk and Marshall (2003) investigated the mode of 
inhibition of oxalic acid on PPO and determined that by binding with copper to form 
an inactive complex, it reduces catechol-quinone product formation. Oxalic acid was 
a more potent inhibitor of PPO as compared with other structurally related acids. 
Other compounds, such as benzoic and cinnamic acids, are PPO inhibitors but have 
been found not to give prolonged protection along storage time (Lamikanra, 2002).

9.4.3 forTificAnTs

Vitamins and minerals, called micronutrients, play a very important role in our 
health even though they make up only a very small part of the foods that we eat 
each day. Diets that do not contain adequate amounts of vital micronutrients often 
result in deficiency diseases, including blindness, mental retardation, and reduced 
resistance to infectious diseases, depending on the particular micronutrient. In this 
context, several additives with possibility to be applied as fresh-cut fruit and veg-
etable preservatives could be contemplated.

Most fruit and vegetables contain low amounts of some important vitamins 
and minerals, such as vitamin E, calcium, and zinc. For example, 100 g of raw 
apple (with skin) contains only 0.18 ± 0 mg of vitamin E, 6 ± 0.34 mg of calcium, 
and 0.04 ± 0.004 mg of zinc, according to the U.S. Department of Agriculture 
(USDA) National Nutrient Database for Standard Reference. Only 8% of men and 
2.4% of women in the United States met current recommendations for vitamin 
E intake from food sources (Maras et al., 2004). Instead, vitamin E supplements 
are consumed daily by more than 35 million people in the United States (Traber, 
2004). Leonard et al. (2004) showed that the bioavailability of vitamin E from 
vitamin E-enriched foods is much greater than that of an encapsulated supplement. 
Along with increased consumption of fresh-cut apples due to their convenience, 
fresh-like taste, and consumers’ awareness of their health benefit, fresh-cut apples 
enriched with vitamin E or other bioactive compounds would be a good choice 
to develop functional foods and to provide opportunities for increasing intake of 
these nutraceuticals.

Xie and Zhao (2003) reported that use of diluted (20%) high fructose corn syrup 
(HFCS) containing calcium and zinc as solutions prevents browning discoloration of 
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fresh-cut apples while significantly increasing calcium and zinc contents in apples. 
Park et al. (2005) further evaluated the use of 20% HFCS and other polymers, such 
as 1% pectin, 15 hydroxypropyl methylcellulose (HPMC), and 1% calcium casein-
ate (CC) as VI solutions for incorporating vitamin E and minerals. It was found that 
HPMC and CC, large-molecular-weight polymers commonly used as edible coating 
materials, can be used to make VI solutions for fresh-cut apples, resulting in mini-
mal impact on their physicochemical properties.

Food fortification has been applied with success in both developed and devel-
oping countries to address and prevent micronutrient deficiencies. Due to varying 
eating habits and type of deficiency disease, the food vehicle, and the micronutrient 
added, the amounts that are added would not be the same for each country.

9.4.4 proBioTics

Probiotics are live microorganisms that transit the gastrointestinal tract and, in doing 
so, benefit the health of the consumer (Tannock et al., 2000). Several members of 
the genera Lactobacillus and Bifidobacterium have gained recognition as probiotic 
bacteria because of their various therapeutic health benefits, mainly resistance to 
enteric pathogens, anti-colon cancer effect, immune system modulation, and relief 
of allergies.

Food industries, especially dairy industries, have been quick to realize the huge 
market potential created by the numerous positive health benefits of these probiotic 
bacteria. Both Lactobacillus spp. and Bifidobacterium spp. have been accorded the 
GRAS status because of their long history of safe use in foods (Salminen et al., 
1998). Among the food industry and due to the advances in probiotic research, these 
additives are being contemplated in fresh-cut fruits and vegetables.

The addition of probiotics to obtain functional edible films to treat fresh-cut fruits 
has been reported (Tapia et al., 2007). Fresh-cut apple and papaya cylinders were 
successfully coated with 2% (w/v) alginate or gellan-film-forming solutions contain-
ing viable bifidobacteria. Upon culture, bifidobacteria added to the film-forming 
solutions yielded viable populations of B. lactis Bb-12 in the order of 9.93 and 9.67 
log10 CFU/g for the gellan or alginate coatings, respectively. Immediately after coat-
ing (d 0), viable counts of B. lactis Bb-12 on the coated papaya pieces were 6.89 and 
7.52 log10 CFU/g for alginate or gellan, respectively, while for coated apple pieces 
the values were 7.91 and 7.78 log10 CFU/g for alginate or gellan, respectively. This 
represents approximately a 2-log-cycle decrease compared to the concentration of 
the original film-forming solution; this drop was caused by dilution effects. Bifidus 
population remained viable and constant during the 10-d storage period at 2°C. The 
survival and maintenance of B. lactis Bb-12 in the alginate- or gellan-based edible 
coatings on both fresh-cut papaya and apples may be regarded as satisfactory, as 
their values remained between 6 and 7 log10 CFU/g. In order to confer health benefits 
to humans, the viable count of bifidobacteria at the time of consumption should be 
106 CFU/g (Samona and Robinson, 1991). Ingestion in the number of ≥106 cells per 
gram has been recommended for a classic probiotic food such as yogurt (Kurman 
and Rasic, 1991). It is also important for manufacturers and retailers to be able to 
confirm the viable count of these organisms in bifidus-containing products.
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9.5 Future trends

Considering the increasing demands of consumers and the food industry, as well 
as environmental preservation, the use of additives based on natural compounds 
could be an alternative to chemical synthesized compounds in the preservation of 
fresh-cut fruits and vegetables. Future research should be focused on optimization 
of the industrial application, the influence of temperature and food matrix on the 
functional activity, finding optimal doses of these compounds, and evaluating toxi-
cological activity, as well as assessing sensorial and overall quality of fresh-cut fruit. 
All these studies will be useful to understand the mode of action of the additives and 
will allow offering producers a practical method to preserve fresher, more natural 
foods containing less artificial preservatives, maintaining an ever increasing quality 
of fresh-cut fruits and vegetables.
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10.1 IntroductIon

Consumer demand and market trends for more convenient, safer, and longer storage 
products with low preservative contents are increasing. In this context, preservation 
of raw or fresh-cut fruits and vegetables constitutes one of the most challenging 
applications: They are respiring produce and must remain living all along the dis-
tribution chain. Lowering respiration is the key element to delay physiological and 
biochemical changes and consequently increase shelf life. These changes go also 
with microbial spoilage and are emphasized by minimal processing such as cut-
ting, stoning, or peeling. Though sanitation methods (as chlorine washes) are com-
monly employed, they are not totally effective because microorganisms can locate 
in subsurface structures of produces and then survive (Takeuchi and Frank 2000; 
Burnett and Beuchat 2001). Common preserving processes (such as thermal treat-
ments) or additions of preservative agents (except ascorbic or citric acid that might 
be incorporated into washing water) are not adapted to these fragile products. Then 
there is an obvious opportunity for the food packaging industry to develop innova-
tive solutions that fulfilled this type of food requirements to prolong its shelf life 
while maintaining its quality and safety. Modified atmosphere packaging (MAP) of 
fresh food is the fastest-growing sector, with an average annual growth rate of 13.6% 
over the last 5 years, and will continue to grow due to research and development 
(R&D) and legislative efforts on modern concepts of active packaging. These pack-
aging concepts deliberately incorporate active agents intended to release or to absorb 
substances into, onto, or from the packaged food or the environment surrounding 
the food. Active system leaders for MAP applications include oxygen scavengers, 
ethylene absorbers/removers, and moisture controllers (Brody et al. 2001). From pad 
or sachet that was associated to package, new trends are now to directly incorporate 
active agent onto or into the material and mainly concern antimicrobial packaging 
that can release volatile antimicrobial agents for MAP applications (Appendini and 
Hotchkiss 2002; Suppakul et al. 2003).

Technological aspects of modified atmosphere and its potential to extend shelf 
life for many foods, including fresh fruits and vegetables, have already been well 
documented (Jayas and Jeyamkondan 2002; Brecht et al. 2003; Hertog 2003; Saltveit 
2003; Varoquaux and Ozdemir 2005; Rico et al. 2007). A combination of low oxygen 
(O2) levels and medium carbon dioxide (CO2) content is commonly recommended to 
slow respiration of raw or fresh-cut products and delay spoilage. Nevertheless, there 
is no unique recommended atmosphere because optimal environmental conditions 
vary according to specie, variety, and processing. These optimal conditions can be 
easily obtained in controlled atmosphere storage, but it is more hazardous in MAP. 
At this time, MAP in the food industry still relies on an empirical approach that was 
previously called the pack-and-pray approach (Hertog and Banks 2003). Then, to 
support the development of and achieve breakthroughs in the design of innovative 
MAP solutions in a rational way, there is still a need to formulate strategic options 
for reducing time-consuming step-by-step trials. This could be done through predic-
tion tools based on modeling and transdisciplinary approaches that should integrate 
the knowledge of mass transfer properties of packaging materials and their incidence 
on food quality and safety evolution.
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In this chapter, we set up a critical review of existing mathematical models for 
developing structure/transfer and transfer/reaction couplings dedicated to MAP of 
fresh fruits and vegetables.

10.2  ModIFIed atMosPHere PackaGInG systeMs 
For FresH FruIts and VeGetables

Technically, MAP of fresh or minimally processed fruits and vegetables can be 
achieved in either a passive or an active way. In the first case, gas or vapor exchanges 
within the package are due to both physiological responses (respiration, maturation, 
transpiration) of the vegetal and gas or vapor diffusions through the packaging, as 
indicated in Figure 10.1. After a transient period, gas partial pressure of packaging 
headspace reaches a steady state when diffusive exchanges through the film exactly 
compensate gas or vapor production or consumption. This is called the equilibrium 
MAP (EMAP). EMAP should occur as quickly as possible after packaging the prod-
ucts and should be close to optimal recommended atmosphere to preserve quality 
and safety of the packaged product. Thereafter, generally for a long storage period, 
physiological disorders marked by a respiratory crisis, as well as important microbio-
logical development, might occur and lead to a deviation period no longer consistent 
with previous mass transfer considerations. Active MAP incorporates gas flushing 
or use of gas or vapor scavenging or emitting systems integrated into the packaging 
material or added in a separate sachet or label. Principles for gas exchanges within 

Change in
quality

RespirationRipening

21%

CO2O2

0%

H2OvC2H4

Diffusion

0%

Transpiration
Dehydration

DesorptionAbsorption

HR

Diffusion Diffusion

FIGure 10.1 Gas or vapor exchange in passive or active modified atmosphere packag-
ing of fresh fruits and vegetables (physiological reactions and mass transports in packaging 
material).
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the package are the same as for passive MAP, but initial atmosphere might be dif-
ferent from that of normal air (gas flushing), or passive transfers might be combined 
to active absorption or desorption (scavengers or emitters, respectively). Therefore, 
kinetics of absorption or desorption have to be taken into consideration, as illustrated 
in Figure 10.1. The main goal of active MAP is to shorten or avoid the transient 
period that could be detrimental when products are sensitive to enzymatic browning, 
such as fresh-cuts. An example of differences in modified atmosphere between pas-
sive and active MAP is given in Figure 10.2. Endives have been packed in low-den-
sity polyethylene (LDPE) pouches without (passive MAP) or with an O2 scavenger 
sachet (active MAP) and stored at 20°C for 12 days. Active MAP did not modify the 
equilibrium partial pressures in O2 and CO2, which was the result of gas diffusion 
through the LDPE film and endive respiration rate. However, it considerably reduced 
the time at which the EMAP is reached: 2 days, against 5 days with passive MAP. 
This EMAP reduction induced a delay in endives head greening and opening as 
well as browning of the basal part. Then, active MAP maintained acceptable visual 
aspects of endives longer than passive MAP. Active packaging should be designed to 
match product requirements as for passive packaging and constitutes an alternative 
when passive packaging solutions result in a fair level of quality or shelf life of food 
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Time of Storage (day)
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FIGure 10.2 Change in O2 (open marks) and CO2 (full marks) partial pressures within 
passive modified atmosphere packaging (MAP) (△, ▲) and active MAP (◻, ◼) of 550 g of 
endives stored at 20°C and its effect on head opening and browning of basal part after 7 
days of storage. Passive MAP corresponds to low-density polyethylene (LDPE) pouches and 
active MAP to LDPE pouches containing an O2 scavenger sachet. (Adapted from Charles, F., 
Guillaume, C., and Gontard, N. 2008. Effect of passive and active modified atmosphere pack-
aging on quality changes of fresh endives. Postharvest Biology and Technology 48: 22–29.)
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product. Table 10.1 presents several systems that are, or could be, employed in MAP 
of fresh fruits and vegetables, with related research papers.

10.2.1 microperforATed Versus permseLecTiVe mATeriALs

Microperforated films are commonly used in MAP of high respiration fresh fruits 
and vegetables to enhance gas diffusion through the film compared to conventional 
dense polymers. They enable a large range of O2 permeability, depending on the den-
sity of perforations. Biaxial-oriented polypropylene (BOPP) film with two microper-
forations leads to a suitable EMAP for preserving visual appearance and nutritional 
compounds in a mix of broccoli and cauliflower florets (Schreiner et al. 2007) for up 
to 7 days at 8°C. Polyethylene terephthalate (PET)/polypropylene (PP) films perfo-
rated with one or three micro-holes appeared well adapted to maintaining the quality 
of wild strawberries up to 6 days at 10°C (Almenar et al. 2007). Even though they 
are already commercially used for packing ready-to-cook fresh vegetables, micro-
perforated films do not meet all the requirements of fresh produce, especially CO2-
sensitive ones with high respiration rate such as mushrooms (Exama et al. 1993; 
Barron et al. 2002). With a permselectivity value (ratio between CO2 permeability 
and O2 permeability) close to 1, CO2 diffuses through the film at a similar rate to O2. 
Then EMAP with both low O2 and low CO2 levels can never be reached (Fishman et 
al. 1995; Varoquaux and Ozdemir 2005) with such materials.

High permselective and hydrophilic films such as Pebax® or Saran film® exhibit 
a permselective ratio of 8.6 at 23°C (Barron et al. 2002) or 10.2 at 4°C (Rogers 
1975), respectively—for comparison, it ranges from 3 to 6 in other synthetic material 
(Exama et al. 1993). Pebax was commonly used for overwrapping fresh fruits and 
vegetables on the Japanese market, and its efficacy was previously demonstrated: 
It prevented chilling injury symptoms in MAP of papaya (Singh and Rao 2005) 
and maintained the same EMAP of mushrooms stored at 10 or 20°C (Barron et al. 
2002). In addition, hydrophilic materials can modify their gas transport properties 
as a function of temperature. Temperature effect can be expressed by the gas perme-
ability activation energy of materials and by the gas permeability Q10, mostly used 
by biologist for describing the degree by which a biological or chemical process is 
accelerated by a rise of 10°C. For instance, the permeability activation energy of 
Saran film is around 66.5 KJ.mol–1 for O2 and 51.5 KJ.mol–1 for CO2, and its per-
meability Q10 reaches 2.82 for O2 and 2.23 for CO2 (Rogers 1975). In other plastic 
materials, the Q10 for O2 or CO2 permeability remains lower than 2, whereas the Q10 

for the respiration rate ranges from 1.8 to 3 for most raw fresh fruits and vegetables 
(Exama et al. 1993). Then only hydrophilic materials can adapt their gas perme-
abilities to the respiration of fresh products as a function of temperature. This seems 
worthy of investigation for overcoming detrimental EMAP changes that occur in 
the case of chill chain disruption with other synthetic materials (perforated or not). 
Landec Corp. (USA) developed a liner (IntellipacTM) able to self-adjust permselec-
tivity, from 1.5 to 18, when increasing temperature (Brody et al. 2001). Other hydro-
philic materials such as protein-based materials also appeared to be of great interest 
for future packaging material development; the permselectivity ratio increases up 
to 38 in wheat gluten-based film stored at 45°C and 95% relative humidity (RH) 
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(Gontard et al. 1996) and has been successfully tested for maintaining the same 
EMAP whatever the temperature (Barron et al. 2002). In addition, and comparing to 
all kind of synthetic films, protein-based materials exhibit the unique ability to adapt 
their mass transfer properties to RH. At 25°C, the O2 permeability value was 1.24 
amol.m–1.s–1.Pa–1 in dry conditions and increased to 1,290 amol.m–1.s–1.Pa–1 at 95% 
RH (Gontard et al. 1996). The effect of RH was more pronounced on CO2 perme-
ability than O2 permeability, and consequently, permselectivity increased from 5 to 
30 when RH increased from 0% to 95%. It should be stressed that a ratio of 30 cannot 
be reached with synthetic material, and this could be interesting for CO2-sensitive 
produce such as mushrooms (Barron et al. 2002).

10.2.2 AcTiVe sysTems

Active packaging engineered to scavenge O2 found a variety of uses in food pack-
aging because it can react with and eliminate O2 from the headspace or that is dis-
solved into food product. Major O2 scavengers systems are sachets or labels made 
of a porous material (paper coated with perforated PP in ATCO®-LH, for instance) 
and containing active agents. The most significant O2 scavengers are those based on 
the oxidation of ferrous ion, which is moisture activated, but other active agents such 
as unsaturated fatty acids and hydrocarbons, enzymes, and ascorbic acid, already 
exist (Brody et al. 2001). More and more, O2 scavengers are directly incorporated 
into multilayered plastic materials such as Cryovac®OS1000 (Cryovac Sealed Air 
Corp., USA). However, these materials are currently barriers to O2 and cannot be 
used for MAP of fresh fruits and vegetables, because it would sharply lead to anoxia 
involving a turn into fermentative catabolism. O2 scavenger sachets containing iron 
or enzyme have already been studied and could be used in active MAP of fresh prod-
ucts such as for tomatoes (Charles et al. 2003) or endives (Charles et al. 2005, 2008) 
as discussed in paragraph 1 (Figure 10.2).

Whether beneficial effects of CO2 have been previously reported, high levels of 
this gas in MAP can be detrimental to fresh CO2-sensitive product quality: CO2 inju-
ries might occur when a fresh product is exposed to a level above its tolerance limit, 
such as formation of brown spots on lettuce or yellowing of mushrooms, which are 
common visual degradations caused by high CO2 content (Zagory and Kader 1988; 
Lopez Briones et al. 1992). CO2 scavenger sachets already exist and are composed 
of a physical absorbent such as zeolite or a chemical one such as calcium hydroxide, 
sodium carbonate, or magnesium hydroxide. Their use is limited to fermented or 
roasted foods, but it could be of great interest for preventing the formation of a CO2 
peak, during the transient period, in MAP of high-respiring products. Even when 
using hydrophilic materials, this peak appeared in MAP of fresh mushrooms, lead-
ing to an irreversible yellowing of the commodity (Barron et al. 2002). Charles et al. 
(2005) demonstrated its complete disappearance in active MAP of endives with CO2 
scavengers (ATCO®CO).

Ethylene scavengers are already commercialized to delay ripening of climac-
teric fruits and are mainly based on ethylene oxidation by potassium permanganate 
(Frisspack®, Dunpack Ltd., Hungary) or the incorporation of mineral clay such as 
zeolite within packaging materials (Green bag, Evert-Fresh Corp., USA). The effect 
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of mineral clay was attributed to its adsorption of ethylene and also to the formation 
of pores within the packaging material that could modify ethylene permeability of 
the film (Brody et al. 2001).

In MAP, moisture vapor is produced by transpiration, and a dehydration phe-
nomenon occurs spontaneously with the diffusion of moisture vapor from the high 
moisture fresh product to the lower moisture surrounding environment. Water loss 
is an important marketing factor of fresh fruits and vegetables. Because fruits and 
vegetables are mainly constituted by over 90% of water, an average 5% water loss 
(ranging from 3% to 10% depending on the commodity) is visually noticeable, low-
ering the grade of the product and resulting in a depression of its commercial value. 
Major effects of water loss are a reduction in weight basis and a wilted appearance. 
A reduction of the nutritional value also is seen because the amount of water-soluble 
components decreases while water is released, leading to aroma and flavor loss, and 
then sensitivity to chilling injuries is emphasized (Paull 1999; Maguire et al. 2006). 
If RH should be higher than 90% to delay product dehydration, 100% RH is not rec-
ommended because it favors microbial growth and spoilage. Several moisture con-
trol systems already exist, and CondensationGardTM (Grace Division, USA) appears 
to be the most adapted for fresh fruits and vegetables preservation. It only adsorbs 
excessive moisture to avoid condensation while retaining suitable moisture balance 
and is currently available at the 90% RH grade. This active system should be tested 
for active MAP of fresh commodities.

Another kind of active MAP is antimicrobial packaging that contains active 
agents releasing volatile substances, with antimicrobial activity to control undesir-
able growth of microorganisms at the surface of food. Such systems are commer-
cially available for fresh fruits and vegetables such as Wasaouro® (Mitsubishi Kagaku 
Foods CO., Japan) releasing allylisothiocyanate (AITC) or Kontroll® films (Kontek 
SRL, Italy) releasing sulfite for table grape preservation, in high moisture conditions. 
Ethanol emitters, mainly used in MAP of pastry, could be adapted to fresh products 
because their beneficial effects on quality were previously reported on table grapes 
(Lurie et al. 2006). More commonly, volatile aroma compounds (including AITC) 
constitute alternative strategies to control postharvest spoilage of fresh fruits and 
vegetables (Valverde et al. 2005; Martinez-Romero et al. 2007; Ayala-Zavala et al. 
2008; Utto et al. 2008).

10.3 ModelInG Mass transPort In PackaGInG MaterIals

10.3.1 TrAnsporT of gAs And VApors in poLymers

Gas transport through dense polymer obeys the solution-diffusion mechanism, where 
gases dissolve into the polymer matrix at the face of the sample exposed to higher gas 
pressure, diffuse across the polymer film to the face of the sample exposed to lower 
pressure, and then desorb from that surface (Matteuci et al. 2006). This transport 
is usually modeled using first Fick’s law describing gradient-driven fluxes through 
a medium with a certain resistance. If the gradient-driven flux is a partial pressure 
difference, this resistance is represented by the coefficient of permeability or perme-
ability of gas A (PA) as follows:
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 J P S P P
eA A= −2 1  (10.1)

where JA is the steady-state flux of gas A through the film, S is the film area, p1 and 
p2 are the gas partial pressures across the film, and e is the film thickness.

As regards Equation 10.1, for a given permeability value, gas permeates into (or out 
of) the package faster with increased film area, with thinner films, or with larger partial 
pressure differences. The gas permeability of a film typically depends on the material 
used (i.e., intrinsic parameters such as chemical nature of the monomer, percentage 
of polymerization, and crystallinity). With the current range of polymers available 
(synthetic or biosourced ones), a wide range in permeability can be realized.

If Fick’s law is obeyed, then permeability can be expressed as follows:

 PA = DA × SA (10.2)

where DA is the effective, concentration-averaged diffusion coefficient of gas A in 
the film. The solubility coefficient of gas A in the polymer, SA, is given by Henry’s 
law by

 SA = C/p (10.3)

where C is the gas concentration in the polymer at the film surface in contact with 
gas pressure p.

The ability of a polymer to separate two gases A and B is characterized by the 
ideal selectivity, βA/B, which is defined as the ratio of permeabilities:

 βA B
A

B

P
P/ =  (10.4)

Substituting Equation 10.2 into Equation 10.4 gives a relationship between the ideal 
selectivity, the diffusion selectivity, DA/DB, and the solubility selectivity, SA/SB:

 βA B
A

B

A

B

D
D

S
S/ = ×  (10.5)

Most films are selective barriers with different permeability values for the different 
gases (e.g., O2 permeability is usually lower than CO2 permeability, and high values 
of selectivity could be achieved by using biodegradable materials based on proteins, 
for example) (MujicaPaz and Gontard 1997; Irissin-Mangata et al. 1999; Cuq et al. 
1998). Diffusivity selectivity depends essentially on the relative penetrant sizes and 
the size-sieving ability of the polymer, whereas solubility selectivity is controlled 
primarily by the relative condensability of the penetrants and the relative affinity 
of the penetrants for the matrix (Matteucci et al. 2008). Consequently, solubility 
is more influenced by the composition of the film, whereas diffusivity (and thus, 
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permeability) is more influenced by the structure of the material: multilayer, com-
posite, or nanocomposite materials.

10.3.1.1 Multi-layer Films
In order to combine the respective performance of several materials, multi-layers 
could be processed. In this case, the overall permeability (PT) of gas A through the 
material is given by

 
e
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e
P

T

T

i

i
i

n

=
=

∑
1

 (10.6)

where eT is the overall film thickness and ei and Pi are, respectively, the thickness 
and permeability of the layer i, and n the number of layers in the material. The 
permeability of the highest barrier layer governs the overall permeability of the 
multi-layers.

10.3.1.2 composite and nanocomposite Films
In the case of composite or nanocomposite materials, many models have been 
derived to describe permeability as a function of composition or structural orga-
nization. For example, Bruggeman’s model has been used to describe permeabil-
ity in heterogeneous materials over a wide range of particle loading (Matteucci 
et al. 2008):
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where PC, PM, and PD are the permeabilities of the composite, polymer matrix, and 
disperse phase, respectively. φD is the dispersed phase volume fraction. In Equation 
10.7, the dispersed phase is composed of spherical particles. In heterogeneous films 
containing an impermeable dispersed phase (i.e., PD = 0), Equation 10.7 reduces to 
(Bouma et al. 1997)

 
P
P

C

M
D= −( ) /1 3 2φ  (10.8)

If the dispersed phase is much more permeable than the matrix (i.e., PD > PM), 
Equation 10.7 becomes (Bouma et al. 1997)
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Barrer et al. (1963) found that CH4 permeability of natural rubber filled with imper-
meable, micron-sized ZnO particles obeys Equation 10.8 to a good approximation, 
and Matteucci et al. (2008) found that a good estimation of CO2, CH4, N2, and H2 
permeability in TiO2 = filled 1,2-polybutadiene could be obtained from the perme-
ability of each gas in the unfilled polymer by using Bruggeman’s model. However, 
Bruggeman’s model as presented in Equation 10.7 assumes that the dispersed phase 
is spherical. For nonspherical geometry, Equation 10.7 is less accurate. That is why 
alternative models for predicting the permeability or diffusivity of a composite or 
nanocomposite have been developed for various geometry and pellets orientation. 
For example, Cussler et al. (1988) gave the following expression for the effective 
diffusivity for a suspension of impermeable flakes oriented perpendicularly to the 
diffusion flux:
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where φD is the dispersed phase volume fraction, α is the particles aspect ratio, and 
DC and D0 are the diffusion coefficients with and without pellets, respectively.

To take into account the resistance to diffusion in the slits between adjacent pel-
lets in the same horizontal plane, Aris (1986) proposed the following model:
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where σ is the slit shape: the ratio between slit width (ε) and slit thickness (t) 
(Figure 10.3). However, Equation 10.10 and Equation 10.11 require that the imper-
meable domains be aligned either parallel or perpendicular to the polymer surface 
and no interface regions be present between the polymer bulk and pellets. Diffusion 
through heterogeneous media containing impermeable anisotropic domains is 
strongly influenced by domain orientation relative to the diffusion direction. To take 
into account this orientation, Sorrentino et al. (2006) proposed a modified form of 
Equation 10.11 to predict the effective diffusivity through polymer clay nanocom-
posites as a function of clay sheets orientation, volume fraction, polymer clay orien-
tation, and aspect ratio:
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with

 β = − +
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where VS and DS are the volume and diffusion coefficient of the interface region, and 
VP is the volume of the unmixed polymer. L is the length of a pellet, and θ is an angle 
characterizing the pellet orientation (Figure 10.3). The parameters VS and DS are no 
longer as easily calculated. They depend on many factors as the type of permeant, 
the type of the surface modifier utilized, the presence of micro-voids, or the mor-
phology of the sample. However, if t and θ are known, the parameter β can be used 
as a fitting parameter. If the presence of the interface region can be neglected, β = –1. 
Sorrentino et al. (2006) successfully validated Equation 10.12 on polycaprolactone, 
polyurethanes, and polypropylene nanocomposites in which modified montmoril-
lonite clays were introduced.

10.3.1.3 Microperforated Films
The diffusion of O2 and CO2 through air is 8.5 and 1.5 million times greater, 
respectively, than through low-density polyethylene films (Mannapperuma et al. 
1989). This difference in gas diffusion means that the gas exchange through a 
microperforated material occurs almost entirely through the microperforations. In 
this case, from a theoretical point of view, Equation 10.1 does not apply. Various 
models have been thus proposed which attempt to describe the exchange of gases 
through perforation. Some authors have used the flow equation according to the 
Stephan–Maxwell law. However, if the Stefan–Maxwell law is more accurate, it is 

θ

ε

δ

d

t

L

FIGure 10.3 Idealized model for hindered factor calculation for plane pellets exfoli-
ated in a polymer matrix. (Adapted from Sorrentino, M., Tortora, M., and V. Vittoria. 2006. 
Diffusion behavior in polymer-clay nanocomposites. Journal of Polymer Science Part B: 
Polymer Physics 44: 265–274.)
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less versatile due to its high complexity; therefore, some authors prefer to apply 
Fick’s law or derivations of Fick’s law, or even empirical models (Table 10.2). 
Gonzalez et al. (2008) have measured O2 and CO2 transmission rates through 
microperforated films and have compared the relative performance of various 
models (Becker 1979; Fishman et al. 1996; Fonseca et al. 1996; Heiss et al. 1954) 
and their own empirical one to predict the gas transmission rates. They found that 
their empirical equation that relates the area of microperforation with the trans-
mission rate of oxygen and carbon dioxide (Table 10.2) can be used for a wide 
range of conditions which distinguishes it from the other models and equations 
applicable with a more limited range.

The gas permeability of a film depends on extrinsic parameters such as tempera-
ture and relative humidity.

10.3.1.4 temperature effect
The effect of temperature on gas permeability (diffusivity or solubility) is usually 
represented using the Arrhenius’ relation:

 P P E
RT

a= −






0 exp  (10.14)

where P0 is a temperature-dependent factor, Ea the energy of activation for perme-
ation, R the gas constant, and T the absolute temperature.

Another accepted relationship is the Q10, the ratio of permeabilities at tempera-
ture T to that at T + 10:

 Q P T
P T10

10= +( )
( )

 (10.15)

In MAP science and technology, Equation 10.15 is often preferred to Equation 
10.14 to describe the effect of temperature on gas and vapor permeability values. 
The effect of temperature on respiration rate is always described using the Q10 
ratio (Equation 10.29). However, knowing the activation energy for permeation of 
a gas A in a polymer, the corresponding Q10 could be found using the following 
relation:

 E R T T Qa = 1 2
1010

ln  (10.16)

When perforated films are considered, the effect of temperature on permeation 
through pores (air) is much less as compared to its effect on permeation through the 
polymer. As permeation through the pores accounts for most of the total permeation 
through a perforated film, the activation energies for perforated films are close to 
zero. Perforated films are not able to compensate for the effect of temperature varia-
tions during storage on fruit and vegetable respiration.
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10.3.1.5 relative Humidity effect
Contrary to the impact of temperature which could be well modeled using the 
Arrhenius or Q10 relation, the effect of relative humidity on gas permeability is 
still subject to study. No generalized relationship could have been found related 
to variations of gas or vapor permeability with relative humidity. Some attempts 
have been made, for example, to relate C2H4 permeability in wheat gluten films to 
the moisture content of the matrix and then the relative humidity of the external 
atmosphere (MujicaPaz et al. 2005), but the polynomial relationship proposed by 
the authors is of value only for wheat gluten films and in the conditions of the 
study. The general statement is that an increase in relative humidity increases the 
gas or vapor permeability value. At high humidities, water can be absorbed and 
interact with polar groups in the polymeric films, leading to a swelling and plasti-
cizing effect (increase in free volume and in macromolecules chain mobility). As a 
consequence, the permeability for other gases and vapors changes as well. There is 
a real need for a theoretical approach describing the impact of RH on parameters 
such as diffusion or permeability.

10.3.2 ABsorpTion or reLeAse of gAs or VApor

10.3.2.1 absorption of Gas and Vapor
As previously mentioned, it could be necessary to introduce active agents for absorb-
ing unsuitable gases or vapors and reducing the transient period. This has to be 
carefully controlled to avoid detrimental effects on the product, for instance, a total 
depletion of O2 would induce a turn into fermentative catabolism. In this condition, 
absorption kinetics must be known. A typical saturation experimental curve was 
obtained with several O2 scavenger sachets whatever the initial O2 content, from 5 
to 21 kPa (Tewari et al. 2002; Charles et al. 2006). Although O2 absorption rate did 
not depend on the initial O2 concentration at high partial pressures, it was slightly 
affected at low partial pressures (less than 5 kPa). This effect was attributed to a dif-
fusion phenomenon that limited absorption at a low O2 level. A significant parasite 
CO2 absorption kinetic was identified in ATCO®LH sachet (see Table 10.1) and can-
not be neglected for MAP application (Charles et al. 2006). First-order (Equation 
10.17) and second-order (Equation 10.18) relations were proposed to calculate the 
absorption rate:

 ln At = kt + ln A0 (10.17)

 
1 1

0A
kt

At
= +  (10.18)

where A is the amount of reactant at any time At or at intial time A0, and k is the rate 
constant. The first-order equation accurately explained the data and was chosen to 
express the absorbed O2 at any time:
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 N NO t O
kt

2 2 0 1= × − −( exp )  (10.19)

where NO2 0  is the maximal absorption capacity.
An Arrhenius-type equation was validated to model the effect of temperature on 

the absorption rate constant k.

 k X
Ea
RT= ×









exp  (10.20)

where X is a temperature-dependent factor, Ea the energy of activation for perme-
ation, R the gas constant, and T the absolute temperature.

The first-order equation and the Arrhenius law were also appropriate to describe 
the parasite CO2 absorption by the O2 scavenger and by CO2 scavengers (Charles et 
al. 2006). For the latter, no parasite O2 absorption was found in controlled atmo-
sphere experiments.

It should be stressed that experimental values of absorption rates had high stan-
dard deviations for the same type of scavenger, and the knowledge of this variation 
should be taken into account in modeling for better food control and prevention in 
food safety. Another important point is that most scavengers are moisture activated, 
and at this time, no model relates the O2 absorption rate to the surrounding RH.

10.3.2.2 release of active agents
If in the MAP system the packaging material is an active film, in which, for example, 
antimicrobial compounds are entrapped in the polymer matrix and, then, are slowly 
released as a function of time, an additionnal mass transfer to the O2/CO2 and H2O/
C2H4 fluxes occurs (Figure 10.4). In this case, the concentration in migrant varies 

CL,t C(x,t)

x
L 0 –L

FIGure 10.4 Scheme of the package of thickness 2 L in the food/internal atmosphere/
active packaging system: controlled release of active agents.
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with time and with the position within the matrix (transient state), and obeys the 
second Fick’s law as follows:

 

t
C

x
D

C

x
> < < ∂

∂
= ∂

∂
0

2

2
, -L 0 L,  (10.21)

where x is the distance (m), C the packaging concentration in migrant (kg additive/
kg of polymer), and D the migrant diffusivity within the packaging (m²/s). To solve 
this partial differential equation, two boundary conditions and one initial condition 
are required.

At the packaging–internal atmosphere interface, the equilibrium is assumed to 
be reached instantaneously. Moreover, the rate at which the substance is transferred 
into the atmosphere is constantly equal to the rate at which this substance is brought 
to the surface by internal diffusion through the polymer packaging, leading to the 
following relationship:

 

t D
C

x
k C CL t L> = − ∂

∂
= −( )∞0, , , ,x L  (10.22)

where k is the coefficient of mass transfer at the interface packaging/atmosphere 
(m/s), CL,t is the concentration of the diffusing substance on the surface of the poly-
mer, and CL,∞ is the concentration of the diffusing substance on the surface of the 
polymer required to maintain equilibrium with the concentration of this substance in 
the internal atmosphere at time t.

Chalier et al. (2008) succeeded in predicting the release of a volatile compound 
(carvacrol) from a soya proteins matrix into atmosphere using Equation 10.15 and 
appropriate boundary conditions. These authors have put in evidence the trigger-
ing effect of relative humidity and temperature on the carvacrol release from the 
matrix. This particular behavior of soya proteins (related to the glass transition 
phenomena of the soya protein network) would be very interesting throughout the 
life cycle of the material. As shown in Figure 10.5, one may imagine, for example, a 
storage of the film prior to use at a low relative humidity (60%, e.g., below the glass 
transition of the polymer) to favor the retention of the antimicrobial compound. 
At this relative humidity, the remaining quantity of antimicrobial compound in 
the film would be higher than 50% of the initial quantity after 1 month of storage. 
Then, once in contact with the food product (relative humidity close to 100%), the 
diffusion of the volatile compound into the internal atmosphere would suddenly 
increase to maintain a high concentration in preservative at the food surface where 
microorganisms grow. In case of temperature abuse during storage of the packed 
food, the response of the active film would be once more in favor of the preser-
vation of the fresh product: The quantity of antimicrobial compound release in 
the internal headspace would increase exponentially with the temperature increase 
(Figure 10.3).
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Some authors use a simplified derivation of the previous Fickian model:
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where

  
M
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0

 

is the fraction of migrant released, t is the release time, and k is a constant charac-
teristic of each sample. The value of the diffusion coefficient, D, can be calculated 
according to the following relation:
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FIGure 10.5 Predicted controlled release of an antimicrobial compound from a bio-
sourced polymer during the life cycle of the polymer (stored at 60% of relative humidity 
during 1 month before being used during 5 days as packaging of a fresh food product—100% 
RH): effect of a temperature abuse of 1 day at 35°C during storage of the packed product at 
20°C. (Calculated from data in Chalier, P., Ben-Arfa, A., Guillard, V., and Gontard, N. 2008. 
Moisture and temperature triggered release of a volatile active agent from soy protein coated 
paper: effect of glass transition phenomena on carvacrol diffusion coefficient. Journal of 
Agricultural and Food Chemistry 57:658–665.)
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 k D
L

= 4 2π
 (10.24)

where L corresponds to the thickness of the film. This model is valid for release 
of less than 60% of initial load. Equation 10.23 was successfully used by Lin et al. 
(2007) to model the controlled release of aspirin from poly(methyl) methacrylate 
(PMMA)/silica composite material. In a general manner, this model is often used for 
the study of a drug delivery system when the active system is immersed in a liquid 
(Reinhard et al. 1991; Cypes et al. 2003; Frank et al. 2005).

10.4 ModelInG PHysIoloGIcal reactIons

The complexity of biological systems, such as fruits and vegetables, contributes to 
the difficulty in modeling the biochemical reality of respiration and transpiration. 
However, empirical and simplified kinetics models can be used to describe overall 
physiological pathways.

10.4.1 modeLing respirATion

In its simplest form, aerobic respiration can be considered as a single limiting enzy-
matic reaction in which the substrate is O2. Then, the dependence of the O2 respira-
tory or consumption rate RO2( ) on O2 partial pressure pO2( ) can be expressed by a 
Michaelis-Menten-type equation as follows:

 R R P
Km PO

O O

appO O
2

2 2

2 2

= ×
+

max  (10.25)

in which, R Omax 2
is the maximum rate of O2 consumption, and KmappO2

is the 
Michaelis constant for O2 consumption (apparent dissociation for the enzyme–
substrate complex). This simplification was first applied for respiration at the 
cell level in 1973 (Chevillote 1973) and tends to correctly fit experimental data. 
Nevertheless, Equation 10.25 should be completed when taking into account the 
role of carbon dioxide through inhibition mechanisms. Four models can explain 
the CO2 inhibition of O2 consumption. Competitive inhibition, in which O2 and 
CO2 compete for the same active site of the single enzyme, can be used when the 
O2 consumption rate is lowered at high CO2 concentrations (see Equation 10.26). 
Uncompetitive refers to a reaction between the inhibitor and only the enzyme–
substrate complex; in this case, the O2 respiratory rate is not influenced at high CO2 
contents (see Equation 10.27). In other cases, noncompetitive inhibition might be 
used when CO2 can react equally with both the enzyme and the enzyme–substrate 
complex and the effect of high CO2 concentration on the O2 uptake rate comes in 
between the concentrations obtained with the two previous types of inhibition (see 
Equation 10.28). If this inhibition is widely used for its simplicity, it could be nec-
essary to consider the reality of the respiration process. Because many enzymes 
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reactions are involved, each can potentially be inhibited by CO2 according to one 
of the previous inhibition models. Then, it could be necessary to use a more com-
plex equation that combines competitive and uncompetitive inhibition, where each 
type differs in its relative activity (see Equation 10.29). Models of these inhibi-
tions have been previously described in well-documented reviews (Peppelenbos 
and van’t Leven 1996; Fonseca et al. 2002) and need the introduction of pCO2

, the 
CO2 partial pressure; and KiCO2

, K iCO'
2

, K iCO"
2

, the Michaelis constant for the 
CO2 inhibition of O2 consumption (apparent dissociation of the inhibitor–enzyme 
complex, Ki, or the inhibitor–enzyme–substrate complex, K’i, or both complexes, 
K”i, depending on the type of inhibition):
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Although inhibition models are accurate enough for experimental data, they all 
consider that gas exchanges are constant in time. They do not describe the respira-
tory crisis occurring in postharvested climacteric organs when ripened, as well as 
the temporary increase in gas exchange rate noted in minimally processed fruits 
and vegetables. It appears necessary to enhance understanding and interpretation 
of gas exchanges by taking into account gas diffusion within the product. At this 
time, models describe the effect of external gas partial pressure on physiologi-
cal reactions; but from a biological point of view, only internal gas partial pres-
sure is involved in physiological processes. As diffusion properties of materials 
can affect gas composition in the headspace of the packaging, diffusion through 
wax layers, cracks, pores, or the cell membrane can alter the internal gas/vapor 
atmosphere within the fresh product. Mathematical models of biological diffusion 
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should be the same as for packaging diffusion and should be based on Fick’s law 
(Equation 10.1). This could be helpful to describe the effect of wounding on physi-
ological reactions in fresh-cut products and would also be applied to transpiration 
phenomenon.

10.4.1.1 co2 and Fermentative respiration
In the oxidative metabolism, the CO2 respiratory or production rate might also be 
modeled by taking into account the respiratory quotient (RQ), which is the ratio 
between CO2 production and O2 consumption:

 R RQ RCO O2 2= ×  (10.30)

Whereas respiration rates of different plant tissues vary, RQ value remains close to 
unity, from 0.7 to 1.3 depending on the substrate catabolized (carbohydrates, lipids, 
proteins, or organic acids) and then on the aging of the product. However, at low 
O2 partial pressure, the RQ might reach higher values. Considering Equation 10.25 
and Equation 10.30 at low O2 partial pressure, few or no CO2 would be produced. 
However, in most plant tissues, such conditions lead to a fermentative respiratory 
pathway in which additional CO2 is formed. To overcome this drawback, several 
authors tentatively develop some models based on the CO2 balance accounting for 
the oxidative (ox) and fermentative (ferm) respiratory pathway:

 R R R with R RQCO CO ax CO ferm CO ax ax2 2 2 2= + =( ) ( ) ( ) ( ) ×× RO2  (10.31)

Models are compared in a previous review (Peppelenbos et al. 1996). Some are based 
on the O2 inhibition of CO2 production in fermentation, and others rely on the inhi-
bition of fermentative CO2 production by the ATP concentration, considering that 
carbohydrates are nonlimiting. At this time, there is no physiological relevance of 
the models for attributing the increase in fermentation rates to low O2 content or to 
energy fluxes. In addition, none takes into account the effect of CO2 partial pressure 
on the fermentative CO2 production, which has been noted for some products such 
as mung bean sprouts, asparagus, or apples. There is still a need to develop accurate 
models for this respiratory pathway.

10.4.1.2 temperature dependence of respiration
The effect of temperature on O2 or CO2 respiration rate might be independently 
described with the Arrhenius law or the Q10 relation. According to the Arrhenius 
equation, the O2 respiration rate (same with CO2) is expressed as follows:

 R R E
RTO O

a
2 2 0= −







exp  (10.32)

where RO2 0  is a temperature-dependent factor, Ea is the energy of activation for 
O2 consumption, R is the gas constant, and T is the absolute temperature. In such a 
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nonactivated process, the activation energy loses its physical meaning and quantifies 
the temperature dependence.

Considering the Q10 relation, Equation 10.33 is used:
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It should be stressed that the Q10 value is widely used by physiologists but more and 
more, it is replaced by Ea to simplify the global equation in coupling models where 
diffusion through gas material is also considered.

An example of modeled change in O2 consumption and CO2 production rate versus 
time at several temperatures of storage is given in Figure 10.6. Initial gas composition 
was chosen as air, the headspace volume was known, and the system was considered 
as closed. At low temperature (less than 8°C), O2 uptake and CO2 release remain low 
and constant. At higher temperature, initial O2 and CO2 respiratory rate are higher, 
meaning that O2 depletion is accelerated. It leads to a rapid anoxia and a reduction 
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FIGure 10.6 Example of predicted O2 consumption (VO2 in µmol/kg/s; solid line) and 
CO2 production (VCO2 in µmol/kg/s; dotted line) of ‘Elsanta’ strawberries packed in a tight-
closed finite volume of air as a function of time and different storage temperature (from 4 
to 16°C). (Calculated from data in Hertog, M. L. A. T. M., Boerrigter, H. A. M., Van den 
Boogaard, G. J. P. M., Tijskens, L. M. M., and Van Schaik, A. C. R. 1999. Predicting keep-
ing quality of strawberries (cv. ‘Elsanta’) packed under modified atmospheres: an integrated 
model approach. Postharvest Biology and Technology 15: 1–12.)
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of O2 consumption, typical of a turn into a fermentative pathway. Because the math-
ematical model used does not take into account additional CO2 production occurring 
in such a case, the reduction of O2 consumption is concomitant to a reduction of CO2 
production.

10.4.2 modeLing TrAnspirATion

Most models describe the moisture transfer through the skin of fresh products as 
a function of biophysical and thermophysical properties (thermal diffusivity, sur-
face cellular structure, skin thickness, pores, geometry) (Fockens and Meffert 
1972; Hayakawa and Succar 1982; Sastry and Buffington 1982; Gaffney et al. 1985; 
Veraverbeke et al. 2003). None of them took into consideration the influence of the 
respiration rate that depends on gas composition in the packaging headspace. Some 
authors tentatively developed a mathematical model for describing transpiration in 
link with respiration (Kang and Dong 1998; Song et al. 2002), which is based on heat 
and mass transfers. The hypothesis for such a model is that a large amount of energy 
produced during respiration is dissipated as heat (from 80% to 100%) and that carbo-
hydrates are nonlimiting substrates. Then, the internal heat source can be expressed 
from the oxidation of glucose:

 C6H12O6 + 6O2 → 6CO2 + 6H2O + 2816kJ (10.34)

The internal heat Qi can be expressed by taking into account the weight of fresh com-
modity w and the heat produced during respiration according to Equation 10.35:

 Q w R R ai
O CO= ×







× +






×2816

6 2
2 2  (10.35)

where α is the ratio of energy dissipated as heat (from 0.8 to 1). This relies on the 
assumption that the respiration rate is the average of O2 and CO2 respiratory rates.

The convective heat occurring at the surface of product (or external heat) Qe is 
described as follows:

 Qe = h × A × (Te – T) (10.36)

where h is the convective heat transfer coefficient of the surface of the product, A is 
the surface area of the product, T is the Celsius temperature of the product surface 
or Te of the surrounding.

By taking into account the latent heat of moisture vaporization and the sensible heat for 
increasing the temperature of the product, the heat balance can be written as follows:

 Q Q m w C dT
dti e s= = × + × ×







( )λ  (10.37)
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where m is the rate of vaporization, λ is the latent heat of vaporization, and Cs is the 
specific heat of the product.

This equation can be simplified by considering that the temperature at the surface 
of the product is equal to that of the surroundings. Qe is therefore neglected, and the 
rate of vaporization corresponds to

 m
Q w C dT

dti s

=
− × ×









λ
 (10.38)

This model has been validated on apple at a fixed temperature and RH (Kang and Lee 
1998) as well as on blueberry when coupling with water vapor permeation through 
packaging material (Song et al. 2002).

10.4.3 how To Assess physioLogicAL pArAmeTers

Accurate assessments of respiration rate and other physiological parameters are 
essential for optimizing physiological models. Respiration rate can be assessed at 
a required temperature according to usual methods that are the closed system, the 
flowing system, the permeable system, and the automatic respirometer. Whatever the 
technique used, it is necessary to know the weight and the apparent density of the 
product as well as the volume of the container to calculate the void volume. In the 
closed jar technique, fresh products are placed in a hermetic container. The initial 
gas composition inside jars can be set up by gas flushing or considered as air. Gas 
samples are withdrawn through a septum, and O2 and CO2 are monitored using gas 
chromatography at regular time intervals for a short period. It is fast and simple but 
does not allow measurements under stable atmospheric conditions, and modification 
of partial pressures quickly influences the respiration rate.

This system can be adapted to ensure permanent renewal of the atmosphere in 
the vessel at a constant rate: This is the flowing system. Comparison of gas compo-
sition between the inlet and the outlet permit assessment of the O2 uptake and CO2 
production by the product. This technique is time consuming, requires considerable 
amounts of gases, and is not adapted to low respiring products.

In the permeable system, products are placed into a flexible pouch with known 
permeability and diffusion area. O2 and CO2 respiratory rates are then proportional 
to the steady-state concentrations within the packaging. This method is the least 
accurate because it involves the determination of more variables (packaging char-
acterization) and time to achieve steady state might be a limitation (high respiring 
products, for instance).

The automatic respirometer consists of two vessels placed in a thermostated bath. 
Fresh products are introduced into vessel 1; the other vessel is used as a pressure 
reference. Vessels are closed under normal air or flushed with a preset gas composi-
tion through mass flow meters. Internal gas composition is continuously measured 
through probes and gas chromatograph. When CO2 partial pressure is 0.1 kPa higher 
than the preset value, a valve is automatically activated to pump the gas contained in 
vessel 1 through a CO2 trap until the initial preset CO2 partial pressure is restored. 
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Removal of excessive CO2 leads to a decrease in pressure in vessel 1 which is equili-
brated by the injection of pure nitrogen. The run is stopped once the O2 is completely 
consumed. A complete description of this system is given in Varoquaux et al. (1999). 
This technique relies on a whole arsenal of machinery compared to the closed jar 
technique, but it allows the measurements of accurate data without CO2 inhibition.

Once these measurements are recorded, and whatever the technique, O2 or 
CO2 partial pressure are plotted against time, and a regression curve is calculated 
to fill through the data points (commonly a second-degree polynomial equation). 
The first derivative is applied to get the estimation of RO2

and RCO2
at any time 

and, therefore, the RQ. Then,
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(depending on the inhibition mechanism), 
respectively.

To assess the Ea or the Q10 of O2 uptake and CO2 production, RO2
and RCO2

are 
measured at several temperatures. Then ln RO2

is plotted as a function of (1/T) accord-
ing to Equation 10.35 to estimate Ea. Otherwise, Equation 10.36 is used to get the Q10 
value:

 ln lnR R Ea
RTO O2 2 0= −  (10.39)

 log logR AT R QO o O
A

C2 2 0 10
1010= + =  (10.40)

Respect of SI (International System of Units) units is really important when con-
stituting such a database for modeling. For instance, O2 or CO2 respiratory rates 
should be expressed in mol.kg–1.s–1, but at this time, other units such as mg.kg–1.h–1 

are encountered. The same applies to gas film permeability that should be expressed 
in mol.m–1.Pa–1.s–1 and is found as, for instance, mL.µm.m–2.atm–1.day–1. There is 
still a need to standardize units for easier use in databases.

10.5 conclusIon

This review clearly shows the interest in and also the complexity of active and pas-
sive MAP of fresh fruits and vegetables. It is demonstrated that understanding mass 
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transfer phenomena is essential to promote rational and specific design of packaging 
materials for fresh fruits and vegetables for the sake of all stakeholders. Such an 
approach will allow the enhancement of the quality preservation of such fragile but 
nutritionally recommended products for consumer health. This will also enable the 
development of tailor-made packaging with a reduced quantity of raw material used 
and promote the development of renewable and biodegradable packaging solutions for 
environmental considerations. Future trends in scientific work should be to develop 
integrated models able to combine mass transfer models with both physiological 
and quality ones. This could be done by first using already existing mathematical 
models for predicting some fresh fruits and vegetables qualities (sensorial evalua-
tion, browning, spoilage, etc.) and by developing more suitable ones with required 
associated databases. In addition, the behavior of ecofriendly packaging, such as 
agropolymer-based materials, could be really interesting when it is fully understood 
and thus controlled, especially the moisture sensitivity of the packaging.
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11 Use of Edible Coatings 
for Fresh-Cut Fruits 
and Vegetables

M. Alejandra Rojas-Graü, Robert 
Soliva-Fortuny, and Olga Martín-Belloso

11.1 IntroductIon

Fresh-cut processing alters the integrity of fruits and vegetables, bringing about 
negative effects on product quality such as browning, off-flavor development, tex-
ture breakdown, and proliferation of microorganisms, thus reducing the shelf life 
of fresh-cut fruit commodities. Various techniques such as modified atmospheres, 
enzyme and browning inhibitors, texture stabilizers, and antimicrobial dips are 
employed to delay these negative effects. The application of each technique has 
advantages and drawbacks. For this reason, development of new preservation 
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strategies is still needed to improve the quality and shelf-life of fresh-cut com-
modities. Edible coatings offer excellent prospects for extending the shelf life of 
fresh-cut produce by reducing the deleterious effects caused by minimal process-
ing operations. Edible coatings from polysaccharides, proteins, and lipids can 
serve as barriers to moisture migration, prevent diffusion of gases and control 
microbial growth. They can also enhance quality and appearance of fresh produce 
by preventing flavor and aroma migration and by providing structural integrity. 
Edible coatings have also been studied as potential carriers of active ingredients 
such as antioxidants, antimicrobials, coloring agents, vitamins, probiotics, and 
nutraceuticals.

This chapter focuses on the use of edible coatings on fresh-cut fruits and veg-
etables, including a brief description of the main compounds used to form edible 
coatings and their most relevant properties, as well as an overview of the applica-
tions that have been researched for improving quality and extending the shelf life of 
fresh-cut fruits and vegetables. Some industrial considerations and regulatory status 
are also reviewed.

11.2 edIble FIlMs and coatInGs

Edible films and coatings are generally defined as continuous matrices that can 
be prepared from edible materials such as polysaccharides, proteins, and lipids. 
Plasticizers and other additives are incorporated into formulations to modify their 
physical properties or functionality. Coatings are either applied to or formed directly 
on foods, while films are self-supporting structures that can be used to wrap food 
products. They are located either on the food surface or as thin layers between dif-
ferent components of a food product (Debeaufort and Voilley, 2009).

The use of edible coatings on fresh commodities consists of the application 
of a thin layer of any edible material on the surface of a fruit or vegetable with 
the purpose of providing it with a modified atmosphere, retarding gas transfer, 
reducing moisture and aroma losses, delaying color changes, and improving the 
general appearance of the product through storage. In the last years, edible coat-
ings have been evaluated in order to improve quality and prolong the shelf-life of 
some fresh-cut fruits and vegetables by their ability to function as carriers of active 
compounds. However, the application of edible coatings to foods with the aim of 
prolonging their shelf life is not new. Wax coatings on whole fruits and vegetables 
have been used since the 1800s. In fact, coating of fresh citrus fruits (oranges and 
lemons) with wax to retard desiccation was practiced in China in the 12th and 13th 
centuries (Hardenburg, 1967) but was only commercially utilized on apples and 
pears as recently as the 1930s (Baldwin et al., 1995; Park, 1999). Currently there 
are several applications of edible films and coatings in the food industry, including 
shelf-life extension of oxygen-sensitive foods such as nuts, fresh whole fruits, and 
fresh-cut fruits and vegetables, reduction of oil migration into surrounding food 
components (e.g., nuts in chocolate); increase of integrity of fragile foods, such 
as breakfast cereals and freeze-dried foods, decrease of moisture loss of foods 
with high water activity, improvement of the moisture barrier of crisp inclusions 
such as nuts, cookies, and candies in ice cream, carriers of seasonings in snack 
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foods, prevention of miscellaneous phenomena such as oxidations, moisture loss, 
aroma, or color migration in frozen foods, separation of heterogeneous foods or 
food components, and film pouches for dry food ingredients (Cuq, Gontard, and 
Guilbert, 1995; Han, 2000). Edible films and coatings have been used as a strategy 
to reduce the deleterious effects that minimal processing imposes on intact veg-
etable tissues.

On the other hand, edible films and coatings have a high potential to include 
active compounds due to their ability to carry ingredients such as antibrowning 
agents, nutrients, and antimicrobial compounds that can extend product shelf-life 
and reduce the risk of pathogen growth on cut surfaces (Martín-Belloso et al., 2009). 
The application of edible coatings to deliver active substances is one of the major 
advances reached so far in order to increase the shelf life of fresh-cut produce. In 
this way, a new generation of edible coatings is under development, with the aim of 
allowing the incorporation of or controlled release of active compounds using nano-
technological solutions such as nanoencapsulation and multilayered systems. These 
techniques could be used to satisfactorily coat highly hydrophilic food systems such 
as fresh-cut fruits and vegetables (Vargas et al., 2008).

11.3 ForMulatIon oF edIble coatInGs

A very wide range of compounds can be used in the formulation of edible coatings. 
Polysaccharides, proteins, and lipids are the common coating-forming materials that 
can be used individually or combined. Other minor components such as plasticiz-
ers, emulsifiers, and surfactants are usually included to enhance coating properties 
(Baldwin et al., 1995). Their presence and abundance determine the barrier proper-
ties of the coating layer with regard to water vapor, oxygen, carbon dioxide, and lipid 
transfer in food systems.

Some basic factors need to be taken into account when formulating edible coat-
ings for fresh-cut commodities. Mechanical structure of the film and the affinity 
between the coating material and the food are important factors to be controlled. 
To get the full advantage of an edible coating, the coating must adhere to the food 
surface (Lin and Zhao, 2007). The degree of adhesion depends on the chemical and 
electrostatic affinity of the coating material with the food surface. Higher adhesion 
ensures longer durability of the film on the surface of the fruit or vegetable (Olivas 
and Barbosa-Cánovas, 2005). Nevertheless, when coatings are applied onto the sur-
face of fresh-cut commodities, they need to be first dissolved and then adsorbed by 
the wet surfaces to form a unique layer. For improving surface adhesion of coatings, 
surfactants are typically added into coating formulations to improve wettability and 
adhesion (Choi et al., 2002; Lin and Krochta, 2005).

11.3.1 poLysAcchAride-BAsed coATings

Polysaccharides are the most widely used components found in edible coatings for 
fresh-cut commodities, as they are present in most commercially available formu-
lations. Polysaccharides exhibit effective gas barrier properties, although they are 
highly hydrophilic and thus have a high water vapor permeability in comparison 
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with commercial plastic films. Nevertheless, the oxygen and moisture barrier prop-
erties of polysaccharide films and coatings can contribute to protect fresh-cut fruit 
and vegetables from dehydration and, in some cases, deplete their respiration rate. 
These coatings may help to retard ripening and increase shelf life of coated produce, 
without creating severe anaerobic conditions (Baldwin et al. 1995). The method by 
which polysaccharide coatings reduce moisture loss is by acting as a sacrificial mois-
ture barrier to the atmosphere, so that moisture content of the coated food can be 
maintained (Kester and Fennema, 1986). Polysaccharides that have been used for 
coating applications in fresh-cut fruits and vegetables include those derived from 
plants (cellulose and derivatives, pectin, starch), seaweed extracts (alginates, carra-
geenan), shell crustaceans extracts (chitosan), and some mucilage compounds.

Cellulose is the most abundant natural polymer on earth. It is highly crystalline, 
fibrous, and insoluble. Several water-soluble, composite coatings are made commer-
cially from cellulose. Cellulose derivatives such as methylcellulose (MC), hydroxy-
propylmethyl-cellulose (HPMC), and the ionic carboxymethyl-cellulose (CMC) are 
commonly found in the formulation of edible coatings, especially in commercial 
products, for extending shelf life of fresh fruits and vegetables. These coatings 
reduce oxygen uptake without causing an equivalent increase in the carbon dioxide 
level in internal atmospheres of fruit or vegetable tissues, preventing the occurrence 
of anaerobic respiration. As a result, a coating manufactured by Agricoat Industries 
Ltd. as SemperfreshTM is formulated with sucrose esters of fatty acids, mono- and 
diglycerides, and the sodium salt of CMC. It forms an invisible coating that is odor-
less and tasteless, and creates a barrier that is differentially permeable to oxygen and 
carbon dioxide. Semperfresh coating has been successfully applied to extend the 
shelf life and preserve important flavor compounds of fresh fruits and vegetables, 
such as apples (Drake et al., 1987; Bauchot et al., 1995; Sumnu and Bayindirli, 1995), 
bananas (Banks, 1984), mangoes (Dhalla and Hanson, 1988; Carrillo-Lopez et al., 
2000), and tomatoes (Tasdelen and Bayindirli, 1998).

Pectin is a complex anionic polysaccharide composed of (1®4)-α-D-galacturonic 
acid units interrupted by single (1®2)-α-L-rhamnose residues (Ridley et al., 2001). 
Currently, apple pomace and citrus peel are the main sources of commercial pectin, 
while other potentially valuable sources remain unused because of certain undesir-
able structural properties. The carboxyl groups of the galacturonic acid units are 
partly esterified by methyl groups. By principle, if the degree of methyl esterification 
(DE) is greater than 50%, the pectin is called high methoxyl (HM) grade or high 
ester, and if it is less than 50%, it is called low methoxyl (LM) or low ester pectin 
(Nieto, 2009). For both HM and LM pectins, the gel modulus is determined by the 
number of effective junction zones formed between pectin chains. HM pectin forms 
good gels at low pH and the presence of solutes, generally sucrose. LM pectin forms 
firm gels in the presence of calcium ions in a manner very similar to alginates. 
Pectins with low levels of methyl esterification are commonly used for edible coating 
developments. Pectin gels have high water vapor permeability; thus they can prevent 
dehydration only by acting as sacrificial agents. Pectin coatings are generally not as 
strong as other films. Some researchers have reported that edible coating made from 
fruit puree containing pectin in its formulation can be used to extend the shelf life 
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of fresh-cut fruits and vegetables, as well as to enhance their nutritional value and 
increase their consumer appeal.

Starch is one of the most abundant natural polysaccharides used as food hydrocol-
loid (Narayan, 1994), because it is inexpensive, abundant, biodegradable, and easy 
to use. Starch is available from different botanical sources, including wheat, corn, 
rice, potato, cassava, yam, and barley, but corn represents the major commercial 
source (Riaz, 1999). Coatings made from starch are often transparent or translucent, 
odorless, tasteless, and colorless, and have low permeability to oxygen at low-to-
intermediate relative humidity (Myllarinen et al., 2002). Usually, these films are 
formed by the drying of a gelatinized dispersion, as hydrogen bonds form between 
hydroxyl groups (Lourdin et al., 1995).

Alginates are another polysaccharide with a high potential to cast films. They are 
extracted from brown seaweeds of the Phaephyceae class and are the salts of alginic 
acid, which is a linear copolymer of D-mannuronic and L-guluronic acid monomers. 
Alginates possess good film-forming properties, producing uniform, transparent, 
and water-soluble films. Alginates’ gel-forming properties are mainly due to their 
capacity to bind a number of divalent ions like calcium and are strongly correlated 
with the proportion and length of the guluronic acid blocks (G-blocks) in their poly-
meric chains. On the other hand, gellan is a microbial polysaccharide secreted by 
the bacterium Sphingomonas elodea (formerly referred to as Pseudomonas elodea). 
The functionality of gellan gum depends on its degree of acylation. High acyl gellan 
forms soft, very elastic, transparent, and flexible gels, while low acyl gellan forms 
hard, non-elastic, brittle gels (Sworn, 2000). The mechanism of gelation involves the 
formation of a three-dimensional network, which in turn is formed by double helical 
junction segments that are complexated with cations and hydrogen bonds (Takahashi 
et al., 2004). Both polysaccharides are increasingly finding use in the food industry 
as texturizing and gelling agents (Yang and Paulson, 2000).

A polysaccharide commonly used in the formulation of edible coatings is chi-
tosan, which is mainly obtained from crab and shrimp shells (Hirano, 1999). This 
coating material has excellent film-forming properties, broad antimicrobial activity, 
and compatibility with other substances, such as vitamins, minerals, and antimicro-
bial agents (Park and Zhao, 2004; Durango et al., 2006; Chien et al., 2007a, 2007b; 
Ribeiro et al., 2007). The main drawback of chitosan is that this coating can affect 
the taste and odor of coated products. In fact, the use of chitosan-based coatings may 
generate slight flavor modifications because of its typical astringent/bitter taste.

Carrageenan is a complex mixture of several polysaccharides. In fact, carrageenan 
is a generic term for polysaccharides extracted from certain species of red seaweed 
of the family, Rhodophycae (De Ruiter and Rudolph, 1997). The three main com-
mercial carrageenans are ι-, κ-, and λ-carrageenan, whose names specify the major 
substitution pattern present in the galactan backbone. Refined carrageenans produce 
clear solutions and, therefore, clear films. However, plasticizers are needed in order 
to improve their mechanical and structural properties.

Mucilages are generally hetero-polysaccharides obtained from plant stems 
(Trachtenberg and Mayer, 1981). McGarvie and Parolis (1979) determined that 
the mucilage extracted from the stems contains residues of D-galactose, D-xylose, 
L-arabinose, L-rhamnose, and D-galacturonic acid. The complex polysaccharide is 
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part of dietary fiber and has the capacity to absorb large amounts of water, dissolving 
and dispersing itself and forming viscous or gelatinous colloids (Dominguez-López, 
1995). Recently, some authors have proposed the use of mucilage gels as coatings for 
fruits and vegetables.

11.3.2 proTein-BAsed coATings

Proteins that can be used in the formulation of edible coatings for fresh-cut fruits and 
vegetables include both those derived from animal sources, such as casein and whey 
protein, and those obtained from plant sources like zein, wheat gluten, and soy pro-
tein (Gennadios et al., 1994). Like polysaccharides, proteins exhibit excellent oxygen, 
carbon dioxide, and lipid-barrier properties, particularly at low relative humidity, 
as well as outstanding strength and structural integrity. However, protein films and 
coatings are a relatively poor water barrier which can be attributed to the inherent 
hydrophilicity of proteins as well as to the hydrophilic plasticizers incorporated into 
the film matrix to impart adequate flexibility (Kester and Fennema, 1986; Gennadios 
et al., 1994; Sothorvit and Krochta, 2000; Baldwin and Baker, 2002). In fact, protein 
films are generally brittle and susceptible to cracking, and the addition of compatible 
plasticizers is necessary to improve their extensibility (Lim et al., 2002).

Although the use of protein-based coatings on fresh-cut fruits and vegetables may 
increase the nutritional value of these products, protein coatings have been explored less 
extensively than polysaccharides for their use on fresh-cut commodities. In addition, 
when proteins of animal origin are employed in the formulation, fresh-cut products may 
become less appealing to certain groups of consumers, such as vegetarians or vegans, 
also introducing the risk of allergenicity and intolerance (Baldwin and Baker, 2002).

11.3.2.1 animal Proteins
Milk proteins, such as whey proteins and caseins, have been extensively studied 
due to their excellent nutritional value and several of their functional properties, 
which are important for the formation of edible films (McHugh and Krochta, 1994a). 
According to Chen (1995), edible films based on milk proteins are flavorless, taste-
less, and flexible, and, depending on the formulation, their appearance varies from 
transparent to translucent.

Casein is the major dairy protein group, representing 80% of the total composition 
of milk proteins, with a mean concentration of 24 to 29 g/l in bovine or goat milk 
(Audic et al., 2003). Four principal fractions, αs1, αs2, β-, and κ-caseins have been 
identified. Each of the four protein fractions has unique properties that affect their 
ability to form films. Among them, β-casein is the most interesting to produce films 
of weak permeability to water vapor (Lacroix and Cooksey, 2005). Caseins can form 
films from aqueous solutions without further treatment based on their random-coil 
nature and the ability to form extensive intermolecular hydrogen, electrostatic, and 
hydrophobic bonds, resulting in an increase of interchain cohesion (Avena-Bustillos 
and Krochta, 1993; Gennadios et al., 1994).

Among protein-based coatings, whey-protein coatings have been the subject of 
intense investigations over the past decade. Whey proteins are soluble proteins pres-
ent in milk serum after caseinate is coagulated during cheese processing, representing 
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20% of total milk proteins. Whey protein is composed of several individual proteins, 
with β-lactoglobulin, α-lactalbumina, bovine serum albumin, and immunoglobins 
being the main proteins (Kinsella, 1984). Whey proteins, when appropriately pro-
cessed, produce transparent, flavorless, and flexible films, similar to caseinate films 
(Lin and Zhao, 2007). Formation of intact and insoluble whey-protein films, as a 
result of formation of intermolecular disulfide bonds, can be produced by heat dena-
turation of the proteins (Gennadios et al., 1994; McHugh and Krochta, 1994a).

11.3.2.2 Plant Proteins
Soy, zein, and wheat gluten proteins are the main plant-origin proteins studied as 
coating materials for fruit and vegetable applications.

Soy protein is a viable and renewable recourse for producing edible coatings, and 
soy protein concentrate (SPC) and soy protein isolate (SPI) are the most studied as 
coating materials for fresh-cut products. Both are extracted from defatted protein 
meal and contain 65% to 72% and 90% protein on a dry basis, respectively (Mounts 
et al., 1987). Soy protein coatings are typically prepared from SPI with the addition 
of a plasticizer for improving flexibility (Gennadios et al., 1994). However, the sub-
stantial amounts of hydrophilic plasticizers used to impart flexibility may increase 
the poor moisture resistance observed in these coatings.

Zein composes a group of prolamins found in corn endosperm and includes 
approximately 45% to 50% of the protein in corn (Shukla and Cheryan, 2001). Zein 
is one of a few proteins, such as collagen and gelatin, already commercially used as 
an edible coating (Buffo and Han, 2005). Corn zein protein is insoluble in water, a 
characteristic that affects the barrier properties of its films. The ability of zein and 
its resins to form tough, glossy, and hydrophobic grease-proof coatings and their 
resistance against microbial attack have been of commercial interest (Lin and Zhao, 
2007). Zein-based films have similar or lower water vapor permeabilities than other 
protein-based coatings (Krochta et al., 1997). Park (1999) indicated that zein coatings 
improve the shelf life of vegetables because they limit exposure of the vegetables to 
ambient oxygen and increase the internal carbon dioxide concentration.

Wheat proteins account for 8% to 15% of the dry weight of wheat kernels (Kasarda 
et al., 1976). Commercially, it is an industrial by-product of wheat starch production 
via wet milling. There are four wheat-protein classes, based on solubility in different 
solvents, namely, albumins, globulins, gliadins, and glutenins. Wheat gluten proteins 
are insoluble in water and require a complex solvent system with basic or acidic con-
ditions in the presence of alcohol and disulfide bond-reducing agents. In addition, 
wheat gluten films are very brittle, so the addition of plasticizers in the formulation 
is necessary to induce film flexibility.

11.3.3 composiTe coATings And emuLsions

As mentioned, polysaccharides and proteins are polymeric and hydrophilic in nature, 
and thus are good film-formers with excellent oxygen, aroma, and lipids barriers at 
low relative humidity, though they are poor moisture barriers. Each material has 
some unique, though limited, functions. The integration of proteins, polysaccharides, 
and lipids in a single coating can substantially improve its functionality (Lin and 
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Zhao, 2007). Due to the presence of microscopic pores and elevated solubility and 
diffusivity, lipids offer limited oxygen barrier properties. However, lipid films gener-
ally exhibit low water vapor barrier permeability, due to their low polarity (Kester 
and Fennema, 1986), but are usually opaque and relatively inflexible (Guilbert et al., 
1996). Generally, lipids contribute to the improvement of the water vapor resistance, 
whereas hydrocolloids confer selective permeability to O2 and CO2, as well as dura-
bility, structural cohesion, and integrity (Krochta et al., 1997).

Composite coatings can be applied as a bilayer or a stable emulsion. Plasticizers, 
such as glycerol, polyethylene glycol, or sorbitol, may be added to modify film/coat-
ing mechanical properties and provide increased flexibility (Guilbert et al., 1996). 
Lipids generally form an additional layer when applied on a polysaccharide or pro-
tein layer, thus forming bilayer composite film/coatings, while the lipid in the emul-
sion composite films/coatings is dispersed and entrapped in the matrix of protein or 
polysaccharide (Lin and Zhao, 2007). Some authors have reported that emulsified 
coatings are less efficient than bilayer coatings due to the nonhomogeneous distribu-
tion of the lipid phase. Nonetheless, they have the advantage of needing only one 
application step instead of the two needed for bilayer coatings. The improved mois-
ture-barrier properties of composite coatings have made them promising candidates 
for coating fresh-cut fruits and vegetables.

11.3.4 pLAsTicizers

Plasticizers are an important component in the formulation of edible films and coat-
ings. These are low molecular weight compounds that can be added to a hydrocolloid 
solution to improve the flexibility, resilience, barrier, and mechanical properties of 
the film matrix. They must be compatible with film-forming polymers, reduce inter-
molecular forces, and increase mobility of polymer chains (Donhowe and Fennema, 
1994). Although plasticizers can improve the flexibility and elongation of hydro-
philic films, they also affect their permeability (McHugh and Krochta, 1994b). As a 
general rule, the addition of a plasticizer causes an increase in the permeability of a 
film or coating.

Hydrophilic compounds such as polyols (glycerol, propylene glycol, polypropyl-
ene glycol, sorbitol, and sucrose) and polyethylene glycol are commonly used as plas-
ticizers in hydrophilic formulations (Guilbert et al., 1996). Lipophilic compounds, 
such as vegetable oils, lecithin, and, to a lesser extent, fatty acids, may also act as 
emulsifiers and plasticizers (Kester and Fennema, 1986; Donhowe and Fennema, 
1994). The effectiveness of a plasticizer is dependent upon three factors: size, shape, 
and compatibility with the film matrix (Sothornvit and Krochta, 2005).

11.4 ProPertIes oF edIble coatInGs

Edible coatings are known to improve shelf life and maintain quality of min-
imally processed foods (Baldwin et al., 1995). As can be seen in Figure 11.1, 
edible coatings have the potential to provide a moisture barrier on the surface 
of cut produce. They also are selective barriers to oxygen, retarding respiration 
rates and ethylene production as well as sealing from loss of flavor volatiles. In 
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addition to increased barrier properties, edible films and coatings control adhe-
sion, cohesion, and durability, improving the appearance of coated foods and 
maintaining quality during shipping and storage. Nonetheless, the major benefit 
of edible coating is that they can be consumed along with food, can provide addi-
tional nutrients, may enhance sensory characteristics, and may include quality-
enhancing antimicrobials.

11.4.1 moisTure BArrier

Water loss leads to a loss of turgor and crispness, and occurs rapidly in fresh-cut 
products due to the absence of a cuticle and subepidermal layers and the exposure of 
internal tissues (Shackel et al., 1991). However, water loss can be greatly retarded by 
appropriate packaging (Toivonen and Brummell, 2008). In this way, edible coatings 
decrease the water vapor transmission rate by forming a barrier on the fruit or veg-
etable surface. The ability of coatings to function as barriers to water vapor relies on 
external conditions, including temperature and relative humidity; the characteristics 
of the commodity, such as type of product, variety, maturity, and water activity; and 
the characteristics of the coating, such as composition, concentration of solids, vis-
cosity, chemical structure, polymer morphology, degree of cross-linking, and type of 
plasticizer used (Olivas and Barbosa-Cánovas, 2005).

11.4.2 gAs BArrier

Edible coatings are also used as a protective barrier to reduce respiration and transpi-
ration rates through the tissue surface. The coating acts as a gas barrier around each 
fruit or vegetable piece and creates a modified atmosphere inside the piece (Rojas-
Graü et al., 2008). The coating can regulate gas exchange between the fresh produce 
and its surrounding atmosphere, which would slow respiration and delay deteriora-
tion (Lin and Zhao, 2007). However, although gas transfer reduction between the 

Fresh-cut
commodities

Retention of volatile
compounds

Gases Barrier
O2/CO2/Ethylene

CO2O2

Water barrierSurface retention
of functional
ingredients

Thin coating layer

Improved mechanical
resistance

FIGure 11.1 Potential properties of edible coatings on fresh-cut fruits and vegetables.
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food and the environment is desirable, extremely impermeable coatings may induce 
anaerobic conditions that can lead to a decrease in the production of characteristic 
aroma volatile compounds (Mattheis and Fellman, 2000; Perez-Gago et al., 2003). 
An excessive modification of the internal atmosphere (too high carbon dioxide or too 
low oxygen concentrations) of the plant tissues can develop ethanol and alcoholic 
flavors as a result of anaerobic fermentation (Lin and Zhao, 2007). The formation of 
fermentative metabolites as a result of anaerobic respiration is often associated with 
off-flavors, and its presence might be detrimental to quality (Day, 2001). The selec-
tion of an edible coating material with appropriate permeability and the control of 
environmental temperature and relative humidity are critical to modify the internal 
environment of fresh produce by adjusting coating permeability to the produce res-
piration (Lin and Zhao, 2007).

11.4.3 AromA BArrier

Mass transfer of volatile compounds can occur between a food and its surround-
ing medium, leading to physicochemical changes and food deterioration (Karel and 
Lund, 2003). These phenomena can be successfully reduced with an appropriate 
coating. Edible coatings prevent the loss of natural volatile flavor compounds from 
fresh produce and the acquisition of foreign odors (Lin and Zhao, 2007). Some 
researchers studied the volatile barrier properties of various edible films (Miller and 
Krochta, 1997; Hambleton et al., 2008, 2009a, 2009b), but specific studies on fresh-
cut fruits or vegetables are rather limited.

11.4.4 cArrier properTies

Quality, stability, safety, and functionality of fresh-cut commodities can be improved 
by incorporating antioxidants, antimicrobials, and active ingredients into edible 
coatings (Rojas-Graü et al., 2009). Fresh-cut fruits and vegetables processing oper-
ations can induce undesirable changes in color and appearance of these products 
during storage and marketing. Application of antioxidant treatments by immersing 
the peeled or cut product is the most common way to control browning of these 
commodities. However, antioxidant agents can be added into the coating matrix 
to protect the cut surface against enzymatic browning, which is usually caused by 
the enzyme polyphenol oxidase. Ascorbic acid, some thiol-containing compounds 
(cysteine, N-acetylcysteine, and reduced glutathione), carboxylic acids (citric acid 
and oxalic acid), and several resorcinol derivatives (4-hexylresorcinol) have been 
used as antibrowning agents in coating formulations. On the other hand, microorgan-
isms can rapidly grow on the surface of fresh-cut fruits and vegetables during stor-
age. Microbial stability, related to postprocessing contamination or multiplication, 
can be controlled by antimicrobial agents incorporated into the coatings (Cagri et al., 
2004). Dipping of the product into aqueous solutions containing antimicrobials is the 
most practical way to extend the microbial stability of fresh-cut fruits. Nevertheless, 
application of antimicrobial agents directly on the food surface may have limited 
benefits, because the active substances are rapidly neutralized or diffused from the 
surface into the food product (Min and Krochta, 2005). Antimicrobial edible films 
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and coatings could contribute to maintaining effective concentrations of the active 
compounds on the food surfaces (Gennadios and Kurth, 1997). Several types of anti-
microbials have been incorporated into edible coatings for extending the shelf-life of 
fresh commodities, but their use in fresh-cut fruits and vegetables is yet limited. At 
the moment, organic acids and plant essential oils are the main antimicrobial agents 
incorporated into edible coatings used on fresh-cut produce. Despite the good results 
achieved so far, the incorporation of certain antibrowning and antimicrobial agents 
into formulations may have detrimental consequences on the flavor of the coated 
product. Some authors indicated that high concentrations of sulfur-containing com-
pounds such as N-acetylcysteine and glutathione may produce an unpleasant odor 
in fruits and vegetables (Richard et al., 1992; Iyidogan and Bayindirli, 2004; Rojas-
Graü et al., 2006). In the case of essential oils, the major drawback is their strong 
flavor that could change the original taste of foods.

In addition, minimal processing operations may result in a dramatic loss of firm-
ness in fruit tissues due to the action of pectic enzymes (Toivonen and Brummell, 
2008). Treatments with calcium salts are the most common way to control soften-
ing phenomena in fresh-cut produce (Garcia, Herrera, and Morilla, 1996). Texture 
enhancers such as calcium chloride can also be incorporated into the edible coating 
formulation. Hence, the use of calcium chloride for cross-linking some polymers 
could minimize softening phenomena. Edible films and coatings are also an excel-
lent vehicle to enhance the nutritional value of fruits and vegetables by carrying 
basic nutrients that are lacking or present in low amounts in fruits and vegetables.

11.5  aPPlIcatIons oF edIble coatInGs 
on FresH-cut coMModItIes

Edible coatings may reduce the deleterious effects concomitant with minimal pro-
cessing when they are used to coat fresh-cut fruits and vegetables. Some of the most 
recent reports on applications of edible coatings for improving the quality and extend-
ing the shelf life of fresh-cut fruits and vegetables are summarized in Table 11.1.

The first documented coating application on a fresh-cut product was reported by 
Bryan (1972), who observed that a carrageenan-based coating applied on cut grape-
fruit halves resulted in less shrinkage, leakage, or deterioration of taste after 2 weeks 
of storage at 4ºC. Since then, many edible coatings have been evaluated in order 
to improve the shelf life of fresh-cut fruits. Rojas-Graü et al. (2008) observed that 
the use of alginate and gellan edible coatings effectively prolonged the shelf life 
of apple wedges by 2 weeks of storage. Recently, Eissa (2007) suggested that the 
use of a coating containing chitosan (2%) could be beneficial for extending shelf 
life, maintaining quality, and to some extent, controlling decay of fresh-cut mush-
room. Olivas et al. (2007) reported that alginate coatings extended the shelf life of 
fresh-cut ‘Gala’ apples without causing anaerobic respiration. Baldwin et al. (1996) 
enhanced the storage life of cut apples with a CMC-based edible coating. By con-
trast, Sothornvit and Rodsamran (2008) observed an important increase in translu-
cency of fresh-cut mango coated with a mango edible film, which was higher when 
cut fruits were stored at room temperature. Durango et al. (2006) and Devlieghere 
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et al. (2004) used a chitosan-based coating to cover carrots and lettuce, respectively, 
observing a reduction in the respiration rate and ethylene production, as well as a 
decrease in firmness loss. Eswaranandam et al. (2006) extended the shelf life of 
fresh-cut cantaloupe using a soy protein coating containing malic acid and lactic 
acid in the formulation. Garcia et al. (1998) found a significant effect of starch-based 
coating on the color, weight loss, firmness, and shelf life of coated strawberries. 
Later, Garcia et al. (2001) observed that a starch-based coating containing potassium 
sorbate, plasticizer, and sunflower oil improved the water vapor barrier, reduced 
microbial growth, and exhibited selective gas permeability, thus extending the stor-
age life of strawberries. Shon and Haque (2007) observed a decrease in browning 
of cut apples and potatoes when using an edible coating containing sour whey flour. 
Pennisi (1992) observed a reduction of browning and water loss of fresh-cut apple 
slices covered with a chitosan-lauric acid composite coating. Del-Valle et al. (2005) 
improved the shelf life of strawberries using a cactus-mucilage edible coating that 
better maintained the fruit physical and sensorial properties. Valverde et al. (2005) 
and Martínez-Romero et al. (2006) proposed aloe vera gel–based edible coatings for 
preventing moisture loss, reducing texture decay, and controlling respiratory rate of 
table grapes and sweet cherries, respectively, while reducing microbial proliferation. 
In addition, Martínez-Romero et al. (2006) maintained sweet cherries without any 
detrimental effect on taste, aroma, or flavor during storage using an aloe vera-based 
coating. Lafortune et al. (2005) protected carrots against dehydration and maintained 
their firmness during storage using calcium caseinate and whey protein isolate edible 
coatings. Chien et al. (2007a) reported the effectiveness of chitosan in maintaining 
quality and extending shelf life of sliced mango. Assis and Pessoa (2004) and Han 
et al. (2005) also proposed chitosan for extending the shelf life of sliced apples and 
fresh strawberries, respectively. Howard and Dewi (1995) and Li and Barth (1998) 
reported that the use of a cellulose-based edible coating prevented the development 
of white surface discoloration in fresh-cut carrots. Similar results were reported by 
Avena-Bustillos et al. (1994a) and Mei et al. (2002), who treated minimally pro-
cessed carrots with an emulsion of sodium caseinate/stearic acid and a xanthan 
gum solution, respectively. Xu et al. (2001) reported that soy protein coatings can 
retard the senescence process of kiwifruit. Rakotonirainy et al. (2001) maintained 
the original firmness and color of broccoli florets using a zein-based coating. Wong 
et al. (1994) employed a bilayer of an acetylated monoglyceride and ascorbate buffer 
containing calcium ions for controlling gas diffusion through coated cut apples, and 
attributed the large reductions in the rate of gas evolution to this bilayer. LeTien et al. 
(2001) achieved reduced browning rates in apple slices coated with a combination of 
whey protein and CMC. Cellulose-based edible coatings on sliced mushrooms have 
been shown to significantly reduce enzymatic browning (Nisperos-Carriedo et al., 
1991). Plotto et al. (2004) coated fresh-cut mangoes with several edible coatings, and 
they observed that a CMC-based formulation containing maltodextrin presented the 
highest scores for visual quality and flavor. Sonti et al. (2003) coated apple cubes 
with whey protein concentrate and whey protein isolate, obtaining a delay in brown-
ing and texture decay. Pen and Jiang (2003) reported that chitosan retarded the devel-
opment of browning, maintained sensory quality, and retained levels of total soluble 
solids, acidity, and ascorbic acid in sliced Chinese water chestnuts.
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Edible coatings have also been extensively used to protect fresh-cut fruits and 
vegetables from surface dehydration and texture loss. Tanada-Palmu and Grosso 
(2005) reported that wheat gluten with lipid-based (beeswax, stearic acid, and palm-
itic acid) bilayer coatings considerably retained firmness and reduced weight loss of 
fresh strawberries. Avena-Bustillos et al. (1997) reduced water loss of apple pieces 
using an emulsion containing calcium caseinate and an acetylated monoglyceride. 
Montero-Calderón et al. (2008) reported that the use of alginate coatings signif-
icantly improved the shelf-life of fresh-cut pineapple, as reflected in higher juice 
retention in contrast with the substantial juice leakage observed in other evaluated 
packaging conditions. McHugh and Senesi (2000) reduced moisture loss of fresh-
cut apples when applying wraps made from apple puree and pectin containing 
various concentrations of lipids. Similarly, Wong et al. (1994) reported that a cel-
lulose/lipid bilayer edible film reduced between 12 and 14 times water loss of apple 
slices. Likewise, Olivas et al. (2003) found that the incorporation of stearic acid into 
methylcellulose-based coatings played an important role in reducing weight loss of 
pear wedges, whereas coatings without lipid addition showed poor moisture barrier. 
Baldwin et al. (1995) indicated that a coating formed by a milk protein (casein) and 
a lipid (acetylated monoglyceride) was effective to provide protection from mois-
ture loss and oxidative browning for up to 3 days in fresh-cut apples. Han et al. 
(2004) reported that a chitosan-based coating containing calcium resulted in at least 
a 24% reduction in the drip loss of frozen-thawed raspberries and increased their 
firmness by about 25% in comparison with uncoated fruits. Similar results were 
reported by Ribeiro et al. (2007), who observed a decrease in firmness loss of fresh 
strawberries coated with a calcium-enriched carrageenan coating when compared to 
noncoated fruit. Oms-Oliu et al. (2008a) reported that the use of calcium chloride, 
as a crosslinking agent of polysaccharide-based edible coatings (alginate, gellan, 
and pectin), helped to maintain firmness of fresh-cut melon during storage. Similar 
results were obtained by Rojas-Graü et al. (2008), who observed that apple wedges 
coated with alginate or gellan edible coatings and immersed into a calcium chloride 
solution maintained their initial firmness during refrigerated storage (Figure 11.2). 
Hernández-Muñoz et al. (2008) observed that the addition of calcium gluconate to 
the chitosan (1%) coating formulation increased the firmness of strawberries during 
refrigerated storage. Lee et al. (2003) indicated that incorporating 1% of calcium 
chloride within the whey protein concentrate coating formulation helped to main-
tain firmness of fresh-cut apple pieces. Olivas et al. (2007) maintained firmness of 
fresh-cut ‘Gala’ apples using a calcium chloride solution dipping and, subsequently, 
an alginate edible coating. Avena-Bustillos et al. (1994b, 1997) reduced water loss of 
apples, celery sticks, and zucchini by using an emulsion containing calcium casein-
ate and an acetylated monoglyceride.

The use of edible coatings to deliver functional compounds in order to improve 
the safety, nutritional, and quality properties of fresh-cut fruits has been proposed 
recently. The incorporation of antibrowning agents into edible coatings applied on 
fresh-cut fruits has been studied by various authors. Brancoli and Barbosa-Cánovas 
(2000) decreased surface discoloration of apple slices by coating slices with MC, 
maltodextrin, ascorbic acid, and calcium chloride. Similarly, Olivas et al. (2003) pre-
served fresh-cut pear wedges from surface browning by applying a MC-based coating 
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containing ascorbic and citric acids. Pérez-Gago et al. (2006) reduced browning of 
cut apples by using a whey protein concentrate–beeswax coating containing ascorbic 
acid, cysteine, or 4-hexylresorcinol. Lee et al. (2003) studied the effect of whey pro-
tein and carrageenan concentrate edible coatings in combination with antibrowning 
agents on fresh-cut apple slices and observed that the incorporation of ascorbic, cit-
ric, and oxalic acids was advantageous in maintaining color during 2 weeks. Rojas-
Graü et al. (2007a) applied alginate- and gellan-based coatings to fresh-cut ‘Fuji’ 
apples, proving that these coatings were good carriers of antioxidant agents such 
as cysteine and glutathione, which helped to maintain the color of cut fruits during 
storage. Similarly, Tapia et al. (2008) successfully applied alginate- and gellan-based 
coatings with added cysteine, glutathione, and ascorbic acid to fresh-cut papayas.

Furthermore, the incorporation of antimicrobial agents into edible coatings is 
gaining importance as a mode of reducing the deleterious effects induced by mini-
mal processing on fresh-cut produce. In this way, Rojas-Graü et al. (2007b) achieved 
a 4 log reduction the inoculated population of Listeria innocua in fresh-cut apple 
when lemongrass or oregano oils were incorporated into an apple puree–alginate 
edible coating. Likewise, Raybaudi-Massilia et al. (2008a) demonstrated that the 
addition of cinnamon, clove, or lemongrass oils or their active compounds (citral, 
cinnamaldehyde, and eugenol) into an alginate-based coating reduced the population 
of Escherichia coli O157:H7 by more than 4 log CFU/g and extended the microbio-
logical shelf life of Fuji apples for at least 30 days (Table 11.2). Later, Raybaudi-
Massilia et al. (2008b) reported that the incorporation of 0.3% v/v palmarosa oil 
into the alginate coating inhibited the growth of the native microbiota and reduced 
the population of inoculated Salmonella enteritidis in fresh-cut melon. Park et al. 
(2005) reported a reduction of 2.5 and 2 log CFU/g in the counts of Cladosporium 
sp. and Rhizopus sp., respectively, on strawberries coated with a chitosan-based edi-
ble film, just after the coating application. A reduction in the counts of aerobic and 

0

2

4

6

8

10

12

0 3 6 9 13 16 20 23

Fi
rm

ne
ss

 (N
)

Time (days)

Alginate+Ca Gellan+Ca Uncoated

FIGure 11.2 Changes in firmness of fresh-cut apples coated with alginate, gellan con-
taining calcium chloride (Ca), or uncoated during storage. (Adapted from Rojas-Graü, M. 
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coliform microorganisms during storage has been also reported. Garcia et al. (2001) 
extended the storage life of fresh strawberries to more than 28 days using a starch-
based coating containing potassium sorbate and citric acid. Franssen and Krochta 
(2003) significantly reduced the populations of Salmonella montevideo on tomatoes 
when incorporating citric, sorbic, or acetic acids in HPMC coatings. The coating by 
itself resulted in a 2 log CFU/g reduction in the counts of the pathogenic strain, but 
addition of 0.4% sorbic acid led to a significantly higher inactivation. Krasaekoopt 
and Mabumrung (2008) observed that the incorporation of 1.5% and 2% chitosan in 
the methylcellulose coating applied on fresh-cut cantaloupe produced a better micro-
biological quality in the final product.

As commented before, edible coatings offer the potential to improve the nutri-
tional quality and antioxidant properties of fresh-cut produce. Oms-Oliu et al. 
(2008b) maintained the vitamin C and total phenolic content in pear wedges coated 
with alginate, gellan, or pectin edible coatings. Oms-Oliu et al. (2008a) also observed 
that the use of an alginate coating may contribute to reducing the wounding stress 
induced by processing in fresh-cut ‘Piel de Sapo’ melon. Tapia et al. (2008) reported 
that the addition of ascorbic to the alginate edible coating helped to preserve the 
natural ascorbic acid content in fresh-cut papaya, maintaining its nutritional quality 
throughout storage. Serrano et al. (2006) maintained total phenolics, ascorbic acid, 
and high retention of total antioxidant activity in table grape coated with aloe vera 
gel coatings. Chien et al. (2007b) maintained the ascorbic acid content of sliced red 
pitayas (dragonfruit) coated with low molecular weight chitosan. Hernández-Muñoz 
et al. (2006) indicated that chitosan-coated strawberries retained more calcium 
gluconate (3,079 g/kg dry matter) than strawberries dipped into calcium solutions 

table 11.2
survival of Escherichia coli o157:H7 in Inoculated Fresh-
cut apples coated with alginate edible coatings (aec) 
with or without Incorporation of Plant essential oils or 
their active compounds and stored at 5ºc for 30 days

survival (log cFu/g) at storage day

treatments 0 3 7 14 21 30

Uncoated 6.26 5.75 5.31 4.9 3.78 3.49

AEC 5.03 4.7 3.8 3.3 2.92 2.15

AEC + Cin (0.7%) 3.14 <2 <2 <2 <2 <2

AEC + Cy (0.5%) 3.26 <2 <2 <2 <2 <2

AEC + Clo (0.7%) 2.89 2.63 <2 <2 <2 <2

AEC + Eu (0.5%) 3.36 3.11 2.4 2.2 <2 <2

AEC + Lem (0.7%) 2.24 <2 <2 <2 <2 <2

AEC + Cit (0.5%) 2.65 <2 <2 <2 <2 <2

Notes: Cin, cinnamon; Cy, cinnamaldehyde; Clo, clove; Eu, eugenol; Lem, 
lemongrass; Cit, citral.
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(2,340 g/kg). Likewise, Han et al. (2004) observed that chitosan-based coatings had 
the capability to hold high concentrations of calcium gluconate or vitamin E in fresh 
and frozen strawberries and red raspberries, thus significantly increasing their con-
tent in both fruits. Mei et al. (2002) developed xanthan gum coatings containing high 
concentrations of calcium and vitamin E with the purpose of enhancing the nutri-
tional and sensory qualities of fresh baby carrots. The results of this study showed 
that calcium and vitamin E contents in the coated carrots were increased from 2.6% 
to 6.6% and from 0 to about 67% of the Dietary Reference Intake (DRI) values per 
serving (85 g), respectively, without affecting the fresh aroma, fresh flavor, sweet-
ness, crispness, and β-carotene level. Additionally, baby carrots coated with xanthan 
gum exhibited less white surface discoloration and greater orange color intensity 
ratings than uncoated samples. Tapia et al. (2007) maintained values higher than 106 
cfu/g Bifidobacterium lactis Bb-12 in papaya and apple pieces coated with alginate 
or gellan film-forming solutions during refrigerated storage (10 days), demonstrating 
the feasibility of these polysaccharide coatings to carry and support viable probiotics 
on fresh-cut fruit.

11.6 IndustrIal consIderatIons

Edible films and coatings can be applied by different methods, such as brushing, 
wrapping, spraying, dipping, casting, panning, or rolling. The type of food product 
determines the best coating method. Spray application is the conventional method for 
applying most coatings to whole fruits and vegetables. However, spraying requires 
that the bottom surface of the food product be coated in a subsequent step after appli-
cation of the initial coating and drying.

The simplest way to apply a coating is directly by immersion into a solution. 
Dipping is advantageous when a product requires several applications of a coating 
to obtain uniformity on an irregular surface, such as fresh-cut fruits and vegetables. 
Depending on the concentration of the coating solution, the product will absorb an 
appropriate amount of coating material, necessary to form the desired layer. Coatings 
formed by immersion may be less uniform than coatings applied by other methods, 
and multiple dipping may be necessary to ensure full coverage. Coating integrity is 
a critical factor that depends on surface tension, adhesion to the food substrate, and 
flexibility of the coating. Better uniformity can be promoted by adding surfactants 
to the solution to reduce surface tension (Pavlath and Orts, 2009). In addition, some 
plasticizer (glycerol, mannitol, sorbitol, sucrose, and so on) needs to be added to the 
coating solution to keep the developing film from becoming brittle. Usually, after 
dipping and draining the excess of coating material, the film is allowed to set or 
solidify on the product (Donhowe and Fennema, 1994).

Casting is another technique in which coating-forming solutions are poured onto 
a level surface and allowed to dry, usually within a confined space. Casting pro-
duces freestanding films that exhibit a specified thickness, smoothness, and flatness 
(Donhowe and Fennema, 1994). Depending upon firmness and flexibility, cast films 
can then be used to wrap surfaces. This technique allows the films to be cut to any 
size and supplies an innovative and easy method for carrying and delivering a wide 
variety of ingredients such as flavorings, colorants, and vitamins, which can be used 
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later to cover foods. In fact, some researchers have reported that fruit and vegetable 
wraps can be used to extend the shelf life of fresh-cut fruits and vegetables, as well 
as to enhance their nutritional value and increase their consumer appeal. McHugh 
and Senesi (1999) patented the first edible films made from fruit or vegetable purees. 
These authors developed a novel method (apple wraps) to extend the shelf life and 
improve the quality of fresh-cut apples. These wraps were made from apple puree 
containing various concentrations of fatty acids, fatty alcohols, beeswax, and veg-
etal oil and were then applied on apple pieces as preformed films (McHugh and 
Senesi, 2000). According to these authors, wraps were significantly more effective 
than coatings. Despite the good results obtained with the use of wraps, coatings 
are more popularly used than preformed films. Nowadays, wax coatings on whole 
fruits and vegetables and cellulose-based coatings on fresh-cut fruits and vegetables 
are the most common commercial applications of edible coatings. Nevertheless, the 
development of new technologies to improve the application of edible films and coat-
ings on fresh-cut commodities is a major issue for future research. At the moment, 
most studies on fresh-cut fruits and vegetables applications have been conducted at 
a laboratory scale. Hence, further research should be focused on a commercial scale 
with the purpose of providing more realistic information that can be used to com-
mercialize fresh-cut products coated with edible films or coatings. In spite of these 
limitations, food industries are looking for edible films and coatings to be used on 
a broad spectrum of foods and add value to their products, while increasing their 
shelf life.

11.7 reGulatory status

Because edible films and coatings are an integral part of the edible portion of food 
products, they ought to observe all regulations required for food ingredients. To 
maintain edibility, all film-forming components, as well as any functional additives 
in the film-forming materials, should be food-grade nontoxic materials, and all pro-
cess facilities should meet high standards of hygiene (Guilbert and Gontard, 1995; 
Guilbert et al., 1996; Han, 2002; Nussinovitch, 2003). According to the European 
Directive (ED, 1995, 1998) and U.S. regulations (FDA, 2006), edible films and coat-
ings can be classified as food products, food ingredients, food additives, food contact 
substances, or food packaging materials. The U.S. Food and Drug Administration 
(FDA) stated that any compound to be included in the formulation should be gen-
erally recognized as safe (GRAS) or regulated as a food additive and used within 
specified limitations (FDA, 2006). With the exception of chitosan, polysaccharides 
including cellulose and its approved derivatives, starches and approved derivatives, 
and seaweed extracts (agar, alginates, carrageenan), as well as beeswax, carnauba 
wax, candelilla wax, steric acid, and some glycerols are GRAS substances (Ustunol, 
2009). In Europe, the ingredients that can be incorporated into edible coating for-
mulations are mostly regarded as food additives and are listed within the list of 
additives for general purposes, although pectins, Acacia and karaya gums, beeswax, 
polysorbates, fatty acids, and lecithin are mentioned apart for coating applications 
(ED, 1995). In any case, the use of these coating forming substances is allowed, pro-
vided that the quantum satis principle is observed. This directive was complemented 
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recently by the introduction of specific purity criteria for food additives (ED, 2008). 
With respect to protein-based coatings, the most commonly used proteins such as 
corn zein, wheat gluten, soy protein, and milk proteins also have GRAS status. 
However, some concerns have been raised due to the allergenicity or intolerance 
some consumers have to wheat proteins or lactose. The presence of a coating with a 
known allergen on a food must be clearly labeled, because many edible coatings are 
made with ingredients that could cause allergic reactions. Within these allergens, 
milk, soybeans, fish, peanuts, nuts, and wheat are the most important. The relation-
ship of wheat and other cereal proteins to celiac disease, particularly, should be 
mentioned in the label. In fact, the use of any edible coating based on cereal proteins 
should be accompanied by proper labeling, especially when films or coatings are 
applied on fresh fruits and vegetables, because this could deprive celiac patients of 
their dietary needs.

11.8 FInal reMarks

Edible coatings are promising systems for the improvement of quality, shelf life, 
safety, and functionality of fresh-cut fruits and vegetables. However, more research 
is still needed to gather information about coating formulations, especially when 
new ingredients are incorporated. Moreover, scientific research has to be carried 
out to identify safety issues related to the potential toxicity or allergenicity of some 
edible coating materials, as well as their sensory implications. Finally, most studies 
on fresh-cut applications have been conducted at a laboratory scale. Further research 
should be focused on a commercial scale with the purpose of providing more real-
istic information that can be used to commercialize fresh-cut products coated with 
edible films or coatings.

reFerences

Assis, O. B., and Pessoa, J. D. 2004. Preparation of thin films of chitosan for use as edible 
coatings to inhibit fungal growth on sliced fruits. Brazilian Journal of Food Technology 
7:7–22.

Audic, J. L., Chaufer, B., and Daufin, G. 2003. Non-food applications of milk components and 
dairy co-products: A review. Lair 83:417–438.

Avena-Bustillos, R. J., Cisneros-Zevallos, L. A., Krochta, J. M., and Saltveit, M. E. 1994a. 
Application of casein-lipid edible film emulsions to reduce white blush on minimally 
processed carrots. Postharvest Biology and Technology 4:319–329.

Avena-Bustillos, R. J., and Krochta, J. M. 1993. Water vapor permeability of caseinate-based 
edible films as affected by pH, calcium crosslinking and lipid content. Journal of Food 
Science 58:904–907.

Avena-Bustillos, R. J., Krochta, J. M., and Saltveit, M. E. 1997. Water vapour resistance of 
Red Delicious apples and celery sticks coated with edible caseinate-acetylated mono-
glyceride films. Journal of Food Science 62:351–354.

Avena-Bustillos, R. J., Krochta, J. M., Saltveit, M. E., Rojas-Villegas, R. J., and Sauceda-
Perez, J. A. 1994b. Optimization of edible coating formulations on zucchini to reduce 
water loss. Journal of Food Engineering 21:197–214.



Use of Edible Coatings for Fresh-Cut Fruits and Vegetables 305

Baldwin, E. A., and Baker, R. A. 2002. Use of proteins in edible coatings for whole and 
minimally processed fruits and vegetables. In Protein Based Films and Coatings, ed. A. 
Gennadios, 501–515. Boca Raton, FL: CRC Press.

Baldwin, E. A., Nisperos-Carriedo, M. O., and Baker, R. A. 1995. Use of edible coatings to 
preserve quality of lightly (and slightly) processed products. Critical Reviews in Food 
Science and Nutrition 35:509–524.

Baldwin, E. A., Nisperos, M. O., Chen, X., and Hagenmaier, R. D. 1996. Improving storage 
life of cut apple and potato with edible coating. Postharvest Biology and Technology 
9:151–163.

Banks, N. H. 1984. Studies of the banana fruit surface in relation to the effects of TAL prolong 
coating on gaseous exchange. Scientia Horticulturae 24:279–286.

Bauchot, A. D., John, P., Soria, Y., and Recasens, I. 1995. Sucrose ester-based coatings formu-
lated with food-compatible antioxidants in the preservation of superficial scald in stored 
apples. Journal of the American Society for Horticultural Science 120:491–496.

Brancoli, N., and Barbosa-Cánovas, G. V. 2000. Quality changes during refrigerated stor-
age of packaged apple slices treated with polysaccharide films. In Innovations in Food 
Processing, ed. G. V. Barbosa-Cánovas, and G. W. Gould, 243–254. Lancaster, PA: 
Technomic.

Bryan, D. S. 1972, December 26. Prepared citrus fruit halves and method of making the same. 
U.S. patent 3,707,383.

Buffo, R. A., and Han, J. H. 2005. Edible films and coatings from plant origin proteins. In 
Innovations in Food Packaging, ed. J. H. Han, 277–300. New York: Academic Press.

Cagri, A., Ustunol, Z., and Ryser, E. 2004. Antimicrobial edible films and coating. Journal of 
Food Protection 67:833–848.

Carrillo-Lopez, A., Ramirez-Bustamante, F., Valdez-Torres, J. B., Rojas-Villegas, R., and 
Yahia, E. M. 2000. Ripening and quality changes in mango fruit as affected by coating 
with an edible film. Journal of Food Quality 23:479–486.

Chen, H. 1995. Functional properties and applications of edible films made of milk proteins. 
Journal of Dairy Science 78:2563–2583.

Chien, P. J., Sheu, F., and Lin, H. R. 2007b. Quality assessment of low molecular weight chito-
san coating on sliced red pitayas. Journal of Food Engineering 79:736–740.

Chien, P. J., Sheu, F., and Yang, F. H. 2007a. Effects of edible chitosan coating on quality and 
shelf life of sliced mango fruit. Journal of Food Engineering 78:225–229.

Choi, W. Y., Park, H. J., Ahn, D. J., Lee, J., and Lee, C. Y. 2002. Wettability of chitosan coating 
solution on ‘Fuji’ apple skin. Journal of Food Science 67:2668–2672.

Cuq, B., Gontard, N., and Guilbert, S. 1995. Edible films and coatings as active layers. In 
Active Food Packaging, ed. M. Rooney, 111–142. Glasgow: Blackie.

Day, B. 2001. Modified atmosphere packaging of fresh fruits and vegetables—an overview. 
Acta Horticulturae 553:585–590.

Debeaufort, F., and Voilley, A. 2009. Lipid-based edible films and coatings. In Edible Films 
and Coatings for Food Applications, ed. M. E. Embuscado and K. C. Huber, 135–168. 
New York: Springer.

Del-Valle, V., Hernández-Muñoz, P., Guarda, A., and Galotto, M. J. 2005. Development of 
a cactus-mucilage edible coating (Opuntia ficus indica) and its application to extend 
strawberry (Fragaria ananassa) shelf-life. Food Chemistry 91:751–756.

De Ruiter, G. A., and B. Rudolph. 1997. Carrageenan biotechnology. Trends in Food Science 
and Technology 8:389–429.

Devlieghere, F., Vermeulen, A., and Debevere, J. 2004. Chitosan: antimicrobial activity, inter-
actions with food components and applicability as a coating on fruit and vegetables. 
Food Microbiology 21:703–714.



306 Advances in Fresh-Cut Fruits and Vegetables Processing

Dhalla, R., and Hanson, S. W. 1988. Effect of permeable coatings on the storage life of fruits. 
II. Pro-long treatment of mangoes (Mangifera indica L. cv. Julie). International Journal 
of Food Science and Technology 23:107–112.

Dominguez-López, A. 1995. Review: use of the fruit and stems of the prickly pear cactus 
(Opuntia spp.) into human food. Food Science and Technology International 1:65–74.

Donhowe, I. G., and Fennema, O. 1994. Edible films and coatings: characteristics, for-
mation, definitions, and testing methods. In Edible Coatings and Films to Improve 
Food Quality, ed. J. M. Krochta, E. A. Baldwin, and M. O. Nisperos-Carriedo, 1–24. 
Lancaster, PA: Technomic.

Drake, S. R., Fellman, J. K., and Nelson, J. W. 1987. Postharvest use of sucrose polyesters 
for extending the shelf-life of stored Golden Delicious apples. Journal of Food Science 
52:1283–1285.

Durango, A. M., Soares, N. F., and Andrade, N. J. 2006. Microbiological evaluation of an edi-
ble antimicrobial coating on minimally processed carrots. Food Control 17:336–341.

ED-European Parliament and Council Directive No. 95/2/EC. 1995. On food additive other 
than colors and sweeteners. http://ec.europa.eu/food/fs/sfp/addit_flavor/flav11_en. pdf. 
Accessed September 25, 2008.

ED-European Parliament and Council Directive No. 98/72/EC. 1998. On food additive other 
than colors and sweeteners. http://ec.europa.eu/food/fs/sfp/addit_flavor/flav11_en. pdf. 
Accessed September 25, 2008.

ED-European Parliament and Council Directive No. 2008/84/EC. 2008. Laying down specific 
purity criteria on food additives other than colours and sweeteners. http://eur-lex.europa.
eu/LexUriServ/LexUriServ.do?uri=OJ:L:2008:253:0001:0175:EN:PDF. Accessed 
October 30, 2008.

Eissa, H. A. A. 2007. Effect of chitosan coating on shelf life and quality of fresh-cut mush-
room. Journal of Food Quality 30:623–645.

Eswaranandam, S., Hettiarachchy, N. S., and Meullenet, J. F. 2006. Effect of malic and lactic 
acid incorporated soy protein coatings on the sensory attributes of whole apple and 
fresh-cut cantaloupe. Journal of Food Science 71:S307–S313.

FDA, U.S. Food and Drug Administration. 2006. Food additives permitted for direct addition to food 
for human consumption 21CFR172, subpart C. Coatings, Films and Related Substances.

Franssen, L. R., and Krochta, J. M. 2003. Edible coatings containing natural antimicrobials 
for processed foods. In Natural Antimicrobials for Minimal Processing of Foods, ed. S. 
Roller, 250–262. Boca Raton, FL: CRC Press.

García, J. M., Herrera, S., and Morilla, A. 1996. Effects of postharvest dips in calcium chloride 
on strawberry. Journal of Agricultural and Food Chemistry 44:30–33.

García, M. A., Martino, M. N., and Zaritzky, N. E. 1998. Starch-based coatings: effect on 
refrigerated strawberry (Fragaria ananassa) quality. Journal of the Science of Food and 
Agriculture 76:411–420.

Garcia, M. A., Martino, M. N., and Zaritzky, N. E. 2001. Composite starch-based coatings 
applied to strawberries (Fragaria ananassa). Nahrung-Food 45:267–272.

Gennadios, A., and Kurth, L. B. 1997. Application of edible coatings on meats, poultry and 
seafoods: a review. Lebensmittel Wissenschaft und Technologie 30:337–350.

Gennadios, A., McHugh, T. H., Weller, G. L., and Krochta, J. M. 1994. Edible coatings and films 
based on proteins. In Edible Coatings and Films to Improve Food Quality, ed. J. M. Krochta, 
E. A. Baldwin, and M. O. Nisperos-Carriedo, 201–277. Lancaster, PA: Technomic.

Guilbert, S., and Gontard, N. 1995. Edible and biodegradable food packaging. In Foods and 
Packaging Materials—Chemical Interactions, ed. P. Ackermann, M. Jägerstad, and T. 
Ohlsson, 159–168. London, UK: The Royal Society of Chemistry.

Guilbert, S., Gontard, N., and Gorris, L. G. M. 1996. Prolongation of the shelf life of perish-
able food products using biodegradable films and coatings. Lebensmittel Wissenschaft 
und Technologie 29:10–17.



Use of Edible Coatings for Fresh-Cut Fruits and Vegetables 307

Hambleton, A., Debeaufort, F., Beney, L., Karbowiak, T., and Voilley, A. 2008. Protection of 
active aroma compound against moisture and oxygen by encapsulation in biopolymeric 
emulsion-based edible films. Biomacromolecules 9:1058–1063.

Hambleton, A., Debeaufort, F., Bonnotte, A., and Voilley, A. 2009a. Influence of alginate 
emulsion-based films structure on its barrier properties and on the protection of micro-
encapsulated aroma compound. Food Hydrocolloids 23:2116–2124.

Hambleton, A., Fabra, M. -J., Debeaufort, F., Dury-Brun, C., and Voilley, A. 2009b. Interface 
and aroma barrier properties of iota-carrageenan emulsion-based films used for encap-
sulation of active food compounds. Journal of Food Engineering 93:80–88.

Han, C., Lederer, C., McDaniel, M., and Zhao, Y. 2005. Sensory evaluation of fresh strawber-
ries (Fragaria ananassa) coated with chitosan-based edible coatings. Journal of Food 
Science 70:S172–S178.

Han, C., Zhao, Y., Leonard, S. W., and Traber, M. G. 2004. Edible coatings to improve storabil-
ity and enhance nutritional value of fresh and frozen strawberries (Fragaria × ananassa) 
and raspberries (Rubus ideaus). Postharvest Biology and Technology 33:67–78.

Han, J. 2002. Protein-based edible films and coatings carrying antimicrobial agents. In Protein-
Based Films and Coatings, ed. A. Gennadios, 485–498. Boca Raton, FL: CRC Press.

Han, J. H. 2000. Antimicrobial food packaging. Food Technology 54:56–65.
Hardenburg, R. E. 1967. Wax and related coatings for horticultural products. A bibliography. 

Agricultural Research Bulletin 51–15, USDA, Washington, DC.
Hernández-Muñoz, P., Almenar, E., Ocio, M. J., and Gavara, R. 2006. Effect of calcium 

dips and chitosan coatings on postharvest life of strawberries (Fragaria × ananassa). 
Postharvest Biology and Technology 39:247–253.

Hernández-Muñoz, P., Almenar, E., Valle, V. D., Velez, D., and Gavara, R. 2008. Effect of 
chitosan coating combined with postharvest calcium treatment on strawberry (Fragaria 
× ananassa) quality during refrigerated storage. Food Chemistry 110:428–435.

Hirano, S. 1999. Chitin and chitosan as novel biotechnological materials.  
Art was here, but was deleted. Polymer International 48:732–734.

Howard, L. R., and Dewi, T. 1995. Sensory, microbiological and chemical quality of mini-
peeled carrots as affected by edible coating treatment. Journal of Food Science 
60:142–144.

Iyidogan, N. F., and Bayindirli, A. 2004. Effect of L-cysteine, kojic acid and 4-hexylresorcinol 
combination on inhibition of enzymatic browning in Amasya apple juice. Journal of 
Food Engineering 62:299–304.

Karel, M., and Lund, D. B. 2003. Physical Principles of Food Preservation. New York: 
Marcel Dekker.

Kasarda, D. D., Bernardin, J. E., and Nimmo, C. C. 1976. Wheat proteins. In Advances in 
Cereal Science and Technology, ed. Y. Pomeranz, 158–236. St. Paul, MN: American 
Association of Cereal Chemists.

Kester, J. J., and Fennema, O. 1986. Edible films and coatings: a review. Food Technology 
40:47–59.

Kinsella, J. E. 1984. Milk proteins: physicochemical and functional properties. Critical 
Reviews in Food Science and Nutrition 21:197–262.

Krasaekoopt, W., and Mabumrung, J. 2008. Microbiological evaluation of edible coated fresh-
cut cantaloupe. Kasetsart Journal—Natural Science 42:552–557.

Krochta, J. M., and De Mulder-Johnston, C. 1997. Edible and biodegradable polymer films: 
challenges and opportunities. Food Technology 51:61–74.

Lacroix, M., and Cooksey, K. 2005. Edible films and coatings from animal-origin proteins. In 
Innovations in Food Packaging, ed. J. H. Han, 301–317. New York: Academic Press.

Lafortune, R., Caillet, S., and Lacroix, M. 2005. Combined effects of coating, modified atmo-
sphere packaging, and gamma irradiation on quality maintenance of ready-to-use car-
rots (Daucus carota). Journal of Food Protection 68:353–359.



308 Advances in Fresh-Cut Fruits and Vegetables Processing

Lee, J. Y., Park, H. J., Lee, C. Y., and Choi, W. Y. 2003. Extending shelf-life of minimally pro-
cessed apples with edible coatings and antibrowning agents. Lebensmittel Wissenschaft 
und Technologie 36:323–329.

Le Tien, C., Vachon, C., Mateescu, M. A., and Lacroix, M. 2001. Milk protein coatings prevent 
oxidative browning of apples and potatoes. Journal of Food Science 66:512–516.

Li, P., and Barth, M. M. 1998. Impact of edible coatings on nutritional and physiological 
changes in lightly processed carrots. Postharvest Biology and Technology 14:51–60.

Lim, L. T., Mine, Y., Britt, I. J., and Tung, M. A. 2002. Formation and properties of egg white 
protein films and coatings. In Protein-Based Films and Coatings, ed. A. Gennadios, 
233–252. Boca Raton, FL: CRC Press.

Lin, D., and Zhao, Y. 2007. Innovations in the development and application of edible coat-
ings for fresh and minimally processed fruits and vegetables. Comprehensive Reviews in 
Food Science and Food Safety 6:60–75.

Lin, S. Y. D., and Krochta, J. M. 2005. Whey protein coating efficiency on surfactant-modified 
hydrophobic surfaces. Journal of Agricultural and Food Chemistry 53:5018–5023.

Lourdin, D., Valle, G. D., and Colonna, P. 1995. Influence of amylase content on starch films 
and foams. Carbohydrate Polymers 27:261–270.

Martin-Belloso, O., Rojas-Graü, M. A., and Soliva-Fortuny, R. 2009. Delivery of flavor and 
active ingredients using edible films and coatings. In Edible Films and Coatings for Food 
Applications, ed. M. E. Embuscado and K. C. Huber, 295–313. New York: Springer.

Martínez-Romero, D., Alburquerque, N., Valverde, J. M., Guillén, F., Castillo, S., Valero, D., 
and Serrano, M. 2006. Postharvest sweet cherry quality and safety maintenance by Aloe 
Vera treatment: a new edible coating. Postharvest Biology and Technology 39:93–100.

Mattheis, J., and Fellman, J. K. 2000. Impacts of modified atmosphere packaging and con-
trolled atmospheres on aroma, flavor, and quality of horticultural commodities. 
HortTechnology 10:507–510.

McGarvie, D., and Parolis, H. 1979. The mucilage of Opuntia ficusindica. Carbohydrate 
Research 69:171–179.

McHugh, T. H., and Krochta, J. M. 1994a. Water vapor permeability properties of edible 
whey protein-lipid emulsion films. Journal of the American Oil Chemists’ Society 
71:307–312.

McHugh, T. H., and Krochta, J. M. 1994b. Permeability properties of edible films. In Edible 
Coatings and Films to Improve Food Quality, ed. J. M. Krochta, E. A. Baldwin, and M. 
O. Nisperos-Carriedo, 139–187. Lancaster, PA: Technomic.

McHugh, T. H., and Senesi, E., inventors. 1999. USDA-ARS-WRRC assignee. Filed 1999 
June 11. Fruit and vegetable edible film wraps and methods to improve and extend the 
shelf life of foods. U.S. Patent Application Serial No. 09/330,358.

McHugh, T. H., and Senesi, E. 2000. Apple wraps: a novel method to improve the quality and 
extend the shelf life of fresh-cut apples. Journal of Food Science 65:480–485.

Mei, Y., Zhao, Y., Yang, J., and Furr, H. C. 2002. Using edible coating to enhance nutritional 
and sensory qualities of baby carrots. Journal of Food Science 67:1964–1968.

Miller, K.S., and Krochta, J.M. 1997. Oxygen and aroma barrier properties of edible films: a 
review. Trends in Food Science and Technology 8:228–237.

Min, S., and Krochta, J. M. 2005. Inhibition of Penicillium commune by edible whey protein 
films incorporating lactoferrin, lactoferrin hydrolysate, and lactoperoxidase systems. 
Journal of Food Science 70:M87–M94.

Montero-Calderón, M., Rojas-Graü, M. A., and Martin-Belloso, O. 2008. Effect of pack-
aging conditions on quality and shelf-life of fresh-cut pineapple (Ananas comosus). 
Postharvest Biology and Technology 50:182–189.



Use of Edible Coatings for Fresh-Cut Fruits and Vegetables 309

Mounts, T. L., Wolf, W. J., and Martinez, W. H. 1987. Processing and utilization. In Soybeans: 
Improvement, Production, and Uses, 820–866. Madison, WI: American Society of 
Agronomy Inc., Crop Science Society of America Inc., and Soil Science Society of 
America, Inc.

Myllarinen, P., Buleon, A., Lahtinen, R., and Forssell, P. 2002. The crystallinity of amylase 
and amylopectin films. Carbohydrate Polymers 48:41–48.

Narayan, R. 1994. Polymeric materials from agricultural feedstocks. In: Polymers from 
Agricultural Coproducts, ed. M. L. Fishman, R. B. Friedman, and S. J. Huang, 2–28. 
Washington, DC: American Chemical Society.

Nieto, M. B. 2009. Structure and function of polysaccharide gum-based edible films and coat-
ings. In Edible Films and Coatings for Food Applications, ed. M. E. Embuscado and K. 
C. Huber, 57–112. New York: Springer.

Nisperos-Carriedo, M. O., Baldwin, E. A., and Shaw, P. E. 1991. Development of an edible 
coating for extending postharvest life of selected fruits and vegetables. Proceedings of 
the Florida State Horticultural Society 104:122–125.

Nussinovitch, A. 2003. Water Soluble Polymer Applications in Foods. Oxford: Blackwell Science.
Olivas, G. I., and Barbosa-Canovas, G. V. 2005. Edible coatings for fresh-cut fruits. Critical 

Review in Food Science and Nutrition 45:657–670.
Olivas, G. I., Mattinson, D. S., and Barbosa-Canovas, G. V. 2007. Alginate coatings for pres-

ervation of minimally processed ‘Gala’ apples. Postharvest Biology and Technology 
45:89–96.

Olivas, G. I., Rodriguez, J. J., and Barbosa-Cánovas, G. V. 2003. Edible coatings composed of 
methylcellulose, stearic acid, and additives to preserve quality of pear wedges. Journal 
of Food Processing and Preservation 27:299–320.

Oms-Oliu, G., Soliva-Fortuny, R., and Martín-Belloso, O. 2008a. Using polysaccharide-based 
edible coatings to enhance quality and antioxidant properties of fresh-cut melon. LWT—
Food Science and Technology 41:1862–1870.

Oms-Oliu, G., Soliva-Fortuny, R., and Martín-Belloso, O. 2008b. Edible coatings with anti-
browning agents to maintain sensory quality and antioxidant properties of fresh-cut 
pears. Postharvest Biology and Technology 50:87–94.

Park, H. J. 1999. Development of advanced edible coatings for fruits. Trends in Food Science 
and Technology 10:254–260.

Park, S. I., Stan, S. D., Daeschel, M. A., and Zhao, Y. Y. 2005. Antifungal coatings on fresh 
strawberries (Fragaria × ananassa) to control mold growth during cold storage. Journal 
of Food Science 70:M202–M207.

Park, S., and Zhao, Y. 2004. Incorporation of a high concentration of mineral or vitamin into 
chitosan-based films. Journal of Agricultural and Food Chemistry 52:1933–1939.

Pavlath, A. E., and Orts, W. 2009. Edible films and coatings: why, what, and how? In Edible 
Films and Coatings for Food Applications, ed. M. E. Embuscado and K. C. Huber, 1–23. 
New York: Springer.

Pen, L. T., and Jiang, Y. M. 2003. Effects of chitosan coating on shelf life and quality of fresh-
cut Chinese water chestnut. LWT—Food Science and Technology 36:359–364.

Pennisi, E. 1992. Sealed in (plastic) edible film. Science News 141:12.
Perez-Gago, C., Rojas, C., and Del Rio, M. A. 2003. Effect of hydroxypropyl methylcellu-

lose-lipid edible composite coating on plum (cv. Autumn giant) quality during storage. 
Journal of Food Science 68:879–883.

Perez-Gago, M. B., Serra, M., and del Rio, M. A. 2006. Color change of fresh-cut apples 
coated with whey protein concentrate-based edible coatings. Postharvest Biology and 
Technology 39:84–92.

Plotto, A., Goodner, K. L., and Baldwin, E. A. 2004. Effect of polysaccharide coating on 
quality of fresh cut mangoes (Mangifera indica). Proceedings of the Florida State 
Horticultural Society 117:382–388.



310 Advances in Fresh-Cut Fruits and Vegetables Processing

Rakotonirainy, A. M., Wang, Q., and Padua, G. W. 2001 Evaluation of zein films as modified 
atmosphere packaging for fresh broccoli. Journal of Food Science 66:1108–1111.

Raybaudi-Massilia, R. M., Mosqueda-Melgar, J., and Martín-Belloso, O. 2008b. Edible alg-
inate-based coating as carrier of antimicrobials to improve shelf-life and safety of fresh-
cut melon. International Journal of Food Microbiology 121:313–327.

Raybaudi-Massilia, R. M., Rojas-Graü, M. A., Mosqueda-Melgar, J., and Martín-Belloso, 
O. 2008a. Comparative study on essential oils incorporated into an alginate-based edi-
ble coating to assure the safety and quality of fresh-cut Fuji apples. Journal of Food 
Protection 71:1150–1161.

Riaz, M. N. 1999. Processing biodegradable packaging material from starches using extrusion 
technology. Cereal Food World 705–709.

Ribeiro, C., Vicente, A. A., Teixeira, J. A., and Miranda, C. 2007. Optimization of edible 
coating composition to retard strawberry fruit senescence. Postharvest Biology and 
Technology 44:63–70.

Richard, F. C., Goupy, P. M., and Nicolas, J. J. 1992. Cysteine as an inhibitor of enzymatic brown-
ing. 2. Kinetic studies. Journal of Agricultural and Food Chemistry 40:2108–2114.

Ridley, B. L., O’Neill, M. A., and Mohnen, D. 2001. Pectins: structure, biosynthesis, and 
oligogalacturonide-related signaling. Phytochemistry 57:929–967.

Rojas-Graü, M. A., Raybaudi-Massilia, R. M., Soliva-Fortuny, R. C., Avena-Bustillos, R. J., 
McHugh, T. H., and Martín-Belloso, O. 2007b. Apple puree-alginate edible coating 
as carrier of antimicrobial agents to prolong shelf-life of fresh-cut apples. Postharvest 
Biology and Technology 45:254–264.

Rojas-Graü, M. A., Sobrino-López, A., Tapia, M. S., and Martín-Belloso, O. 2006. Browning 
inhibition in fresh-cut ‘Fuji’ apple slices by natural antibrowning agents. Journal of 
Food Science 71:S59–S65.

Rojas-Graü, M. A., Soliva-Fortuny, R., and Martín-Belloso, O. 2009. Edible coatings to 
incorporate active ingredients to fresh-cut fruits: a review. Trends in Food Science and 
Technology 20:438–447.

Rojas-Graü, M. A., Tapia, M. S., and Martin-Belloso, O. 2008. Using polysaccharide-based 
edible coatings to maintain quality of fresh-cut Fuji apples. Lebensmittel Wissenschaft 
und Technologie 41:139–147.

Rojas-Graü, M. A., Tapia, M. S., Rodríguez, F. J., Carmona, A. J., and Martín-Belloso, O. 
2007a. Alginate and gellan based edible coatings as support of antibrowning agents 
applied on fresh-cut Fuji apple. Food Hydrocolloids 21:118–127.

Serrano, M., Valverde, J. M., Guillen, F., Castillo, S., Martínez-Romero, D., and Valero, 
D. 2006. Use of Aloe vera gel coating preserves the functional properties of table 
grapes. Journal of Agricultural of Food Chemistry 54:3882–3886.

Shackel, K. A., Greve, C., Labavitch, J. M., and Ahmadi, H. 1991. Cell turgor changes associ-
ated with ripening in tomato pericarp tissue. Plant Physiology 97:814–816.

Shon, J., and Haque, Z. U. 2007. Efficacy of sour whey as a shelf-life enhancer: use in antioxi-
dative edible coatings of cut vegetables and fruit. Journal of Food Quality 30:581–593.

Shukla, R., and Cheryan, M. 2001. Zein: the industrial protein from corn. Industrial Crops and 
Products 13:171–192.

Sonti, S., Prinyawiwatkul, W., No, H. K., and Janes, M. E. 2003. Maintaining quality of 
fresh-cut apples with edible coating during 13-days refrigerated storage. In IFT Annual 
Meeting Book of Abstracts, 45. New Orleans, LA: Institute of Food Technologists.

Sothornvit, R., and Krochta, J. M. 2000. Plasticizer effect on oxygen permeability of 
β-lactoglobulin films. Journal of Agricultural and Food Chemistry 48:6298–6302.

Sothornvit, R., and Krochta, J. M. 2005. Plasticizers in edible films and coatings. In Innovations 
in Food Packaging, ed. J. H. Han, 403–433. New York: Academic Press.

Sothornvit, R., and Rodsamran, P. 2008. Effect of a mango film on quality of whole and mini-
mally processed mangoes. Postharvest Biology and Technology 47:407–415.



Use of Edible Coatings for Fresh-Cut Fruits and Vegetables 311

Sumnu, G., and Bayindirli, L. 1995. Effects of coatings on fruit quality of Amasya apples. 
Lebensmittel-Wissenschaft und-Technologie 28:501–505.

Sworn, G. 2000. Gellan gums. In Handbook of Hydrocolloids, ed. G. O. Phillips and P. A. 
Williams, 117–135. Boca Raton, FL: CRC Press/Woodhead.

Takahashi, R., Tokunou, H., Kubota, K., Ogawa, E., Oida, T., Kawase, T., and Nishinari, K. 
2004. Solution properties of gellan gum: change in chain stiffness between single- and 
double-stranded chains. Biomacromolecules 5:516–523.

Tanada-Palmu, P. S., and Grosso, C. R. F. 2005. Effect of edible wheat gluten-based films and 
coatings on refrigerated strawberry (Fragaria ananassa) quality. Postharvest Biology 
and Technology 36:199–208.

Tapia, M. S., Rojas-Graü, M. A., Carmona, A., Rodriguez, F. J., Soliva-Fortuny, R., and Martin-
Belloso, O. 2008. Use of alginate and gellan-based coatings for improving barrier, tex-
ture and nutritional properties of fresh-cut papaya. Food Hydrocolloids 22: 1493–1503.

Tapia, M. S., Rojas-Graü, M. A., Rodríguez, F. J., Ramírez, J., Carmona, A., and Martin-
Belloso, O. 2007. Alginate- and gellan-based edible films for probiotic coatings on 
fresh-cut fruits. Journal of Food Science 72:E190–E196.

Tasdelen, O., and Bayindirli, L. 1998. Controlled atmosphere storage and edible coating effects 
on storage life and quality of tomatoes. Journal of Food Processing and Preservation 
22:303–320.

Tay, S. L., and Perera, C. O. 2004. Effect of 1-methylcyclopropene treatment and edible coatings 
on the quality of minimally processed lettuce. Journal of Food Science 69:131–135.

Toivonen, P. M. A., and Brummell, D. A. 2008. Biochemical bases of appearance and tex-
ture changes in fresh-cut fruit and vegetables. Postharvest Biology and Technology 
408:1–14.

Trachtenberg, S., and Mayer, A. M. 1981. Composition and properties of Opuntia Ficus-indica 
mucilage. Phytochemistry 20:2665–2668.

Ustunol, Z. 2009. Edible films and coatings for meat and poultry. In Edible Films and Coatings for 
Food Applications, ed. M. E. Embuscado and K. C. Huber, 245–268. New York: Springer.

Valverde, J. M., Valero, D., Martinez-Romero, D., Guillen, F., Castillo, S., and Serrano, M. 
2005. Novel edible coating based on aloe vera gel to maintain table grape quality and 
safety. Journal of Agricultural and Food Chemistry 53:7807–7813.

Vargas, M., Pastor, C., Chiralt, A., McClements, D. J., and González-Martínez, C. 2008. 
Recent advances in edible coatings for fresh and minimally processed fruits. Critical 
Reviews in Food Science and Nutrition 48:496–511.

Wong, W. S., Tillin, S. J., Hudson, J. S., and Pavlath, A. E. 1994. Gas exchange in cut apples 
with bilayer coatings. Journal of Agricultural and Food Chemistry 42:2278–2285.

Xu, S., Chen, X., and Sun, D. W. 2001. Preservation of kiwifruit coated with an edible film at 
ambient temperature. Journal of Food Engineering 50:211–216.

Yang, L., and Paulson, A. T. 2000. Effects of lipids on mechanical and moisture barrier proper-
ties of edible gellan film. Food Research International 33:571–578.





313

12 Hazard Analysis and 
Critical Control Point and 
Hygiene Considerations 
for the Fresh-Cut 
Produce Industry

Peter McClure

contents

12.1 Introduction .................................................................................................. 314
12.2 History and Principles of Hazard Analysis and Critical Control Point ........ 315
12.3 Application of HACCP ................................................................................. 316

12.3.1  Assemble HACCP Team................................................................. 316
12.3.2  Describe the Product ...................................................................... 316
12.3.3  Identify the Intended Use of the Product ........................................ 317
12.3.4  Construct the Flow Diagram .......................................................... 319
12.3.5  Confirm the Flow Diagram ............................................................ 319
12.3.6  Hazard Analysis .............................................................................. 320
12.3.7  Identify Critical Control Points ...................................................... 321
12.3.8  Set Critical Limits ........................................................................... 322
12.3.9  Establish Monitoring Systems ........................................................ 323
12.3.10 Establish Corrective Action Procedures.......................................... 323
12.3.11 Validate HACCP Plan, Implement and Verify HACCP System ..... 323
12.3.12 Establish and Maintain Documentation ..........................................324
12.3.13 Review HACCP Plan ......................................................................324

12.4 Good Agricultural Practice .......................................................................... 325
12.5 Recent Developments in Food Safety Management ..................................... 327

12.5.1  Food Safety Metrics ........................................................................ 331
12.6 Conclusions/Remarks/Future Trends ........................................................... 332
12.7 Sources of Information ................................................................................. 334
Nomenclature ......................................................................................................... 334
References .............................................................................................................. 336



314 Advances in Fresh-Cut Fruits and Vegetables Processing

12.1 IntroductIon

Food safety management systems have evolved from the surveillance-based 
approaches that considered reported foodborne disease statistics, surveillance of 
foods, food handlers, food-processing operations, and training and education. This 
evolution progressed to assessment of producer’s risk (chance that a product will 
cause foodborne disease in the marketplace) and assessment of hazards in the mid-
1970s. At the time, it was concluded that the only practical approach, with potential 
for immediate application, was hazard assessment that considered severity of the 
hazard and specifying adequate safety margins to minimize the hazard.

In food-processing businesses, this early work led to the development of risk 
assessment systems, with the objective of providing clearer insight into the require-
ments for the most effective controls necessary to assure consumer safety. The phi-
losophy behind the approach taken and the techniques applied at the time (including 
what is now termed dose-response and predictive mathematical models used in 
exposure assessment) were early examples of the safety by design approach now 
adopted by many food producers. The developments evolved into a systems approach 
involving multidisciplinary teams (including microbiologists, process engineers, and 
process scientists) that were able to carry out hazard identification, semiquantifica-
tion and ranking of risks, and identification of effective controls and monitoring 
procedures. At this stage, HAZOP (HAZard and OPerability) or fault tree analysis 
was applied, and the HACCP (Hazard Analysis and Critical Control Points system) 
was in the early stages of being recognized as the preferred approach for food safety 
management in operational practice. The HACCP system is recognized as having 
significant advantages over “inspectional” approaches because of the inherent weak-
nesses in microbiological sampling and testing, the time required to obtain results, 
and the associated costs.

The continuing trend for fresher, less heavily processed or preserved and more 
nutritious foods and the all-year-round availability of fresh foods have led to this 
group of products becoming an increasing component of the human diet. The fresh-
cut sector of the fresh produce market is the fastest-growing segment in the United 
States (FDA, 2007). The sourcing of this produce from regions all over the globe also 
means that hazards associated with these materials are introduced into areas where 
they may not normally occur, and they may be spread over wide geographic regions. 
Unfortunately, the increase in consumption of contaminated fresh produce has led to 
a significant rise in foodborne disease caused by these vehicles. In the 1970s, these 
products were responsible for 1% of foodborne disease cases in the United States, 
and in the 1990s, this figure rose to 12% (Sivapalasingam et al., 2004). The period 
between 1990 and 2003 saw fresh fruit and vegetables overtake poultry in the num-
ber of foodborne disease outbreaks in the United States, where they numbered 554. 
Of 72 outbreaks associated with fresh produce in the United States between 1996 
and 2006, 25% of these were linked to fresh-cut produce (FDA, 2007). In Europe, a 
total of 77 outbreaks associated with fruit or vegetables were reported between 1997 
and 2007, involving six different microorganisms (Heaton and Jones, 2008). There 
is evidence that changes in production, processing, and distribution practices have 
led to some of these outbreaks (Beuchat, 2002), but it is also the case that pathogens 
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such as Escherichia coli O157 are now more prevalent in the environment than they 
used to be.

The reasons or causes for these outbreaks are not always identified, and the very 
nature of fresh produce means that control of hazards may be limited or restricted by 
the intervention techniques or approaches available because of the impact on product 
characteristics. The application of HACCP to fresh produce at the farm level is a rela-
tively recent development, partly stimulated by the recent increases in foodborne dis-
ease associated with these products and the recognition by national and international 
food safety authorities that control of hazards at the farm level is critical for assuring 
consumer safety. In some parts of the fresh produce sector, the adoption of HACCP 
has been slow, and it is considered by some groups to be inappropriate due to the lack 
of science and understanding that enables the identification of reliable critical control 
points and their corrective actions. Other groups, such as the International Fresh-Cut 
Produce Association (IFPA), have recognized the importance of HACCP and have 
provided guidelines to the industry for designing specific HACCP plans for fresh-cut 
produce. In a survey of members in 1997, the IFPA reported that 61% of respondents 
had implemented verified HACCP plans (NACMCF, 1999).

This chapter describes the principles of HACCP and supporting food safety man-
agement systems, such as Good Agricultural Practice (GAP) and Good Hygienic 
Practice (GHP). It is recognized that small and medium-sized producers of fresh 
produce may not have the resources or expertise to carry out HACCP studies in the 
same depth that the larger food processors currently do, so this chapter also provides 
sources of information that should aid small businesses in managing the risks associ-
ated with produce they market.

12.2  HIstory and PrIncIPles oF Hazard 
analysIs and crItIcal control PoInt

The HACCP system was originally devised by Pillsbury, the National Aeronautics 
and Space Administration (NASA), and the U.S. Army Laboratories at Natick, 
Massachusetts, to ensure that foods consumed by astronauts were safe (Bauman, 
1990). Since then, HACCP has become the principal internationally recognized 
and accepted method for food safety assurance. It was originally targeted at 
microbiological safety, but it now encompasses chemical and physical hazards 
in foods.

The HACCP system is based on seven principles:

 1. Hazard analysis (identify hazards and assess their severity and risk).
 2. Determine critical control points.
 3. Specify criteria to ensure control (establish critical limits).
 4. Monitor critical control points (establish a system to monitor control 

points).
 5. Take corrective action whenever monitoring indicates criteria are not met 

(establish the corrective action to take when a critical control point [CCP] is 
not under control).
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 6. Verify that the system is functioning as planned (establish procedures for 
verification to confirm that HACCP is working effectively).

 7. Establish documentation concerning all procedures and records appropri-
ate to these principles and their applications.

The main aims of HACCP are to identify relevant hazards and control points that 
are critical for assuring safety. If a hazard must be controlled but no CCPs are iden-
tified, redesign of the operation should be considered. The HACCP plan should be 
reviewed when the process or equipment is changed, when consumer use is different, 
and when new hazards appear that may be relevant to consumer safety.

12.3 aPPlIcatIon oF HaccP

There are a number of steps involved in the application of HACCP and development 
of a HACCP plan. These are summarized in Figure 12.1. The following sections 
describe these steps in more detail.

12.3.1 AssemBLe hAccp TeAm

The fresh produce operation needs to ensure that the relevant specific knowledge and 
expertise are used for the development of an effective HACCP plan. This is often 
achieved by assembling a multidisciplinary team, with up to six team members, but 
in many cases there will be smaller numbers of “skill sets” available, and some expe-
rience and knowledge may not be available in-house. Where such expertise is not 
available, advice should be sought from other sources. Expert information for fresh 
produce is available from trade associations such as the Chilled Food Association in 
the United Kingdom (http://www.chilledfood.org/index.htm), the FDA (http://www.
cfsan.fda.gov/~dms/prodgui3.html), the International Sprout Growers Association 
(http://www.isga-sprouts.org/), and the IFPA (http://www.unitedfresh.org/about/his-
tory). In this step, the scope of the HACCP study is also identified, which includes 
the types/classes of hazards to be considered and the extent of control a particular 
business is able to exert over the operations covered. For fresh produce, all three 
classes of hazards (see Table 12.1) may be relevant and important, and the operations 
covered may well include consideration of the planting and growing areas (proximity 
to sources of biological, chemical, and physical hazard contamination, such as farm 
animal waste and runoff that may be contaminated); preharvest, harvesting, and 
postharvest processing; transport; handling; and storage. Some materials used (e.g., 
seed, fertilizer, pesticides) may not be under direct control of the business, but any 
hazards associated with these should be considered in the HACCP study.

12.3.2 descriBe The producT

In the case of fresh-cut produce, the product may be a single fruit, vegetable, or herb, or it 
may be a mixture of different produce. The product description also includes the packag-
ing material and gas used for the product, other ingredients used (e.g., those used to con-
trol hazards and some materials that may constitute hazards in their own right), intended 
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storage conditions, and shelf life of the product. The description should also consider any 
aspects of preharvest or postharvest processing that are relevant to the product, such as 
residues that may be present, washing, and precooking of the ingredients or some of the 
ingredients. This information will aid in one of the subsequent steps that analyzes the 
hazards to be considered and subsequent CCPs that have to be established.

12.3.3 idenTify The inTended use of The producT

The intended use of the product may have a significant impact on the hazards present 
on fresh produce at the time of release from the business operation. It may also give 

Assemble HACCP team

Describe product

Identify intended use

Construct flow diagram

On-site confirmation of flow diagram

Establish verification procedures

Establish corrective action for deviations that may occur

Establish critical limits for each CCP

Determine CCPs

List all potential hazards, conduct a hazard analysis,
determine control measures

Establish documentation and record keeping

Review HACCP plan and modify as necessary when changes
require e.g. new process, new materials, new hazards

FIGure 12.1 Process map for application of HACCP. World Health Organization (WHO) 
1997 HACCP—Introducing the Hazard Analysis and Critical Control Point System, Food 
Safety Unit, Programme of Food Safety and Food Aid, WHO, Geneva. Page 23, 1997. With 
permission.
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an opportunity for other hazards to be introduced into the product and should include 
all the steps, such as transport, storage, and handling by the food producer, retailer, 
and consumer or customer (in the case of food-service operators), and preparation 
prior to consumption. It is important that the producer takes account of consumer 
uses that may be different than those intended. For example, herbs and vegetables 
may be intended for use in foods intended to be cooked, but consumers may use 
these in ready-to-eat foods such as salads. The intended use also requires consider-
ation of the likely consumers of the product and susceptible individuals who may be 
more vulnerable when exposed to particular hazards. The intended use should con-
sider how the product will be stored and include temperature of storage and shelf life. 
Realistic storage temperatures and handling practices should be considered here. 
Often, fresh produce is intended to be stored at refrigeration temperatures, and the 
temperature of retail and consumer fridges can vary. Data on temperature distribu-
tion in fridges are available from various sources (Laguerre et al., 2002; Kosa et al., 
2007; James and Evans, 2008).

table 12.1
Hazards relevant to Fresh Produce, based on categorization used by early 
in 2005

Hazard class subclass of Hazard examples

Biological Infectious bacteria Pathogenic Escherichia coli (e.g., E. coli O157:H7), 
Salmonella enterica (e.g., S. Typhimurium), 
Shigella spp., Listeria monocytogenes, Yersinia 
spp. (e.g., Y. enterocolitica and Y. 
pseudotuberculosis)

Toxico-infectious bacteria Bacillus cereus and other pathogenic Bacillus spp., 
Clostridium botulinum (infant botulism)

Toxinogenic bacteria Staphylococcus aureus, C. perfringens, C. 
botulinum

Viruses Noroviruses, Hepatitis A

Poisonous plants Deadly nightshade berries

Poisonous fungi Amanita spp.

Allergenic materials Wheat gluten, nuts/seeds

Chemical Heavy metals Lead, mercury

Industrial contaminants Polychlorinated biphenyls (PCBs), dioxins

Pesticides Insecticides, herbicides, fungicides, rodenticides

Fertilizers Nitrates

Veterinary medicines and 
growth promoters

Antibiotics, clenbuterol

Physical Sharp/cutting objects Glass, metal, wood, plastic

Choking Stones, wood, animal parts, string, nuts, seed-stones

Note: Bold text represents additional examples to those provided by Early, R. 2005. Good agricultural 
practice and HACCP in fruit and vegetable cultivation. In Improving the safety of fresh fruit and 
vegetables, ed. Jongen, W., Woodhead, Cambridge, UK, pp. 229–268.
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There are examples of outbreaks of foodborne illness from fresh produce which 
were not considered by the producers. A number of outbreaks of botulism were 
linked to baked potatoes some years ago (Angulo et al., 1998; Bhutani et al., 2005), 
and more recently, an outbreak of botulism was linked to fresh carrot juice manu-
factured in the United States (FDA, 2007). It is thought that the product was tem-
perature abused either during distribution or in the homes of consumers affected, 
allowing growth of proteolytic Clostridium botulinum, which would not occur at 
chill storage temperatures.

12.3.4 consTrucT The fLow diAgrAm

The flow diagram should contain information on each step being considered by 
the producer. For fresh products, this will often start with receipt of materials 
such as seeds, fertilizers, pesticides, and field or cultivating medium preparation. 
These stages are then typically followed by sowing, cultivation, harvesting, rins-
ing cut surfaces, packing, and transport. Product processing will often involve 
chilling, storage, further cutting, washing, rinsing, centrifugation/drying, pack-
aging and labeling, secondary packaging, and chilled storage and transport. 
Refrigerated storage during further distribution and storage is an essential com-
ponent for fresh produce in providing required shelf life. It may be appropriate 
to separate the flow diagram by hazard classes to simplify consideration of the 
overall HACCP plan. The information contained in the flowchart needs to be suf-
ficiently detailed to permit consideration of how hazards may be introduced and 
how their concentration may change through further processing. The information 
used to build the flowchart may come from various sources, including suppli-
ers, manufacturers of equipment, regulatory authorities, trade associations, in 
the form of guidelines or best practice documents, as well as from members of 
the HACCP team who are familiar with the cultivation, harvesting, and posthar-
vest processing of the product. Examples of flow diagrams for fresh produce are 
available for field crop production (Early, 2005), endive production (Willocx et 
al., 1994), sprouted seeds (International Sprout Growers Association), shredded 
lettuce (IFPA), and tomatoes (Rushing et al., 1996). It is important to use these 
only as guides, as each HACCP study will be specific to the business operation 
under consideration. At this stage, the flowchart is a theoretical description of 
the process.

12.3.5 confirm The fLow diAgrAm

Because the previous stage is a theoretical depiction of the process involved for the 
product in question, this next stage should provide confirmation of that information. 
Where practical, it is important to provide this confirmation by following the process 
on-site, with a working line, although this may be difficult if the product or parts of 
the line are new and not yet commissioned. Details of the operations conditions may 
be added or amended at a later stage. Ideally, the flow diagram is confirmed through-
out all operational periods, including day, night, and weekend shifts, and should also 
consider line stoppages that may be anticipated.
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12.3.6 hAzArd AnALysis

Hazard analysis considers all the procedures involved with production and the sub-
sequent supply chain (e.g., field preparation, seed germination, drilling and planting, 
growing, fertilizer/pesticide application, irrigation, harvesting, processing, storage, 
handling, and distribution). This involves the identification of all relevant hazards, 
their sources and points of contamination, and the probability and extent of their 
survival or growth during each stage of “processing.” It also includes consideration 
of the severity of the hazards identified and the risk they pose for consumer safety. 
The hazards considered should include biological agents, such as infectious, toxico-
infectious, and toxigenic bacteria, viruses, protozoal parasites, fungal pathogens, 
and mycotoxins; poisonous plants and plant materials; poisonous fungi; allergenic 
materials; toxic chemicals, such as those used as pesticides; antibiotics that may be 
used in agriculture; and physical hazards, such as stones, glass, insects, and rodents. 
Table 12.1 provides examples of the various hazards that could be present on raw 
produce and is based on the categorization used by Early (2005).

Biological hazards commonly associated with fresh produce are described in 
more detail in Chapter 3 and also by Beuchat (2002), Dawson (2005), Koopmans 
and Duizer (2004), ICMSF (2005), NACMCF (1999), WHO (1998), Heaton and 
Jones (2008), and the FDA Guide to Minimize Microbial Food Safety Hazards for 
Fresh Fruits and Vegetables (FDA, 1998). Pesticide residues in relation to fresh pro-
duce are discussed by Winter (2005) and Chiang et al. (2005), and other chemical 
and physical hazards relevant to fresh produce are described by Rhodehamel (1992). 
For chemical and physical hazards, their concentration is unlikely to change unless 
there are dilution or concentration effects. For biological hazards, growth of these 
may occur during processing, despite fresh produce, such as fruit, having relatively 
low pH. Examples of survival and growth characteristics for pathogens associated 
with fresh produce are provided by NACMCF (1999). The principal determinants 
for growth are pH, temperature of storage, and water availability. Predictive models 
and independent growth and survival studies can provide valuable information to 
estimate changes in levels of microorganisms during storage. A recent summary of 
predictive models relevant to chilled foods is provided by McClure and Amézquita 
(2008). In many cases, if multiple pathogens may be introduced at different stages 
(e.g., through raw materials), they may be grouped together if they have common 
characteristics (e.g., susceptibility to decontamination/washing regimes), and the 
most resistant type is chosen as the target because other less resistant forms will 
therefore be automatically taken into account.

Other sources of information for hazard analysis include foodborne disease sur-
veillance databases and records, including the Rapid Alert System for Food and Feed 
(RASFF) in Europe (http://ec.europa.eu/food/food/rapidalert/index_en.htm) and the 
Morbidity and Mortality Weekly Report (MMWR) in the United States (http://www.
cdc.gov/mmwr/). It may be the case that emerging hazards are relevant to a product 
and may not have been identified in the original HACCP study. Although that agent 
may not have been associated with any foodborne disease cases caused by fresh 
produce, there may sufficient information to indicate that it should be identified as a 
relevant hazard. For example, E. coli O157:H7 was not associated with fresh produce 
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a number of years ago, but there was sufficient information on the farm animal reser-
voirs of this serious pathogen and information on its low infectious dose, to indicate 
that it should be considered a risk in these products. Often, it is the case, however, 
that a new pathogen is not taken seriously until it has been linked to the food type 
in question.

More recently, inspection agencies responsible for ensuring proper implemen-
tation of HACCP have been looking for evidence to support nonidentification of 
hazards in HACCP plans. This is done to ensure that hazards are not overlooked 
by producers.

12.3.7 idenTify criTicAL conTroL poinTs

Hazards may be controlled at a number of points in a process, and the intention of a 
CCP is to provide control sufficient to eliminate a hazard or reduce it to an accept-
able level. A process that can be used to identify critical control points is shown in 
Figure 12.2. It is important that points that contribute to control of hazards are not 
confused with CCPs, and that there is a manageable number of CCPs identified. For 
example, there may be points at which good or best practice may contribute to mini-
mizing presence or levels of particular hazards, but these are not CCPs.

The identification of CCPs in fresh produce production may be problematic due to 
the limited choice of intervention steps that can effectively reduce or eliminate haz-
ards. For example, the application of heat treatment, such as pasteurization, to elimi-
nate infectious pathogens, is often not possible because of the deleterious effects 
on the organoleptic properties of fresh produce. Consequently, controls points that 
prevent contamination of raw produce and growth of pathogenic microorganisms are 
of particular importance in fresh produce operations. The hazards that tend to pose 
the greatest risk, because of their characteristics and their presence in the farm envi-
ronment or on food handlers, tend to be infectious agents that can cause disease even 
if they are present at low levels. In evaluating the field production system for fresh-
market tomatoes, a critical point where microbial contamination would be likely to 
occur was not identified. Soil contact was minimized during production by holding 
vines off the ground and using plastic mulch. Fertilizer was fed through irrigation 
tubes, and no organic manures were used. The control points identified were in har-
vesting and handling.

It is necessary to distinguish between controls points that are required for food 
safety (CCPs) and those that are required to maintain quality. These are often referred 
to as Quality Control Points (QCPs), and noncritical points are referred to as Quality 
Points (QPs). The same process/rationale used to identify CCPs is used to identify 
QCPs and QPs. For fresh produce, agents that impact on quality can also impact on 
safety. For example, Wells and Butterfield (1996) showed that the rate of Salmonella 
isolation from bacterial soft-rot produce was twice as high compared to intact pro-
duce, and that Salmonella co-cultured with soft-rot-inducing organisms such as 
Erwinia carotorova or Pseudomonas viridiflava on potato, carrot, and green pepper 
grew more quickly. It is also the case that physically damaged produce is more sus-
ceptible to microbiological contamination and colonization, due to the availability of 
nutrient sources from within the fresh produce.
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12.3.8 seT criTicAL LimiTs

The limits set at CCPs should be directly or indirectly measurable and properly vali-
dated. A limit distinguishes between acceptable and unacceptable levels of a control 
point. For some hazards, such as metal fragments, it may be relatively straightforward 
to set limits (e.g., absence of detectable metal fragments in all materials processed 
passing through a particular stage in processing). Others may be defined by national 
or international regulatory agencies or bodies. For biological hazards, a limit set at a 
particular point in a process may need to anticipate subsequent increases in levels of 
the hazard, if this can occur in the process identified.

Do control measure(s) exist?

Modify step, process
or product

Is control at this step
necessary for safety?

Is the step specifically designed to eliminate or
reduce the likely occurrence of a hazard to an
acceptable level?

Could contamination with identified hazard(s)
occur in excess of acceptable level(s) or could
these increase to unacceptable levels?3

Yes

Yes

No

No Not a CCP Stop (*)

No

Will a subsequent step eliminate identified
hazard(s) or reduce likely occurrence to an
acceptable level?

Q4

Q3

Q2

Q1

NoYes Not a CCP

Not a CCP

Stop (*)

Stop (*)

NoYes Critical Control Point

Yes

FIGure 12.2 Example of questions used to identify CCPs. World Health Organization 
(WHO) 1997 HACCP—Introducing the Hazard Analysis and Critical Control Point System, 
Food Safety Unit, Programme of Food Safety and Food Aid, WHO, Geneva. Page 23, 1998. 
With permission.
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Examples of limits that may be set for fresh produce include absence of specific 
pathogens in a set quantity of product; maximum levels of pesticides or fertilizers in 
produce; maximum temperature/humidity during storage; and no glass, metal, ani-
mal, stone, or wood fragments in product at particular points in processing.

12.3.9 esTABLish moniToring sysTems

Monitoring systems are used to verify that controls are working as expected and to 
trigger alerts when control is lost. These systems are often automated and take mea-
surements on a regular basis. The measurement system should provide information 
in sufficient time to make adjustments to prevent breaching of critical limits. It is 
often possible to trigger process adjustments when results indicate a trend toward 
loss of control at a CCP, before they reach that point. It is important that the data 
derived from monitoring are assessed by personnel with the awareness and authority 
to carry out corrective actions. Monitoring procedures for CCPs in fresh produce 
processing often rely on rapid measurements because of the limited shelf life of 
these products. Physical and chemical testing are often preferred to microbiologi-
cal analysis because of the speed with which these can be carried out, and they will 
be indirect indicators of control of microbiological hazards. It is important to keep 
accurate records of results to provide evidence for verification, and in case outside 
parties seek evidence that a process is operating effectively. These records can also 
be very useful when deviations or failures occur during processing. Using statistical 
tools such as Cusum analysis (see Montgomery, 2005), it is often possible to identify 
when a process has lost control and also when control has been regained. This allows 
accurate identification of product batches that have been affected by the deviation, 
and these can be put on hold or destroyed, minimizing any losses for the producer.

12.3.10 esTABLish correcTiVe AcTion procedures

The purposes of corrective actions are to ensure that the CCP has been brought 
back under control and to deal effectively with any product that may be defective or 
substandard, sometimes identified in the previous step. To identify appropriate cor-
rective actions, it is good practice to anticipate failures at CCPs and consider realistic 
“what if” scenarios.

12.3.11 VALidATe hAccp pLAn, impLemenT And Verify hAccp sysTem

When an HACCP plan is completed, the next step is to validate this plan before 
implementation and subsequent verification. The validation step involves the gather-
ing of evidence to show that the HACCP plan is effective (i.e., that it works when put 
into practice). A number of validation activities have been identified by ILSI (1999), 
and these include evidence to confirm the following:

Skills in the HACCP are team adequate.•	
The flow diagram adequately describes the process.•	
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Significant hazards have been considered and appropriate preventative •	
measures identified to minimize levels and presence of hazards.
Appropriate CCPs have been identified and are at the correct stages in •	
the process.
Critical limits are established for each hazard, and these are appropriate for •	
the CCPs identified.
Monitoring systems can demonstrate the efficacy of control and preventa-•	
tive measures.
Corrective actions have been identified for each CCP, nonconforming prod-•	
uct can be prevented from reaching the consumer, and persons responsible 
for these actions are identified and understand their responsibilities.
Procedures are in place to verify plans and documented evidence describ-•	
ing the whole HACCP system is available and records are retained.

Verification is the application of methods, procedures, tests, and other evaluations 
in addition to monitoring, to determine compliance with the HACCP plan. This 
step provides confirmation that the relevant actions and outcomes identified in the 
HACCP plan have been carried out and achieved. The verification step needs to 
cover the whole production and processing cycle. The factors that can impact on 
fresh produce production are many and varied, and the verification of HACCP for 
these products can be more complex and require more iterations than for other prod-
uct types.

12.3.12 esTABLish And mAinTAin documenTATion

Good record maintenance and documentation are key requirements for HACCP and 
provide the point of reference for the HACCP team, new members of the team, risk 
managers, and auditors who will examine evidence to demonstrate compliance with 
internal and external (e.g., regulatory) requirements and standards. The documenta-
tion includes specifications for raw materials and final product, material safety data 
sheets, procedures for preparation and storage of materials applied before planting/
sowing, during cultivation, and subsequent processing, process flow diagram; control 
chart (including a list of identified hazards, control and preventative measures, and 
CCPs), monitoring procedures; corrective actions; records of measurements taken, 
validation and verification data.

12.3.13 reView hAccp pLAn

Review of HACCP plans is often overlooked and should be undertaken on a regu-
lar basis, particularly when changes are made to the process or materials used 
in production. Any changes that could lead to the introduction of new hazards 
in production should trigger the HACCP team to review the HACCP plan and 
consider any knock-on effects for CCPs that were previously identified. In many 
cases, if new hazards are introduced, they may well be controlled by the existing 
control measures.
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12.4 Good aGrIcultural PractIce

Good agricultural practice (GAP) and other procedures, such as hygienic prac-
tice, are sometimes referred to as prerequisite programs and should not be con-
fused with HACCP. These prerequisite programs provide the underpinning 
procedures that must be in place in addition to any procedures identified in the 
HACCP plan.

Good agricultural practice is the application of quality assurance and manage-
ment at the farm level. GAP guidance documents have been produced by the U.S. 
Food and Drug Administration (FDA)/United States Department of Agriculture 
(USDA) and are entitled “Guide to Minimize Microbial Food Safety Hazards 
for Fresh Fruits and Vegetables” (FDA/USDA, 1998) and “Guide to Minimize 
Microbial Food Safety Hazards of Fresh-Cut Fruits and Vegetables” (FDA/
USDA, 2008). The first of these provides recommendations for growers, packers, 
and shippers to use good agricultural and good manufacturing practices in areas 
where they have control to prevent or minimize microbial food safety hazards in 
fresh produce. This guidance is based on eight basic principles and practices, as 
shown in Table 12.2. The elements considered in these guidelines are shown in 
Table 12.3. The second guidance document primarily addresses microbiological 
hazards and appropriate control measures for these, although some chapters also 
discuss physical and chemical hazards. The key areas covered in the second guid-
ance document are personnel health and hygiene, training, building and equip-
ment, and sanitation operations.

Other organizations have also provided guidance on GAP, to establish “best prac-
tice.” The Food and Agriculture Organization (FAO, 2007) advocates a nonprescrip-
tive method that considers the environmental, economic, and social sustainability 
of farm production and postproduction processes for production of safe and qual-
ity foods. This guidance is based on ten elements of agricultural practice, many of 
which are shared with the eight principles identified by the FDA/USDA. These ten 
elements are soil, water, crop/fodder production, crop protection, animal production, 
animal health and welfare, harvest and on-farm processing and storage, energy and 
waste management, human welfare, health, and safety, and wildlife and landscape. 
Although it may appear that aspects of animal production and welfare may have no 
relevance to fresh produce production, this is not necessarily the case. Many of the 
microbiological hazards that have caused disease and have been linked with fresh 
produce have animal reservoirs, and farm animals are major sources of these agents. 
Clearly, fresh produce producers must take account of these sources and put in place 
procedures that will minimize the possibility of these hazards coming into contact 
with produce they are growing.

The private sector has also developed standards that originated from the 
Euro-Retailer Produce Working Group (EUREP) and has now evolved into the 
GLOBALGAP standard. This standard covers crops, livestock, and aquaculture, 
with the crops including fruit and vegetables. More recently, GLOBALGAP and the 
Safe Quality Food (SQF) program in the United States have agreed to a harmoniza-
tion of GAP and HACCP-based approaches for food safety management at the farm 
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level (Freshplaza, 2008). GLOBALGAP identified a number of control points and 
compliance criteria for fruit and vegetables that address many of the aspects that 
would be covered by prerequisite programs. These points and criteria cover soil and 
substrate management, irrigation, harvesting, and produce handling.

Legislation in the United Kingdom and Europe has moved responsibility for fresh 
produce away from government into the supply chain, where trade associations and 
retailers are driving the food safety agenda through development of their own stan-
dards (Monaghan, 2006). This recent study describes a code of practice developed 
by Marks and Spencer, called “Field to Fork.” This code of practice (COP) covers all 
aspects of growing and packing of fresh produce, and includes sections on pesticide 
management, food safety, organic produce, traceability, environment, packing, and 
genetically modified organisms. This COP was developed following the principles of 
HACCP but acknowledges, in many cases, that it is not possible to eliminate risk at 
a CCP, only to minimize it. Recently updated examples of the requirements for site 

table 12.2
basic Principles of Microbiological Food safety in relation to Growing, 
Harvesting, Packing, and transporting Fresh Produce

Principle description

1 Prevention of microbiological contamination of fresh produce is favored over reliance on 
corrective actions once contamination has occurred.

2 To minimize microbiological food safety hazards in fresh produce, growers, packers, or 
shippers should use good agricultural and management practices in those areas over 
which they have control.

3 Fresh produce can become microbiologically contaminated at any point along the 
farm-to-table food chain. The major source of microbiological contamination with fresh 
produce is associated with human or animal feces.

4 Whenever water comes into contact with produce, its source and quality dictate the 
potential for contamination. Minimize the potential of microbiological contamination 
from water used with fresh fruits and vegetables.

5 Practices using animal manure or municipal biosolid wastes should be managed closely to 
minimize the potential for microbiological contamination of fresh produce.

6 Worker hygiene and sanitation practices during production, harvesting, sorting, packing, 
and transport play a critical role in minimizing the potential for microbiological 
contamination of fresh produce.

7 Follow all applicable local, state, federal laws and regulations, or corresponding or similar 
laws, regulations, or standards for operators outside the United States, for agricultural 
practices.

8 Accountability at all levels of the agricultural environment (farm, packing facility, 
distribution center, and transport operation) is important to a successful food safety 
program. There must be qualified personnel and effective monitoring to ensure that all 
elements of the program function correctly and to help track produce through the 
distribution channels to the producer.

Source: FDA/USDA, 1998.
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selection and environmental impact management of organic material inputs in the 
current COP (Marks and Spencer, “Field to Fork: Fresh Produce Code of Practice”) 
are shown in Table 12.4 and Table 12.5. The COP also provides specific instructions 
covering water, workers, personal protective clothing, and wildlife.

12.5 recent deVeloPMents In Food saFety ManaGeMent

Quantitative microbiological risk assessment (QMRA) is a relatively recent develop-
ment (Hatheway, 1997) aimed fundamentally at the protection of consumers, used 
in decision making on food safety issues and in helping responsible authorities to 
meet public health goals. To date, these have mostly focused on risks associated 
with single hazards and broad groups of products enabling government agencies to 
identify products of greatest concern to public health and to identify key aspects of 
their processing and handling that impact most on risk. More recently, QMRA has 
been applied within the food industry and is fast becoming an indispensable part of 
product/process design, and in the evaluation of control measures along the steps 
of manufacturing and the supply chain. The main purpose of QMRA is to quantify 
risk or to determine the effects of process or product interventions on risk. With a 
number of potential applications, the first step is to clearly determine the purpose of 

table 12.3
Good agricultural Practice—
areas for consideration in 
Produce Production and Harvest 
considered by Fda/usda

area

Water quality

Land history and surrounding properties

Soil amendments

Field sanitation

Pest control

Agricultural chemicals

Worker sanitation facilities

Worker health and hygiene

Containers and packing material

Tools and equipment

Transport

Post-harvest cooling

Storage

Product traceability

Source: Sperber, W.H. 2005. HACCP does not 
work from farm to table. Food Control, 
16, 6, 511–514.



328 Advances in Fresh-Cut Fruits and Vegetables Processing

table 12.4
site selection and environmental Input Management, Marks and spencer’s 
“Field to Fork” code of Practice

 Question answer crop category 1 and 2 crop category 3 and 4

1 Has grazing of land 
occurred in previous 
18 months? 

Yes Do not crop until 18 months from 
date last grazed.

Risk assess.

No Go to Question 2

2 Are active landfill/
municipal waste 
disposal operations 
within 5 km? 

Yes Risk assess with specific reference 
to prevailing wind and bird flight 
paths. Do not crop within 1 km.

Risk assess with specific 
reference to prevailing wind 
and bird flight paths.

No Go to Question 3.

3 Is the land at risk of 
flooding?

Yes Do not crop if there is evidence of 
annual flooding. Do not crop for a 
period of 24 months post flooding 
by potentially contaminated water.

Risk assess impact of 
potential flood risk upon 
crop safety. Do not crop if 
there is evidence of flooding 
within the past 12 months 
by water contaminated with 
animal feces.

No Go to Question 4.

4 Is there public access 
to the growing areas, 
such as public 
footpaths or roads? 

Yes Take all reasonable measures to 
control potential crop 
contamination with specific 
reference to dogs.

Take all reasonable measures 
to control potential crop 
contamination with specific 
reference to dogs.

No Go to Question 5.

5 Are there any risks 
from neighboring 
agricultural 
business? 

Yes Do not crop if there is a risk of 
contamination by run off from 
livestock operations, spray 
application of slurries occurs 
within 1 km, or composting of 
animal wastes occurs within 1 km.

Risk assess potential for 
contamination.

No

6 Is there any animal 
(domestic, farm, or 
wildlife) activity 
that may pose a 
risk? 

Yes Risk assess and employ all 
reasonable measures to discourage 
animal activity in and around the 
crop/irrigation sources.

Risk assess and employ all 
reasonable measures to 
discourage animal activity 
in and around the crop/
irrigation sources.

Notes: Category 1 represents crops eaten raw with no protective skin removed before eating or that have 
some risk or history of pathogen contamination; Category 2 represents crops that can be eaten raw 
and either have no protective skin removed before eating or have some risk or history of pathogen 
contamination; Category 3 represents crops that can be eaten raw, either have a protective skin or 
grow clear of the ground or have no significant risk or history of pathogen contamination; and 
Category 4 represents crops that are always cooked before eating.

Source: Mark’s and Spencer’s “Field to Fork” Code of Practice. Personal communiation. With 
permission.
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table 12.5
Management of organic Material Inputs, Marks and spencer’s “Field to 
Fork” code of Practice

 Question answer
category 1 and 2 

crops
category 3 and 4 

crops
1 Has raw manure been applied to land 

in past 24 months?
Yes Do not crop for 24 

months from date of 
last application.

Do not crop Category 3 
crops for 18 months or 
Category 4 crops for 
12 months from last 
application.

No Go to Question 2.

2 Has composted, pelleted, or 
heat-treated animal manure been 
applied to land within 24 months? 

Yes Go to Question 3.

  No Go to Question 6.

3 Has all animal manure applied/
proposed for application to soil been 
fully composted to the standard set 
out in Marks and Spencer’s 
composting protocol or satisfactorily 
heat treated to the specified 
acceptable standard?

Yes No restriction. No restriction.

  No Go to Question 4.

4 Has all animal manure applied/
proposed for application been fully 
composted or processed and material 
certified as clear of pathogens by 
appropriate sampling and 
microanalysis, but control points are 
not fully verified?

Yes Do not crop for 24 
months unless granted 
a written derogation 
from a trained F2F 
Auditor who may 
reduce the period to 
18 months.

If manure was from a 
nonintensive source 
assessed as free of 
Escherichia coli 0157, 
no restriction.

  No Treat as raw manure. Go to Question 1.

5 Has Green waste material been 
applied to land in 3 months prior to 
earliest anticipated cropping?

Yes Go to Question 6.

  No Go to Question 7.

6 Has applied Green waste been 
composted in compliance with Marks 
and Spencer’s Composting Protocol? 

 No restrictions. No restrictions.

  No Go to Question 7.

7 Has applied Green waste intended for 
application been assessed as fully 
composted, with confidence that the 
constituents were free from animal 
manure/derivatives, and verified free 
of pathogens but control points were 
not verified? 

Yes Do not crop for 3 
months.

Risk assess.

No Treat as raw manure (Q2)
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the QMRA—that is, to define what questions will be answered and identify which 
data and calculations are required. The first draft of a risk profile includes a detailed 
description of the product formulation and the manufacturing process, as well as 
the control measures implemented in the process. It should also include a review 
of available data in order to identify critical gaps that need to be filled before the 
QMRA can be conducted. It is noteworthy that much of the information gathered for 
HACCP plans is the same or similar to that used in QMRA. However, the purposes 
and objectives of these two activities should not be confused.

Generally, QMRAs are very data-demanding, and a combination of different 
sources is usually necessary. For example, data can be generated from experiments 
(e.g., challenge tests), retrieved from databases (e.g., ComBase) or scientific publi-
cations, obtained from models (e.g., temperature distributions from a heat transfer 
model), or come from expert elicitation. The more relevant data are available, the 
lower the uncertainty of risk estimates will be, thereby offering valuable guidance to 
risk managers for decision making. When data are missing, it is necessary to make 
assumptions during the QMRA process. These assumptions, along with all the data 
available, need to be clearly documented in order to make the conclusions of the risk 
assessment as transparent as possible.

The well-known QMRA structure established by the Codex Alimentarius (CAC, 
1999) includes four major elements:

Hazard identification•	 : Hazards (pathogens or their toxins) of concern with 
the food product are identified as well as their association with adverse 
health effects. This part is predominantly qualitative, and sources of infor-
mation are typically scientific literature, public databases, epidemiological 
data, relevant government bodies, and expert elicitation.
Exposure assessment•	 : Estimates the probability of intake of the pathogenic 
agent and the cell numbers consumed. Exposure assessments must indicate 
the portion size or the unit used to determine the amount of food to be con-
sumed. The main outcome of exposure assessments is an estimation of the 
level of the pathogenic agent (with some level of uncertainty) and the likeli-
hood of occurrence in foods at the point of consumption. In processing of 
fresh produce, this includes the initial prevalence and concentration of the 
pathogenic agent, the effect of any intervention steps, the response of the 
microorganism (growth, survival, or inactivation) along the manufacturing 
process, the frequency of recontamination, the growth during storage and 
distribution, and the handling practices by the final consumer (e.g., tem-
peratures in the household refrigerator).
Hazard characterization•	 : Describes the health impact (severity and dura-
tion of adverse effects) of consuming a specified number of cells of the 
pathogenic agent on individuals, and it is frequently determined by assess-
ing pathogen–host relationships, and ideally, dose–response relationships. 
It is difficult to obtain dose–response data of highly virulent pathogens, 
because human voluntary feeding studies are not possible. Furthermore, 
correlating animal responses to the responses of susceptible human popu-
lations has considerable uncertainties. Relationships can be derived from 
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epidemiological studies, again, with high levels of uncertainty in many 
cases.
Risk characterization•	 : Provides a risk estimate as a result of combining the 
information and analyses performed in the previous three elements. The out-
put is an indication of the level of disease resulting from a given exposure. It 
must include a description of the uncertainties associated with the estimate. 
The level of confidence of this estimate depends on the assumptions made, 
and on the variability and uncertainty identified in all the previous steps. 
It is important to differentiate between variability and uncertainty for sub-
sequent risk management decisions, and this is an area of growing interest 
in QMRA. A risk assessor must understand that predictive microbiology 
models cannot provide exact predictions of the response of microorgan-
isms in food products due to natural variability of both microorganisms 
and foods, as well as lack of knowledge and data (i.e., uncertainty) when 
developing a model.

When QMRA is used as part of product/process design of chilled foods, such as 
fresh produce, it is not uncommon to focus primarily on exposure assessment. The 
target outcome of the assessment is reduction of the exposure so that the levels of 
the pathogenic agent are below those required by regulatory agencies at the point 
of consumption. In this approach, mitigation and control strategies are designed for 
the exposure only. The quantitative nature of exposure assessment makes it the most 
complex part of the QMRA process. Thus, exposure assessments are usually focused 
on specific food categories and processes in order to reduce complexity and facilitate 
risk management decisions. In the exposure assessment part of the QMRA process, 
predictive microbiology and process modeling play a fundamental role. For that 
reason, a properly conducted QMRA requires a multidisciplinary team of people, 
involving expertise in food safety and microbiology, food processing and engineer-
ing, and mathematical/statistical and computing skills.

So far, there are relatively few examples of risk assessments applied to fresh pro-
duce. Bassett and McClure (2008) recently reported a qualitative risk assessment 
approach for fresh fruit. This approach was based on the framework described above 
and considered multiple hazards and a variety of fresh fruits. A review of potential 
risk management options was carried out, and the authors concluded that washing 
to a recommended protocol was an appropriate risk management action for many of 
the fresh fruits considered, particularly when GAP and GHP are followed, with the 
addition of refrigerated storage for low-acid fruit. In study considering the microbio-
logical standards of irrigation water, Stine (2005) described a quantitative approach 
to calculate the concentration of infectious pathogens necessary to achieve a risk of 1 
in 10,000 annual risk of infection. This is the accepted level of risk used for drinking 
water by the U.S. Environmental Protection Agency.

12.5.1 food sAfeTy meTrics

Public health targets set by responsible authorities have to be interpreted by other par-
ties involved in the provision of food. The World Trade Organization introduced the 
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concept of appropriate level of protection (ALOP) as a public health target, and other 
concepts have been proposed and introduced to translate these targets into meaningful 
and tangible objectives for the food industry. Among these are Food Safety Objectives 
(FSOs), Performance Objectives (POs), and Performance Criteria (PC) proposed by 
the International Commission on Microbiological Specifications for Foods (ICMSF) 
and adopted by the Codex Alimentarius Food Hygiene Committee. The discussion of 
how FSOs translate to ALOPs is not yet agreed, and so far, only example FSOs have 
been discussed and considered. It will be interesting to follow developments over the 
next few years to see if accepted levels of risk are agreed upon for foodborne diseases, 
as they currently are for waterborne diseases in the United States.

12.6 conclusIons/reMarks/Future trends

There is evidence of fresh produce causing increasing disease through contami-
nation from organic wastes applied to agricultural land to fertilize crops, fecally 
contaminated waters used for irrigation, direct fecal contamination from livestock, 
wild animals, and birds, contaminated sprays, and postharvest contamination by 
poor worker hygiene. The control of food safety for fresh produce has lagged behind 
other (e.g., processed) foods in the application of food safety management systems, 
such as HACCP, due partly to poor understanding of these environments and also to 
the absence of prerequisite programs, such as GAP, that are necessary to underpin 
HACCP. It is also the case that some texts suggest there may not be a need to apply 
HACCP if hazards cannot be identified. Sperber (2005) expressed concern about the 
application of HACCP to primary production processes because of the lack of defini-
tive critical control points, emphasizing the importance of prerequisite programs 
(see Table 12.6). The key message from Sperber is that food safety is HACCP plus 
prerequisite programs.

The recent emphasis on development of GAP was promoted partly through 
government agencies and also through the private sector. Continuing outbreaks of 
foodborne disease associated with fresh produce indicate that there are still improve-
ments that need to be made. The recently updated guidance on fresh-cut produce 
issued by the FDA/USDA (2008) is a very useful reference point for producers in this 
sector. The guidance refers to HACCP and states that although HACCP is not cur-
rently required for processing fresh-cut produce, FDA encourages fresh-cut produce 
processors to take a proactive role in minimizing microbial food safety hazards, rec-
ommending consideration of a preventative control program (e.g., HACCP) to build 
safety into processing operations.

There are a few examples of HACCP being applied to fresh produce and also 
of trade associations such as the UK CFA promoting the application of HACCP 
to fresh produce. In a study looking at the application of HACCP in apple juice 
production, Senkel et al. (1999) concluded that pathogen-free product could only be 
achieved where GMP and sanitation procedures were used together with HACCP. 
In the few studies describing implementation of HACCP for fresh produce, there 
have been notable successes. For example, Peters (1998) reported on HACCP plans 
that were developed for a number of businesses, including very small businesses 
(single-person operations, family businesses, and small enterprises) as well as large 
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integrated operations. This study also concluded that prerequisite programs need to 
be in place to support detailed HACCP plans. HACCP plans have also been devel-
oped for sprouted seeds, shredded lettuce, and tomatoes by trade associations and 
other groups in the United States. Rushing (2000) also described the application 
of HACCP for production of fresh tomatoes and concluded that this was an effec-
tive food safety management system, involving public agencies and the industry, 
suggesting it should be used as a model for other produce industries to follow. The 
implementation of this program followed outbreaks of salmonellosis linked to fresh 
market tomatoes in 1990 and 1993.

Critical information required to carry out HACCP studies includes knowledge of 
sources of pathogens and control of these sources, their persistence, and transmis-
sion. Although there have been major advances in many of these areas in recent years, 
there is still much to learn that can be incorporated or considered in future HACCP 
studies. Perhaps the greatest challenge at present is the integration of HACCP with 
prerequisite programs and the implementation of these in all regions where fresh pro-
duce is grown, including developing countries. The absence of effective intervention 

table 12.6
Prequisite Programs commonly 
used in Food Processing

Prerequisite Programs commonly used in 
the Food Processing Industry

Cleaning and sanitation

Purchasing requirements

Pest control

Labeling

Rework

Facility and equipment design

Supplier approval

Employee training

Foreign material control

Good agricultural practices

Personal hygiene

Water/ice/air control

Maintenance

Transportation

Product retrieval

Allergen control

Chemical control

Product specifications

Products storage control

Source: Sperber, W.H. 2005. HACCP does not 
work from farm to table. Food Control, 
16, 6, 511–514.
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methods, apart from irradiation (see Molins et al., 2001), that can be used without 
damaging the structure and decreasing the vitamin content of fresh produce means 
that control points must rely on factors that may have limited effects in reducing 
numbers of pathogens or restricting their growth. For this reason, it is essential that 
the numbers present on raw materials are minimized (hence the importance of GAP) 
and that pathogens are not introduced postharvest, for example, by worker hygiene 
(importance of GHP). Although irradiation is not accepted by consumers as a pre-
ferred method of preservation, it should be considered, particularly where vulnerable 
groups are considered.

The application of GAP, GHP, and HACCP should eventually result in better 
control in the fresh produce sector, with involvement of regulatory agencies, the 
industry, consumers, and food scientists in academia, and it is important that all 
the relevant stakeholders contribute to these activities. There is one final point on 
HACCP training that needs to be addressed in the future. A recent study from the 
United Kingdom (Jones et al., 2007) concluded that catering businesses causing 
foodborne disease outbreaks were not less likely to have staff with formal training 
or less likely to use HACCP. This indicates that HACCP training methods should be 
reviewed and optimized to ensure that those who are trained actually use the training 
and change behavior.

12.7 sources oF InForMatIon

The Chilled Food Association in the United Kingdom published best practice guide-
lines for the production of chilled foods which include information on hazards, con-
trol measures, and HACCP systems relevant to chilled foods. The CFA also issued 
guidelines for good hygienic practice in the manufacture of chilled foods, which 
include a detailed account of Good Manufacturing Practice relevant to fresh produce. 
Information from small businesses that have implemented HACCP systems and use-
ful information related to HACCP training and the future of HACCP, are provided 
by Mayes and Mortimore (2000). For a more detailed account of recently developed 
food safety metrics, see ICMSF (2002). The microbiological hazards associated with 
fresh produce and foodborne disease outbreaks associated with these products are 
covered in more detail by ICMSF (2005). A review of recent research and reevalua-
tion of guidelines for food-service and restaurant operators, regulatory agencies, and 
consumers for handling fresh-cut leafy green salads was published (Palumbo et al., 
2007). A recent review of quality assurance systems applied to fresh produce is pro-
vided by da Cruz et al. (2006), and commodity-specific food safety guidelines for let-
tuce and leafy greens can be found at http://www.cfsan.fda.gov/~acrobat/lettsup.pdf.

noMenclature

Control measure: Any action and activity that can be used to prevent or eliminate a 
food safety hazard or reduce it to an acceptable level.

Corrective action: Any action to be taken when the results of monitoring at the CCP 
indicate a loss of control.
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Critical Control Point (CCP): A step at which control can be applied and is essen-
tial to prevent or eliminate a food safety hazard or reduce it to an acceptable 
level.

Critical limit: A criterion that separates acceptability from unacceptability.
Deviation: Failure to meet a critical limit.
Dose-response assessment: The determination of the relationship between 

the magnitude of exposure (dose) to a chemical, biological, or physical 
agent and the severity or frequency of associated adverse health effects 
(response).

Exposure assessment: The qualitative or quantitative evaluation of the likely intakes 
of biological, chemical, and physical agents via food, as well as exposure 
from other sources, if relevant.

Flow diagram: A systematic representation of the sequence of steps or operations 
used in the production or manufacture of a particular food item.

HACCP: Hazard Analysis and Critical Control Point—A system that identifies, 
evaluates, and controls hazards that are significant for food safety.

HACCP plan: A document prepared in accordance with the principles of HACCP to 
ensure control of hazards that are significant for food safety in the segment 
of the food chain under consideration.

Hazard: A biological, chemical, or physical agent in, or condition of, food with the 
potential to cause an adverse health effect.

Hazard analysis: The process of collecting and evaluating information on hazards 
and conditions leading to their presence to decide which are significant for 
food safety and should be addressed in the HACCP plan.

Hazard characterization: The qualitative or quantitative evaluation of the nature 
of the adverse health effects associated with the hazard. For the purpose of 
microbiological risk assessment, the concerns relate to microorganisms and 
their toxins.

Hazard identification: The identification of biological, chemical, and physical 
agents capable of causing adverse health effects and which may be present 
in a food or particular group of foods.

Monitor: The act of conducting a planned sequence of observations or measure-
ments of control parameters to assess whether a CCP is under control.

Risk: A function of the probability of an adverse health effect, and the severity of 
that effect, consequential to a hazard in a food.

Risk assessment: A scientifically based process consisting of the following steps: 
hazard identification, hazard characterization, exposure assessment, and 
risk characterization.

Step: A point, procedure, operation, or stage in the food chain, including raw materi-
als, from primary production to final consumption.

Validation: Obtaining evidence that the elements of the HACCP plan are effective.
Verification: The application of methods, procedures, tests, and other evaluations, 

in addition to monitoring, to determine compliance with the HACCP plan.
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13.1 FresH-cut Products and saFety

Food safety keeps the fresh-cut industry strong and ensures that consumers have 
confidence that the fruit and vegetables processed by the fresh-cut companies are 
safe and healthy.

Food safety is a shared responsibility, and everyone involved in the food chain 
from farm to fork must take responsibility for safeguarding the food supply. This 
especially applies to fresh-cut products. The United Fresh Produce Association 
(UFPA) defines fresh-cut produce as “any fresh-cut fruit or vegetable or any combi-
nation thereof that has been physically altered but remains in the fresh state. These 
products are items such as bagged salads, baby cut carrots, and broccoli florets.”

Therefore, for fresh-cut vegetables that are eaten raw, there is no treatment that 
can be relied upon to significantly decrease the numbers of contaminating microor-
ganisms. Because fresh-cut fruits and vegetables are living and breathing during and 
after processing, they are subject to fast deterioration and can support the growth of 
large populations of microorganisms. Unlike other processed foods, there is no kill 
step throughout processing, and there is no treatment, other than good temperature 
management, that will significantly retard deterioration jointly with good sanitation 
and Good Manufacturing Practices (GMPs).

Eliminating all the risks is very difficult, as washing with antimicrobial com-
pounds, although significant, frequently results only in a relatively small reduction. 
Management of them is based on identifying and controlling those factors that are 
central in preventing contamination or limiting growth of pathogenic microorgan-
isms between farm and plate. Consequently, maintaining the safety and quality of 
fresh-cut produce is a key challenge that is met only by doing several small things in 
the appropriate ways. If temperature is not managed well, adherence to GMPs and 
superior sanitation will not ensure either safety or quality. A poor sanitation program 
will prevent a Hazard Analysis and Critical Control Point (HACCP) from function-
ing entirely.

Due to the diversity of raw materials, processing conditions, and packaging systems 
used in the production of fresh-cut products, it is impossible to institute a one-size-
fits-all approach to achieve microbial safety. Rather, the processor has to cautiously 
consider a broad variety of factors and hurdles—raw material quality, hygienic pro-
cessing, temperature, water activity, acidity, modified atmosphere—in determining 
ways to control microbial growth. Through the selection and combination of these 
elements, the processor is able to determine the optimum shelf life for a product and 
establish conditions for its use that will ensure safe products for consumers.

Hence, safety and sanitation are a top priority for fresh-cut processors from plant 
design to cleaning procedures. New design elements of processing equipment are a 
vital part of this continuous evolution of food safety and sanitation. These elements 
help plant managers more effectively implement cleaning practices, and in many 
cases, the new designs create a more efficient overall process. This chapter will deal 
only with general hygiene concepts. It is not a substitute for complete familiarity 
with legislation and national standards.

Prior to approaching the theme of sanitary design, it is essential to briefly outline 
the risks involved in processing fresh-cut products.
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13.1.1 food hAzArds

The U.S. Food and Drug Administration (FDA) defines food hazard as “a biological, 
chemical, or physical agent that is reasonably likely to cause human illness or injury 
in the absence of its control.”

Food hazards mainly related to fresh-cut products are generally categorized as 
microbial, chemical, or physical. Most of the principles of safety revolve around the 
avoidance of entry, harborage, or buildup in the facility of anything that does not 
belong, be it microbial hazards, insects, rodents, plain old dirt, and even unauthorized 
personnel. This principle is especially important at the points in the process where 
the product that will be ultimately consumed is most vulnerable. Even produce that is 
clean and free from pathogenic microorganisms and chemical contaminants when har-
vested, can easily be recontaminated if it is not handled hygienically (during the process 
that ultimately ends with the consumer). Produce can be contaminated by unhygienic 
equipment and the unhygienic practices of the personnel involved in the process. High 
standards of hygiene will minimize the risk of produce recontamination.

Microbial, chemical, or physical hazards may be very different from one product 
to another:

 1. Microbial Hazards. Microbial hazard means occurrence of a microorgan-
ism that has the potential to cause illness or injury.

  Processing plants might receive produce from several different farms, 
thus increasing the risk that different soilborne pathogens may be present, 
including Escherichia coli, Salmonella sp., and Hepatitis A. Poor handling 
procedures, scarce sanitation and cleaning, and contaminated water aug-
ment these risks at the processing plant level. Additionally, processors, sim-
ilarly to other suppliers and retailers in the food chain, continue to remain 
at risk for cases of deliberate tampering and bioterrorism.

 2. Chemical Hazards. Fresh-cut foods, similar to other food products, are also 
subject to contamination by environmental contaminants and residues from 
pesticides or veterinary drugs. Compliance of raw material with the rel-
evant legislation is essential. Supplier selection, evaluation, and follow-up 
are the best control measures. Chemicals such as cleaning agents, lubri-
cants, and pest control materials may also present on-site chemical hazards. 
The correct use of food-grade chemicals, where appropriate, and applica-
tion of GMP are the best control measures.

  Those involved with sanitation and sanitary design should be aware of 
how to protect foods against allergens that are naturally occurring proteins 
with many characteristics of interest to food safety. Allergen infestation 
frequently occurs because of product cross-contamination through an aller-
gen-containing product during manufacture. Allergens are organic, but not 
living organisms that are water insoluble, only slightly acid soluble (accord-
ing to some sources), and alkali soluble. Allergens are hard to eradicate 
when baked onto a surface, such as wheat protein in a finish dryer, because 
they are heat resistant as well as resistant to proteolysis and to extremes in 
pH.
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 3. Physical Hazards (foreign bodies removal). Physical hazards might include 
foreign bodies such as metal, glass, wood, and plastic. Their control is 
ensured by raw material quality (specifications, supplier evaluation) and 
provisions applied during processing (e.g., metal detectors after packaging, 
filters in line).

  Foreign matter is the main single source of customer complaints for 
numerous food processors, retailers, and food and safety inspectors. 
Preventing foreign matter contamination of foods depends on understand-
ing the source of each potential material and taking appropriate steps to 
prevent contamination. The instrumental methods of detection are air sepa-
rators, potentiometric (conventional metal detection, using the same prin-
ciple used in airline passenger screening), X-ray, and optical sorting.

13.2 sanItatIon desIGn oF ProcessInG Plants

13.2.1 generAL ouTLines

It is recommended that the processing facility and its structures (such as walls, ceil-
ings, floors, windows, doors, vents, and drains) be designed in order to be simple to 
clean and maintain and to protect the product from microbial, physical, and chemical 
contamination. As an example, designing food contact surfaces to be smooth, non-
absorbent, smoothly bonded, without niches, and sealed would make these surfaces 
easier to clean and, thus, would prevent the harborage of microbial pathogens.

Adequate food safety controls, operating practices, and facility design can reduce 
the potential for contamination by using location and flow of humans, product, 
equipment, and air.

Hygienic processing can be summarized in a simple “3 C principle”:

Keep •	 Clean
Keep •	 Cold
Avoid •	 Cross-contamination

If these principles cannot be followed, there will be a risk of contamination or patho-
gen growth, which must then be controlled by other means.

These three basic principles are reflected in the following guidance and 
recommendations.

13.2.2 forwArd-onLy moVemenT—“Low cAre” And “high cAre”

This requires that there should be no “crossing over” in the processing line 
between the raw material and clean products. This principle does not impose 
a linear processing: It is possible to separate in different areas the machines 
according to the function. GMP dictates that packaging surrounding produce that 
has arrived from the field or storage area must travel in a reverse direction from 
the produce.



Process Design, Facility, and Equipment Requirements 343

The rationale behind this principle is that process flow must ensure that produce 
moves through the facility from input, where there can be high levels of contamina-
tion, to output, where there should be lower levels of contamination. Contamination 
from earlier steps in the process must not be allowed to enter later steps in the pro-
cess due to poor plant layout.

It is important that processors ensure they are supplied with good quality, safe, 
fresh produce. If high levels of contamination exist on the raw material, then it is 
unlikely that further processing will be able to reduce it to safe levels.

Directly related to the forward-only movement is the fact that different areas are 
separated by walls in order to progressively increase cleanliness from the trimming 
room to the packaging section.

Good processing design requires the segregation of “low care” and “high care” 
production areas (lately the terms used have been “low risk” and “high risk,” under-
lining that care has to be considered a must). This means that processed product is 
washed thoroughly from a low care preparation area to a high care area. In the low 
care area, product is initially prepared, washed, or peeled so that it can be effec-
tively washed through a partition from low care to high care. In the high care area, 
only ready-to-eat foods are handled, and this area is designed to a high standard of 
hygiene, where practices relating to personnel, ingredients, equipment, and environ-
ment are managed to minimize contamination by microorganisms. Therefore, in this 
area, the contamination risk by foreign bodies such as packaging, metal, and poor 
hygiene conditions, is reduced to the absolute minimum through good hygiene prac-
tice. Segregation of processing personnel within both areas is critical.

The separation is enhanced by the installation of sanitizer systems (i.e., hand and 
boot sanitizing stations) inside entrance doors to critical areas. Entrances and out-
lets to the processing areas must be kept at a minimum, and the hand washing and 
sanitizing stations must be located in the transit area in adequate quantity. The hand 
and boot sanitizing stations must be of a sufficient number to ensure ease of use and 
availability and must be conveniently located. If they are not convenient, they will 
not be used. But, they should not be so close as to present a risk of contamination of 
the product.

The hand-washing stations need to be constructed to prevent recontamination. A 
knee-activated valve, automatic electronic valve, or foot-activated valve is ideal. It is 
crucial that these systems force the operators, visitors, and inspectors to pass through 
them in order to enter and exit the processing areas, being clear that these systems 
must be maintained in good state. Inspections should include testing a number of 
hand-washing stations to ensure that they are working properly.

Proper hand washing and sanitizing can prevent contamination. By hand washing, 
organic matter and transient bacteria are removed, so that sanitizing can efficiently 
reduce and eliminate bacteria. There are several important guidelines that must be 
followed by employees, in order not to neutralize or cancel the effectiveness of hand 
washing and sanitizing: They must not wear jewelry or covering over their fingers, 
like duct tape or adhesive bandages. Organic matter can lodge between the skin and 
the jewelry or the tape, subsequently resulting in rapid microbial growth—a source 
of contamination. Personal items might also contribute to contamination and have to 
be stored away from production areas and processing rooms.
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Eating, drinking, or smoking in production areas and processing rooms must be 
strictly forbidden. Close proximity of the hands with the nose during these practices 
might cause contamination as the nose harbors Staphylococcus aureus in about 50% 
of the healthy population.

Skin contaminants are also a concern; therefore, elbows, arms, and other uncovered 
skin surfaces should not come into contact with food or food preparation surfaces.

Generally, the tours, audit inspections, and visits operated by quality assurance 
(QA) personnel should be done starting with finished product rooms and ending in raw 
material receiving areas (therefore, in the opposite direction of the product flow).

The separation between raw and finished product must also be operated from the 
operational standpoint. Therefore, it is suggested that standard operating procedures 
be implemented regarding the product flow: Improper personnel flow or human 
faults might undermine even the best physical separation.

Foodborne illness is often traced not only to improper cleaning and sanitizing 
of food equipment and the environment but also to the lack of standard operating 
procedures related to the flow of the product. Consequently, employees (including 
maintenance and janitorial staff) working with raw materials must be barred from 
entering finished product rooms.

For older constructions where physical separation of low care (risk) and high care 
(risk) is not possible, strict processes and procedures have to be considered with the 
utmost importance to help avoid cross-contamination.

In the written employee hygiene programs in place, generally a color-coding sys-
tem is used to separate equipment and employees. This highly assists in the disloca-
tion of equipment in and out of the facility by maintenance team. The most common 
rule is to associate different areas of the facility with different colors. The coding 
system based on colors can concern clothing (i.e., smocks, uniforms), cleaning sup-
plies (e.g., brushes, shovels), containers, and any other equipment.

When taking into consideration the internal space, sufficient room for people and 
equipment will have to be considered (thus including overhead clearance). The move-
ment of people and equipment (fork lift, pallet jacks) will have to avoid bottlenecks 
and “traffic jams.” The location of the required utilities (i.e., electricity, water, gas) 
must also be taken into consideration.

13.2.3 TemperATure conTroL

The separation of the areas is also important because the facilities are designed and 
equipped in such a way that the temperatures inside the rooms are in accordance 
with the requirements of the phase of the processing.

According to French regulations, packaged products must be immediately stored 
at 4ºC (39.2ºF) and maintained at this temperature or lower (0−4ºC; 32−39.2ºF).

New technologies developed from Turatti Srl and Air Liquide are available in the 
market in order to cool the temperature of the processed vegetable or fruit by means of a 
nitrogen system. Nitrogen cooling exhibits unique properties when used for cooling, pro-
viding many benefits over other systems. The process takes place in a controlled-atmo-
sphere condition that impedes the growth of oxidation-based spoilage and microbial 
action. This action results in improvements of the color of the leaves, with final product 
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freshness visibly enhanced. In addition, because of the obtainable low temperatures, the 
cooling time is shortened, resulting in an additional reduction in microbial activity.

13.3 desIGn oF tHe FacIlItIes

Engineering design and construction of a processing facility for fresh-cut products 
(likewise, all the food-processing plants) requires a significant amount of planning. 
Information must be collected from many qualified sources and combined into docu-
ments that are simple to read and share within the organization in charge of design-
ing and building the facilities.

All regulatory requirements will mandatorily apply to the design and construc-
tion of the facility. Additionally, recommendations from dedicated associations as 
United Fresh (UFPA) and the qualified company engaged to design and construct 
the building will have to be followed.

There are several basic elements to consider when designing food-processing 
plants. Given that each situation is unique, some elements will not apply, and some 
important key factors will lead to elements that might be added. Elements listed 
emphasize engineering design with a stringent focus on food safety, leaving aside 
other topics (i.e., economics, marketing, logistics, and other necessary inputs).

In order to guarantee adequate sanitation programs to obtain safe food, the facil-
ity and surroundings in which fresh-cut processing operations are operated have to 
be designed and constructed with stringent sanitary design principles in mind. The 
environment of a fresh-cut processing facility is potentially an ideal source of micro-
biological contamination. At this stage, it should also be pointed out that several 
existing facilities do not enclose optimal sanitary design and construction; therefore, 
a number of renovations and adjustments might be required (where feasible).

Additionally, there may be specific state or local code requirements for food han-
dling or processing establishments in the area which specify where the operation 
should be located and how it should be constructed and maintained.

The main focus of this section will be on the internal part of the facility, with 
some general notes about the premises and location.

13.3.1 premises, surroundings, BuiLding siTe, And LocATion

In the fresh-cut business, the choice of a location is very often influenced by the 
possibility to receive the raw material in the shortest time in order to process it 
rapidly. At the same time, the site of the distribution facilities of the customers (i.e., 
retail, supermarkets, food service operators) must be sufficiently close. It is evident 
that both conditions are not occurring easily, thus involving sometimes compromis-
ing solutions.

It is of the utmost importance that several factors be taken in due consideration 
regarding site selection and its exterior surroundings. Chemical pollutants might 
be a potential contamination source, and harborages and infestations (i.e., insects, 
rodents, birds, and other pests), must be carefully considered.

It is essential that an adequate pest control management program be in place for 
the fresh-cut processing facility (relevant documentation and proper records must be 
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cautiously kept). The role of insects, rodents, birds, frogs, and other pests in spread-
ing foodborne pathogens has been documented in several studies. Additionally, sani-
tary landscaping will be very influential in depriving vermin of harborage.

As a general rule that applies to all food-processing facilities, the location must 
be far away from every contamination source (i.e., facility must not be near oil refin-
eries, chemical plants, sewage treatment facility, or cow pasture, as these types of 
high-risk facilities may create smoke, dust, sewage, or odors that could impact the 
safety of the products).

Special safety measures are compulsory to keep contaminants and odors from 
entering the yard or facility, in case it is found that sources of contamination are 
adjacent to the building.

13.3.2 LoAding AreAs And receiVing rooms—openings

As trucks need to unload raw material or ship final products to and from the process-
ing area, receiving rooms should be enclosed as much as possible. When designing 
and building these areas, proper steps must be taken in order to prevent the entrance 
of pests (i.e., insects, rodents, and birds). Dock leveler plates must be equipped with 
brush seals to keep rodents out, while dock canopies should prevent the likelihood of 
bird nesting. Air curtains might help to prevent insects from entering the building.

Additionally, any openings into the facility building (thus including entry and exit 
doors, windows, and ventilation ducts) must be properly sealed and protected.

13.4 InterIor buIldInG desIGn and constructIon

Several different sanitary objectives come together for interior building design 
and construction. The main aim is to maximize the protection of fresh-cut prod-
ucts from contamination, reducing likely harborages of pests and microorganisms. 
Consequently, the focus remains on cleanability and sanitation.

It is evident (as previously discussed) that although existing facilities might be very 
challenging as laws, regulations, and recommendations are very often adjourned, a 
new facility can be easily built with sanitary design criteria in mind.

Nevertheless, it has to be firmly stated that even if a facility is designed and built 
to the latest and most recent sanitary specifications, this does not guarantee a safe 
food product if the facility is not effectively cleaned and maintained regularly on an 
appropriate schedule.

As a general rule, materials such as wood and aluminum that might contaminate 
the product must be avoided in any food-processing facility.

13.4.1 inTerior wALLs And ceiLings

Interior sanitary walls should have a hard, flat, smooth, and washable surface applied 
to a suitable base. Several properties are also related to the wall: It must be free of 
pits and cracks and resistant to cleaning and sanitizing chemicals and corrosion. 
Coves with radii sufficient to promote sanitation will be installed at the junctures of 
floors and walls in all rooms.
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The companies operating in the manufacturing of wall materials are always 
developing new types that are available for food-processing and handling areas.

The inaccessibility of most ceilings means that dust, condensation, and other 
materials might accumulate. Therefore, ceilings should meet the same objectives 
mentioned for walls, being of the easy-to-clean type.

13.4.2 fLoors

Floors must be easily cleanable and meet important requirements: Floors must be 
smooth, durable, resistant to corrosion, nonabsorbent, not subject to slippage, and very 
hard wearing. Because of the intense daily exposure to a variety of products (i.e., chemi-
cals as sanitizers, acids, water, dust, and pieces of fresh-cut products), the floor in a fresh-
cut processing facility is the most difficult surface to maintain at an acceptable level.

Additionally, floors must withstand abuses caused by the movement of equip-
ment, forklifts, and other types of mechanical stresses (i.e., displacements of dollys 
and pallets, holes drilled to place machinery, etc.).

The most widely utilized base material is concrete, which is then covered with a 
coating or a brick material. There are many available highly acceptable materials for 
the surfacing of floors in a fresh-cut processing facility.

As water in a fresh-cut processing area is an important element, adequate slope 
for drainage and prevention of water pooling must be provided.

Even if, as stated, several materials would provide an acceptable floor surface if 
appropriately installed, floors must be cleaned and sanitized at the end of the produc-
tion and maintained in good repair.

13.4.3 fLoor drAins And sewAge

As previously stated, flooring is one of the biggest concerns in a food-processing 
plant. In addition to having a floor that is durable, nonskid, sanitary, and easy to 
maintain, floor drains must be carefully considered: Typically, the floor drains are 
the weakest points in a flooring installation, as they might be a major source of 
microbial contamination inside a facility.

The floors must be sloped to the drains at a certain angle (i.e., 1−2%). Floor drains 
should be of adequate size and number and be properly located. The covering of the 
drains must be enough to prevent slipping and must be designed and installed so 
that they are cleanable. Additionally, floor drains must have grates or covers that are 
removable for cleaning.

13.4.4 inTerior LighTing

Good quality lighting of sufficient intensity is a must, not only for production effi-
ciency but also for safety, sanitation, and inspection: This especially applies to the 
operations related to cleaning and sanitizing.

Suggested lighting requirements might differ between different regulations and 
other sources. Light fixtures (designed to be resistant to moisture and easy to sanitize) 
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should be shielded to prevent contamination from broken bulbs and should have an 
unbreakable cover.

The lighting regulations are generally part of an overall glass management policy 
aiming to forbid the entrance of unprotected glass inside the facility.

13.4.5 heATing, VenTiLATion, And Air-condiTioning (hVAc) sysTems

Heating, ventilation, and air-conditioning (HVAC) systems operate in order to main-
tain the temperature and humidity of the facility and prevent both condensation and 
circulation of dust. These systems are integral components of any industrial facility; 
nevertheless, in the food-processing sector (and with special relevance in a plant 
where fresh-cut products are processed), these systems may take on added impor-
tance due to the need to maintain strict temperature controls.

Positive air pressure differentials in critical or sensitive food handling rooms must 
be produced. The highest pressure will be in the packing area, flowing to the trim-
ming areas and raw material receiving. Consequently, the facility must incorporate 
properly sized units and an adequate distribution system.

Environmental hygiene monitoring must include air sampling as well. Many experts 
observe that airborne contamination is strongly suspected as the cause of some patho-
genic contamination and unfortunately this happened with pathogenic micro organisms 
(especially Listeria monocytogenes). Therefore, a comprehensive evaluation of the pro-
cessing and ventilating air utilized in the plant must be undertaken.

Depending on the fresh-cut product being processed and the stage of processing, 
diverse levels of air handling and filtration are utilized; nevertheless, in order to 
guarantee the appropriate performance of the systems, daily sanitary operations are 
always required.

13.4.6 empLoyee fAciLiTies And personneL needs

These areas include training areas or classroom, lockers, break room, smoking area, 
restroom facilities, sinks and sanitation stations (foot bath, foam spray, hand wash, 
and sanitize before entering room), office area, and visitor reception area. These facil-
ities should be arranged to minimize contamination resulting from traffic patterns.

Suitable facilities for employees must be arranged: in these areas, they can safely 
store their clothes and other personal items. A sufficient number of toilets must be 
located in compliance with regulations.

The facilities of the employees should not open straight into processing (or other 
critical areas); therefore, in the majority of cases, a two-door separation should be 
placed between the personnel facilities and fresh-cut processing areas.

13.4.7 refrigerATion uniTs And cooLers

Permanent refrigeration rooms and coolers must have adequate sanitary construction 
as in other rooms and areas in the fresh-cut facility.

The evaporators must be periodically checked to make sure they maintain the 
correct temperatures in the rooms where they are mounted.
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As applies to other areas of the facilities, refrigeration units can be a source of 
contamination; Therefore, these units must be designed and installed with clean-
ing and sanitizing always in mind. In particular, scrupulous attention must be paid 
to the draining system of the condenser. Drip pans must be accessible to cleaning. 
Additionally, they must be piped to a drain system in order to remove condensate into 
drains, strictly avoiding critical processing areas.

13.4.8 compressed Air Lines

Air compressors must be of the oil-free type. Additionally, compressed air lines can 
contain condensate and become an issue on a microbiological standpoint. Filters 
must be cleaned very often.

13.4.9 eLecTricAL Boxes

Electrical boxes, control panels, and associated equipment have to be water resistant.
Control panels and electrical boxes must be continuously welded or mounted with 

approximate 1 inch (25 mm) stand-offs (to allow for easy cleaning and pest inspection) 
or properly sealed with caulking material to the frame or wall. The top side of the control 
panels will have a sloped shielding at a minimum of a 20-degree angle to prevent ledges 
that can collect dirt and dust. Light switches are also sites where moisture, pests, and 
microorganisms can accumulate, and they should be cleaned and sanitized regularly.

13.4.10 finAL considerATions ABouT The fAciLiTy

The aforementioned recommendations and guidelines have a general outline, but 
each fresh-cut facility is peculiar and of its own. For this reason, the facilities must 
be inspected regularly to protect raw and fresh-cut products from contamination that 
might result from atypical situations.

Fresh-cut processing (likewise, the whole food-processing sector) is one of the 
most energy-intensive industries. As energy costs rise and the supply of energy 
remains questionable, plant managers must search for applicable ways to reduce 
consumption in this energy-intensive activity. Energy efficiency results from differ-
ent important decisions that range from insulation to the choice of processing and 
refrigeration equipment and controls.

Another essential is related to water consumption. The increasing scarcity of a 
good quality water supply to support food-processing processes and stricter regula-
tory constraints on wastewater discharge from these facilities give a sense of the 
drivers toward water recovery and reuse in these types of facilities. A plant survey 
must establish facility water savings potential by identifying areas where water is 
wasted or where water could be reused. The source of the water (being of the quality 
of drinking water) must also be tested periodically, avoiding cross-connections with 
nonpotable water.

Different approaches are actually being successfully applied to this prob-
lem, as the use of reverse osmosis and microfiltration to treat various recovered 
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process water streams produces an excellent quality water for reuse within the 
process plant.

The quality assurance laboratory is extremely important. As mentioned, whole 
fruits and vegetables are living organisms whose journey to either consumption or 
spoilage begins at harvest. Cutting the outer surface, or skin, of produce during 
processing exposes many more surfaces and accelerates the rate of respiration and 
therefore breakdown. As a result, microbiological testing is extremely important, and 
the laboratory must be segregated from the processing areas. The walls and ceilings 
have to be constructed of acid-resistant materials, and adequate lighting should be 
available. The employees of the laboratory must assist in audits of the ranches, har-
vesters, cooler, and processing plant, and operate inspections for employee hygiene, 
cleanliness, record keeping, and policies.

Also, maintenance areas must be physically segregated from processing areas, 
allowing enough room to guarantee access for the machines or parts when they are 
brought in.

13.5 sanItatIon desIGn oF FresH-cut eQuIPMent

13.5.1 generAL food equipmenT design recommendATions

All plant equipment and utensils should be so designed and of such material and 
workmanship as to be adequately cleanable, and they will be properly maintained. 
The design, construction, and use of equipment and utensils will preclude the adul-
teration of food with lubricants, fuel, metal fragments, contaminated water, or any 
other contaminants.

All equipment should be so installed and maintained as to facilitate the cleaning 
of the equipment and of all adjacent spaces. Food-contact surfaces should be corro-
sion resistant when in contact with food. They should be made of nontoxic materials 
and designed to withstand the environment of their intended use and the action of 
food, and, if applicable, cleaning compounds and sanitizing agents. Food-contact 
surfaces will be maintained to protect food from being contaminated by any source, 
including unlawful indirect food additives.

 1. Hygienic equipment design. The purpose of hygienic equipment design is to 
(Shapton and Shapton, 1991):

 a. Give maximum protection to the product.
 b. Provide product contact surfaces necessary for processing which will 

not contaminate the product and are readily cleanable.
 c. Provide junctures that minimize “dead” areas where chemical or micro-

bial contamination may occur.
 d. Give access for cleaning, maintenance, and inspection.
 2. Surfaces. The food-contact surfaces must meet the following criteria:
 a. The surface must be nontoxic to the food.
 b. The surface must be nonreactive with the food.
 c. The surface must be noncontaminating to the food.
 d. The surface must be noncorrosive.
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 e. The surface must be cleanable.
  In addition, the surfaces must be able to withstand the environment of 

the process area. The most accepted food contact surface and processing 
equipment fabrication is stainless steel. Stainless steel of the 300 series 
(304 or 316) is preferred for food contact surfaces. It should be polished to 
a 180 grit finish.

  Elements that must not be used in food contact surfaces or in food zones 
are antimony, cadmium, copper, copper alloys (brass and bronze), lead, 
monel, wood, and glass (FDA regulations 21 CFR, sections 170–190).

 3. Welding. Welds on food contact surfaces should be ground smooth and pol-
ished to the same texture as the adjoining surfaces. Food contact surfaces 
should only be butt welded with no overlap welding. Equipment used to 
grind and polish stainless steel should be dedicated to stainless steel to 
avoid the development of rust by using equipment contaminated with mild 
steel.

13.5.2 fresh-cuT equipmenT design

The HACCP approach of preventing microbial, chemical, and physical contamina-
tion of the product is essential in the design, fabrication, and installation of equip-
ment for fresh-cut processing. Processing equipment should be built without points 
where product builds up and can fall back into the product stream.

In addition, all equipment should be able to be disassembled, cleaned, sanitized, 
and reassembled in the time available for the clean-up shift. There should be no spe-
cial tools required to disassemble the equipment. Nothing more complicated than a 
screwdriver and a crescent wrench should be required.

Using the “less is more” design principle is very important in reaching a high 
level of sanitation on the machine. A key tenant to system design to optimize sanita-
tion is in the simplicity of design. This means using one-piece construction wherever 
possible and reducing the number of hollow parts on a system. Even the legs of a 
system can be thoroughly scrutinized for how they fit into a cleaning procedure (a 
simpler leg design is a simpler leg to clean).

Simplicity is important: The more efficiently a cleaning crew can thoroughly 
clean a system, the better, both in terms of safety and the bottom line. A machine 
cannot make a plant safe, but it can make safety easier to achieve.

13.5.2.1 Process Phases

13.5.2.1.1 Field Operations
Harvesting equipment should be built using the principles of sanitary design. The 
materials that are used should be appropriate for food use. In addition, the equip-
ment should be designed for ease of sanitation and the prevention of contamination 
by foreign objects.

Examples of sanitary design features include the following:

Conveyor belt materials should be appropriate for food contact.•	
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All overhead hydraulic hoses and fittings should be protected with a catch •	
pan.
All night-lights should be shielded.•	
All direct contact surfaces should be constructed of materials that are •	
appropriate for food contact.

Each harvest crew member should wear appropriate clean protective garments and 
should be trained in the proper use of toilet facilities and hand-wash stations. Such 
efforts should be part of an ongoing training effort.

13.5.2.1.2 Raw Material
13.5.2.1.2.1  Transport, Storage, and Precooling It is important that processors 
ensure they are supplied with good quality, safe, fresh produce. If high levels of con-
tamination exist on the raw material, then it is unlikely that further processing will be 
able to reduce it to safe levels. Processors must ensure that the produce they accept into 
their premises has been produced in accordance with good agricultural practices.

Similarly, they must ensure that produce is not further contaminated during trans-
port to the factory and storage prior to processing. Adherence to good hygienic prac-
tices in these areas detailed in Storage Facility Hygiene and Transport Hygiene is 
necessary, and these should be supplemented with additional measures as required 
by local facilities and working practices.

Most fresh fruits and vegetables require thorough cooling immediately after har-
vest in order to deliver the highest quality product to the consumer and to extend the 
shelf life of fresh-cut products. Proper cooling delays the inevitable quality decline 
of produce and lengthens its shelf life. To lower the core temperature of the produce 
arriving from the fields, there is a different set of ways to proceed.

The first is hydrocooling, when warm produce is cooled directly by chilled water. 
Produce is either immersed in cold water or cold water is sprayed onto the product 
(thus requiring plastic or wax-covered boxes). The size of the product determines 
how long it needs to stay in the water (i.e., carrots and asparagus require less than 
10 minutes and produce larger than 3 inches, 7.6 cm in diameter requiring from 30 
to 60 minutes).

Vacuum coolers are the most common application for produce that can lose 
water quickly (i.e., lettuce, leafy greens, and cauliflower). The vacuum coolers oper-
ate by lowering the temperature that water boils at, creating an evaporative cool-
ing process. The cooling process requires the pallets of produce to be loaded into 
a vacuum chamber. The chamber is closed, and a vacuum is created using large 
vacuum pumps.

One disadvantage of vacuum coolers is that they can cause water loss (for most 
produce, that amounts to a 2% to 4% moisture loss). Additionally, vacuum coolers 
use a large amount of energy and are expensive.

The most costly method for cooling produce is the third one: ice (primarily used 
for broccoli). In addition to being expensive, ice packing is very inefficient; there-
fore, growers are looking for alternatives to cooling broccoli.

The most widely used system, the fourth, is forced air cooling: Chilled air is 
delivered at a high velocity over the product to remove damaging field heat.
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It is extremely important to consider at first the type of produce to be cooled when 
selecting the cooling method. If a wide range of produce is going through the cool-
down process, then a forced air cooler may be the way to go, but if it is primarily for 
leafy greens, then a vacuum cooler may be more efficient.

13.5.2.1.3 Trimming and Waste Removal
The required proportions of the ingredients in salad mixes are achieved during trim-
ming. The trimming table is supplied with the final percentage of each salad, tak-
ing into account the respective processing output. All unwanted parts of the plant, 
including most of the outer green leaves and core area, are removed manually. This 
operation causes injury that could be minimized by using very sharp knives (Bolin 
and Huxsoll, 1991). Trimming may be partly mechanized.

Wounding of plant tissue results in leakage of enzymes and their substrates that 
are normally in different cell compartments. The destruction of cell microstructures 
leads to biochemical spoilage such as texture breakdown, off-flavor, and browning.

Dumping and unloading must be operated by means of use of systems to minimize 
tissue damage and contamination. This phase is ideally performed in an unloading 
area that is separate from the clean, processing area (high care or high risk).

The initial trim/core operation is suitable to remove loose leaves, core of lettuce, 
and large stems. Worker hygiene and training are significant, and operators should 
wear appropriate clean protective garments. In order to make sure that quality stan-
dards are consistently met, several fresh-cut processors recently installed mechani-
cal and optical inspection systems to remove foreign bodies from the product.

Waste removal is a key challenge in all food-processing environments, but it is 
more of an issue in the fresh-cut fruit and vegetable industry. This labor-intensive 
process relies upon dozens of workers in each facility hand peeling and trimming 
fruits and vegetables prior to packaging. Food waste including peels, rinds, tops, 
tails, cores, and whole rejected pieces are generated throughout the plant.

Waste removal systems (to get rid of unwanted waste from the plant) range from 
very easy solutions to rather complex ones as belts, flumes, augers, and vacuum. 
Every fresh-cut fruit and vegetable plant needs to get cabbage leaves, onion tops and 
tails, carrot tops, pineapple cores, melon rinds, and similar undesirables from the 
trim line to the waste truck.

Each of the systems presents some advantages and disadvantages. Belts are flexible 
to be moved and guarantee easy changeover, but they might create dangerous drop-
ping points and sanitation issues if not properly washed. In addition, belted conveyor 
waste can be collected in strategically placed bins which then need to be carried by 
lift truck and dumped in dedicated areas. Nevertheless, this is a labor-intensive prop-
osition in addition to the floor space requirements and potential safety concerns.

Flume-carried and water-evacuated waste needs to be dewatered prior to collec-
tion in a trailer for disposal. Solids are separated from water and compressed; water 
on the other side needs to be treated and discharged in dedicated areas. The law and 
regulations on this topic are becoming more restrictive, raising the bar on the need 
to have very hygienic design and manufacturing.

The vacuum system without the use of water as a carrying medium is widely uti-
lized. The pneumatic conveying system consists of a blower package that effectively 
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pressurizes a stainless steel or polyvinyl chloride (PVC) waste pipe located beneath 
the trimming area. The pipeline is fed through a number of rotary airlocks that meter 
the waste into the system. Within seconds, the waste is transported to a receiver or 
flexible hose situated above a waste truck or bin for removal.

Reduced water use is an important issue as water cleanliness, chemical require-
ments, and access rights have become industry hot buttons in recent years.

13.5.2.1.4 Cutting, Shredding, and Size Reduction
Depending on the relevant produce and its application, various shredding or size 
reduction machines can be used. These are, in almost all instances, constructed of 
good quality stainless steel (grade 316 or better), but a very well-organized, com-
petent cleaning program must be put in place to ensure that thorough cleaning is 
undertaken and actually achieved on each machine every day.

With all such machines, there is a potential risk of metal contamination through 
breakage of blades or contamination with metal. Produce should be passed through a 
metal detector as a final part of the processing operation, and this should detect any 
product that has been contaminated with metal slivers or parts.

13.5.2.1.5 Washing
Washing is a critical part of any produce preparation process, especially if a raw, 
processed fresh produce is sold as ready-to-eat. Washing serves three purposes, and 
the correct washing process must be accurately designed, controlled, and applied to 
the correct type of produce. Washing should

Remove pieces of actual dirt and debris.•	
Reduce the microbial and chemical load on the produce.•	
Reduce the temperature of the finished product to help enhance shelf life.•	

An optimum washing system for any prepared vegetable process generally consists of 
three separate washing stages and three tanks. The first of these tanks aims to elimi-
nate general field dirt and debris. A flotation washing system, where high volumes 
of air are blown into the tank through spare pipes located 10 to 12 inches beneath 
the surface of the water, is the preferred solution for products that float. This creates 
a violent “Jacuzzi” effect that causes produce to tumble around. Any accompanying 
dirt and debris should be loosened and washed off—if such dirt and debris are likely 
to float, a proper design will incorporate a system to remove floating debris. Dirt 
and debris that sink to the bottom of the tank should be released through a periodic 
drainage system with continuous water renewal.

If antibacterial chemical water treatments are used, it is recommended that, where 
possible, an automated chemical monitoring and dosing machine be employed for 
optimum control of the process. These machines are available for chlorine but may 
not be available for other chemicals.

There are many chemical treatments applied to water, for example, water-softening 
treatments, flocculation treatments, and decontamination treatments. They are used to 
kill microorganisms in water and on the produce in contact with water. This approach 
should never be substituted for practices that ensure that high-quality process water 



Process Design, Facility, and Equipment Requirements 355

is used throughout postharvest handling activities. However, the use of antibacterial 
chemicals can enhance the safety of an operation adhering to good hygienic practices.

A new washing system entered the market. The innovative design utilizes the 
proven technology of the closed pipe flume concept without using a centrifugal 
pump for product movement. In this closed flume, the product contact time with the 
sanitizing water solution is accurately controlled, guaranteeing full submersion and 
treatment time. The laminar flow in the flume piping gently separates the washed 
products for full exposure to the treatment without creating mechanical damage. As 
a result, delicate products such as baby leaf and fruit can be effectively washed while 
maintaining high product quality. The closed flume design prevents the release of the 
sanitizer in the production area, improving plant safety.

13.5.2.1.6 Dewatering and Drying
On removal from the wash tank, excess water must be separated from the washed 
produce (depending on the produce item). This can be achieved by simple drain-
ing for the necessary time period or alternatively where leafy bulky products are 
involved, by spin drying, dewatering, or drying in fluidized drying tunnels.

Spin dryers are available in different shapes and capacities. The centrifugation 
cycle generally begins with a soft loading of the fragile leaves followed by a smooth 
acceleration and a discharge of the product.

The dewatering system can stand alone as a single unit or be utilized as the first 
stage of a patented continuous air dryer. As a stand-alone unit, the system is uti-
lized to effectively dewater sliced, shredded, and diced food products. Additionally, 
the system is suitable to adjust the surface moisture on the unwashed leafy items 
and to recover expensive treatment liquids utilized by the fresh-cut fruit process-
ing industry (sliced apples, diced tomatoes, etc.). The dewatering system’s unique 
design makes it ideal for dewatering sensitive products such as diced tomatoes, 
sliced mushrooms, fruit, and other fresh-cut products. Because of its high dew-
atering efficiency, the drying process can often be eliminated, greatly reducing 
mechanical damage.

The air dryer is able to dewater all kinds of leafy vegetables, including baby 
leaf, making use of a technology developed over many years. The fluidized drying 
system uses the most traditional and safe method for removing water from the leafy 
products, making use of absolutely natural technologies and preserving the integrity 
of the product.

Thanks to an accurate study, the possibility to access each component of the tun-
nel was privileged in order to make the cleaning and maintenance operations easier. 
It is possible to check, by means of several samplings, the effectiveness of this sys-
tem, that allows products to dry in an environment free from external contamination, 
thus considerably improving the performances (yet very good) of the previous dry-
ing systems. The results show a longer shelf life of the product.

Care must be taken to ensure the washed material is treated appropriately, that 
proper stock rotation is achieved, and that the air temperature within the drying area 
or room is maintained as low as possible (33.8−41oF equal to 1−5oC). If produce is 
left wet and microorganisms are present, then these may increase in number, making 
the produce unsafe (and encouraging spoilage).
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13.5.2.1.7 Packing
Packaging materials and methods used throughout the process must be suitable for 
their intended purpose. General hygiene used in the production of packaging is obvi-
ously important, but the processor must also ensure that the packaging material is 
marked as food grade and that it is used as specified. This will ensure that chemicals 
in the packaging material will not migrate into the product.

Many different packing formats are possible, from a standard polyethylene plas-
tic bag through to rigid plastic containers, buckets, boxes, tubs, vacuum packing, 
and so forth. In all instances, the type of packaging must be adequate for its use 
and application. Processors must remember that the product contained therein is 
still alive and respiring, so for some produce items with high respiration rates (e.g., 
mushrooms, broccoli), a packaging medium with a high permeability must be used. 
Permeability is the rate at which various packaging materials allow carbon dioxide 
and oxygen to pass through their walls, and the selection of packaging material with 
suitable permeability is critical to good processing and, in some aspects, critical to 
food safety standards.

If Modified Atmosphere Packing (MAP) is used, the processor must ensure that 
the packaging and gas mixtures are appropriate for the purpose. It is essential that 
processors wishing to extend the shelf life of produce in this way obtain suitable tech-
nical advice and carry out careful shelf-life testing to ensure that pathogenic micro-
organisms cannot exploit the storage conditions. Certain pathogenic microorganisms 
can survive and grow without oxygen and at low temperatures over extended storage 
periods. In addition, MAP designed to prevent produce spoilage may inadvertently 
remove a natural barrier to the growth of pathogenic microorganisms, namely, com-
petitive spoilage microorganisms. For these reasons, the application of MAP should 
not be considered without technical support.

13.5.2.1.8 Fresh-Cut Fruit
Fresh-cut fruit products for retail and food service applications have recently 
appeared in the marketplace. In the coming years, it is commonly perceived that the 
fresh-cut fruit industry will have unprecedented growth.

State-of-the-art production facilities are designed specifically for ensuring fresh-
cut fruit food safety and maximum quality. Within the premises, the same 3 C 
principle stated above is commonly applied. Regular microbial testing of the plant 
environment and all food contact surfaces is performed.

On receipt of every batch of fruit, quality control checks must be carried out by 
operators on random samples (as a general recommendation, approved fruit vendors 
follow Good Agricultural Practices). The quality control checks generally include a 
visual inspection of the fruit, for example, to ensure that there is no bruising or rot 
damage. In addition, color charts (that may be placed on the wall) help the operator 
assess the condition and ripeness of the fruit. All quality control checks must meet 
or exceed the high standards set out in the specification. Fruit is generally delivered 
on a daily basis, and the delivery is recorded on a computerized system in order to 
monitor and track it throughout production.
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Very large fruit is used in processing to help increase yield (the amount of usable 
fruit obtainable from a fruit once skin/pips/stones are removed). It is also far quicker 
to prepare larger fruit than to handle tiny fruit which would be more time consum-
ing. The fruit is stored at low temperatures, around 4−6oC (39.2−42.8°F). Storage is 
often short, as it is usually used soon after it has been delivered.

Commonly, to minimize contamination risk, suppliers are required to prewash 
and sort all raw materials. Washing and sanitizing are very important. Washing and 
treatment systems were conceived in order to wash and sanitize or treat the fruit once 
cut. In general, fresh-cut fruit pieces should be rinsed just after cutting with cold 
(0−1°C, equal to 32−33.8°F), chlorinated water (50 to 200 ppm total chlorine) with 
a pH of 7 or less. This helps extend product shelf life by reducing microbial loads, 
removing cellular juices at cut surfaces which may promote browning, and actually 
inhibiting the enzymatic reactions involved in fruit browning.

Due to the diverse variety of fruit, raw materials, and processing conditions, 
it is not possible to determine a general approach to achieve microbial safety. For 
instance, melons are washed and sanitized thoroughly to remove foreign matter and 
microbes from the outer skin and are then transferred, from the low-risk area to the 
high-risk area, by water (which keeps the melons chilled and prevents bruising). Two 
additional systems that are widely utilized are steam and hot water. In both cases, the 
outer skin of melons, pineapple, oranges, and so forth, is taken to a high temperature 
(i.e., 100°C or 212°F) in order to get rid of bacteria and microorganisms. A hot water 
system is preferable to steam as it might reach all areas of fruits with corrugated 
skin, such as melons or pineapple.

Melons, pineapples, or apples are placed by hand in a machine that removes the 
outer skin of the fruit. The working process offered by this machine provides blades 
to remove fruit ends that are of the self-centering type to suit each fruit dimension. 
Fruits can be at first longitudinally cut in halves. Different types of machines are 
configured to produce wedge slices, ring slices, or whole peeled fruits.

Whole pineapples are washed carefully to remove contaminants. Operators may 
remove the skin of the pineapple by hand. (This is a skilled procedure, requiring 
much concentration to remove the skin only, and not the flesh.) Automated machines 
are also available. The peeled pineapple is passed from low risk through to high risk. 
The pineapple is dipped to remove any foreign matter and microbes. In the high-risk 
area, the peeled pineapples are quartered, have their hard inner cores removed, and 
are diced. The diced pineapple is stored in a blast chiller until needed.

Steam peeling systems have appeared in the market to peel the most delicate 
types of fruits (i.e., tropical fruits).

Final cooling with nitrogen cooling exhibits unique properties, providing many 
benefits over other systems. As mentioned above, the process takes place in con-
trolled-atmosphere conditions which impede the growth of oxidation-based spoilage 
and microbial action.

Little research has been performed on foodborne human pathogens on fresh-cut 
fruits. This is an area that will have to be investigated in the future. It was also 
noticed that irradiation of fresh-cut fruit products may be beneficial in reducing the 
number of bacteria present on the product.
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The difficulties encountered with fresh-cut fruit processing, while not insur-
mountable, will require processors to perform at new and higher levels of technical 
and operational sophistication.

It is recommended that in the future, researchers, manufacturers, and the indus-
try should work together to overcome barriers that hamper delivery of high quality 
fresh-cut fruits throughout the year. As the food service industry and home meal 
replacement expand, there will be a greater demand for fresh-cut fruits with accept-
able shelf life.

13.6 conclusIons

The increased weight placed on sanitary design of fresh-cut processing facility and 
equipments is a rather new trend. The gap between the meat and dairy industry and 
this relatively new one is continuously narrowing.

Since microorganisms are ubiquitous and mutate incessantly (adapting to differ-
ent types of cleaners and sanitizers), it is extremely important to develop dynamic 
plans of sanitary design to appropriately control microbial contamination (the most 
serious of the three HACCP hazards).

To all stakeholders in the fresh-cuts industry (from regulators to processors 
to equipment manufacturers), equipment designed with hygienic goals in mind 
is fast becoming an area of primary concern. For this reason, sanitation design 
will continue to develop as manufacturers and industry organizations apply col-
lective knowledge and advanced engineering to create safer and more efficient 
processes. There is an unprecedented quantity of information related to machine 
design and implementation in a clean processing floor environment. Organizations 
such as UFPA (United Fresh Produce Association), PMA (Produce Marketing 
Association), 3-A, and the USDA offer plant owners and managers information on 
what to look for in processing equipment that will best suit their needs within a 
plant. These organizations also offer invaluable guidance to machine manufactur-
ers to continually grow and evolve their easy-to-clean designs. Maximizing use of 
the knowledge base is the best way to continue the advance in safety and sanitation 
in the fresh-cut industry.

Additionally, the industry and its organizations are working with equipment 
manufacturers to establish sanitary equipment design guidance in a proactive 
effort to offer basic tenets, flowcharts, and checklists to help in the evaluation 
of effective sanitary design attributes. The FDA, moreover, is focusing on the 
cleanability of processing equipment during strengthened inspections of food-
processing facilities.
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14 Quality Assurance of 
Fresh-Cut Commodities

José M. Garrido

14.1  IntroductIon: HyGIene and Food 
saFety InternatIonal standards

Since the food crises that took place in Europe in the 1990s (“mad cow dis-
ease,” dioxins, etc.), consumers are questioning the safety of food products. In 
this context, the European Union (EU) published the White Book of Food Safety 
in January 2000 with the proposal of a food safety approach that turned out to 
be radically new in relation to the existing approaches up to that moment. The 
principle that governs the White Book is the transparency at every level of the 
FOOD SAFETY policy, what, undoubtedly, will help to increase the confidence 
of the consumers.

Also in the year 2000, the Codex Alimentarius Commission (CAC) informed that 
denunciations were received by the accreditation bodies of the European countries 
questioning the inclusion of all food safety aspects on the quality systems certified 
on the basis of ISO 9000. For this reason, the CAC reacted by proposing a guide for 
the utilization and promotion of Quality Management Systems in such a way that 
they fulfill the food safety criteria. Both the White Book and the CAC proposed, for 
the whole food chain, quality systems that integrate the following three concepts:

Risk Assessment,•	  as a function of the scientific knowledge, that includes:
Identification and characterization of hazards•	
Assessment of the exposure•	
Characterization of the risk•	

Risk Management,•	  competence of the industry, of the different elements 
and steps of the food chain:

Hazard Analysis and Critical Control Points (HACCP) and prerequisites•	
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Good practices•	
Suppliers and subcontractors•	
Traceability ahead and backward•	
Crisis management and withdrawal of the affected product•	

Risk Communication,•	  responsibility of all the stakeholders (scientists, food 
chain, authorities, consumers) concerning information exchange, sugges-
tions, and knowledge

In 1993, the Public European Administration regulated the compulsory nature of 
the HACCP systems implementation, excluding the primary sector from its scope 
(Directive 93/43/CEE). The first schemes of food safety susceptible of certification 
arose in 1997. The fulfilling of requirements by a company provides a guarantee to 
the stakeholders that the HACCP system management is effective and the products 
are safe. These procedures of Hygiene and Food Safety have different origins:

Suppliers’ associations and big retailers,•	  with the aim of covering their 
responsibility related to the food safety of their trademarks:

British Retail Consortium (BRC)•	
International Food Standard (IFS)•	

Manufacturers’ associations,•	  to protect the image of the whole sector:
FAMI-QS (European Feed Additives and Premixtures—Quality •	
System) additives and premixes for animal feeding
IGMP (International Good Manufacturing Practices) (packaging)•	

Food Plus GmbH•	  and their GLOBALGAP (Global Partnership for Good 
Agricultural Practices, formerly EUREPGAP, Euro-Retailer Producer 
Working Group—Good Agricultural Practices), covering aspects from pro-
duction to postharvest manipulation of agricultural products
International Standard Organization (ISO),•	  with the aim of providing guide-
lines for management procedures (ISO 9001, ISO 14001, ISO 22000, etc.)

To assure the correct application and efficiency of the guidelines, the certification 
schemes should be credited, which implies that

The competent national body validates the standard officially•	
The certification must be issued by a certification body credited for that scope•	

The certification schemes for Hygiene and Food Safety offer several advantages:

They provide criteria for the design, implementation, and operation of the •	
management system. There is normally a lack of these aspects in the regula-
tions of the different countries, because they have a generic character.
The criteria are uniform among countries, which allows “speaking the •	
same language,” eliminating the barriers of marketing caused by technical 
problems related to the lack of safety and hygiene of the products.
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They provide elements to the organization to allow them to manage the •	
food safety and the hazards associated with the productive processes in an 
effective way, so it turns into an added value to the company that can be 
communicated to the whole chain, thus achieving consumer confidence.

14.2  coMParIson oF tHe InternatIonal 
standard GuIdelInes

The international guidelines for food safety management have structures and ele-
ments in common, namely:

HACCP•	  system’s requirements, based on the Codex criteria
System requirements of quality management based on the •	 ISO 9001 
guidelines
Product•	  requirements: control of the product and packaging characteristics
Requirements of food •	 processing: suppliers, hygiene, maintenance, machin-
ery, and facilities
Personnel•	  requirements: good manufacturing practices, training and con-
trol of diseases
All of them include the compliance of the •	 legal requirements—that is, hori-
zontal and national legislation, technical and sanitary sectorial regulations, 
as well as procedures applicable to the sector.

As a consequence, seven HACCP principles based on the Codex Alimentarius must 
be performed:

Identify hazards and evaluate risks.•	
Establish preventive measures (prerequisites).•	
Identify Critical Control Points (CCPs).•	
Establish critical limits and tolerances of the CCPs.•	
Establish the CCP’s monitoring system and the corrective actions to •	
face deviations.
Establish the documentation system and record keeping procedures.•	
Establish the verification procedure for ensuring the system is working •	
as intended.

The HACCP’s prerequisites used to be the following:

Cleaning and sanitation plan•	
Facilities and equipment design; layout and validation•	
Maintenance and calibration plan•	
Pest control•	
Good Manufacturing Practices and personnel training•	
Water control•	
Allergens control•	
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Specifications for raw materials, ingredients, and packaging materials•	
Traceability•	
Supplier control•	
Production planning•	
Product recall and withdrawal; food crisis and alerts management manual•	

The main differences between ISO 9001 and the specific Procedures for Food Safety 
are detailed in Table 14.1. In addition, the main differences between the Procedures 
of Hygiene and Food Safety are shown in Table 14.2.

table 14.1
Main differences between Iso 9001 and the specific Procedures for 
Food safety

approach Iso 9001 Food safety

Exclusive for food 
safety

Implicit, but neither exclusive 
nor developed

Reason for these standards

Customer (expectations) Reason for this standard Commented in BRC/IFS, not included in 
ISO 22000

Traceability Requirement Detailed in IFS/BRC, requirement in 
ISO 22000

Organoleptic/sensory Requirement (as an 
specification/contract)

Commented in BRC/IFS, not included in 
ISO 22000

Quality characteristics 
(nonhygienic)

Requirement (as a 
specification/contract)

Commented in BRC/IFS, not included in 
ISO 22000

Service characteristics Requirement (as a 
specification/contract)

Not specifically included

table 14.2
Main differences between standards of Hygiene and Food safety

approach
Process certification

(Iso 22000)
Process and Product 

certification (IFs/brc)

Necessary accreditation to 
certificate

45012
Any accreditation body

45011
Any recognized body by BRC/IFS

Control of the certification 
body’s activity

Only according to accreditation 
requirements (includes auditor’s 
qualification)

Particular requirements BRC/IFS
Accreditation requirements
IFS: Auditor’s requirements

HACCP Compulsory according Codex Compulsory according to Codex, 
specific requirements

Quality system Compulsory Compulsory, specific requirements

Prerequisites Compulsory, indicates 
relationship

Compulsory, indicates relationship

Detail level of 
prerequisites

None Very high
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IFS is a standard officially supported by German, French, and Italian distribution 
chains, so that it is in these countries, together with Austria and the Netherlands, 
where most certificates are emitted. In the case of BRC, British, Nordic, and 
Australian distribution chains are officially supporting it. These countries together 
with South Africa are those with the largest number of certifications. Trademarks as 
Compass or United Biscuits also support BRC. In the case of Spain, up to December 
2007, there were 312 food companies certified by BRC. Most of those companies are 
also being certified in compliance with IFS, because it is supported by retail chains 
such as Carrefour, Alcampo, El Corte Inglés, Consum, and Eroski.

14.3 FroM Iso 9001 to Iso 22000

In 1993, the European Union issued the Directive 93/43/CEE, related to the hygiene 
of food products, according to which food companies were required to imple-
ment self-control systems based on the HACCP model, as a prevention system 
for food safety. Nevertheless, because of the food crises that occurred in Europe 
in the 1990s, consumers lost confidence in food products. The White Book of 
Food Safety, published in January 2000, established the basis of a new regulatory 
system concerning this matter, which became applicable through the following 
regulations:

Directive 95/2001, related to the general safety of products•	
Regulation 178/2002: Food legislation principles and general requirements •	
as well as the creation of the European Authority of Food Safety and the 
establishment of the procedures related to food safety
“Hygiene Pack”:•	

Regulation 852/2004, related to the hygiene of food products•	
Regulation 853/2004, with the specific requirements for the hygiene of •	
food products of animal origin
Regulation 854/2004, which established specific requirements for the •	
official management and control of food products of animal origin 
intended for human consumption

Regulation 2073/2005, with microbiological criteria applicable to food •	
products

The first schemes for food safety certification appeared in 1997 and can be classified 
into two groups:

Voluntary standards of HACCP certification•	
Danish standard DS 3027 (1st ed. 1997)•	
Dutch standard RvA (1st ed. 1999)•	

Mandatory certification standards to provide products to retailers:•	
British Retail Consortium procedure (BRC, United Kingdom)•	

International Food Standard procedure (IFS, France, Germany)•	
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Since the mid-1980s, ISO 9000 series guidelines have had a large influence on the gen-
eral industry as a model for the implementation and certification of quality assurance/
management systems. Nevertheless, and though its approach is directed to the preven-
tion and detection of defective products, it provided a poor definition of specific require-
ments directed to guarantee the exit to the market of a safe food product. In this context, 
in 2001, the Technical Committee 34/WG8 within the International Standardization 
Organization (ISO), which was very successful in the elaboration and diffusion of ISO 
9000 (Quality Management) and ISO 14000 (Environmental Management) standards, 
started elaborating ISO 22000 guidelines for Food Safety Management, trying to put 
together the strategies of ISO 9000 and the HACCP system, in order to guarantee that 
the products are safe and fulfill all the quality requirements.

ISO 22000 is the first Food Safety Management Standard with an international 
consensus, elaborated on by the ISO, which includes a net of standardization bod-
ies that represent 148 countries. Its title is “Food Safety Management Systems: 
Requirements for any organization in the food chain.” As every ISO guideline, it is 
an optional standard guideline to satisfy a market demand. It was approved and pub-
lished in 2005, having been elaborated by experts and with the consensus of orga-
nizations of international reference for the food sector: Codex Alimentarius, Global 
Food Safety Initiative, CIAA (Confederation of the Food and Drink Industries in the 
EU), World Food Safety Organization, or Bureau Veritas Certification.

In contrast to the IFS or the BRC Food Standard, the ISO 22000 procedure can 
be applied by any type of organization involved in the food chain: producers of ani-
mal feed, primary producers, food-processing organizations, transporters, storage 
operators and subcontractors, retailers and distribution shops of food services, and 
even organizations interrelated with the food chain (equipment producers, packaging 
materials, cleaning agents, additives, etc.). It provides an adapted frame for the crite-
ria specified by the White Book (EU) and the Codex for the design (Level 1—Risk 
evaluation), function (Level 2—Risk management), and interactive communication 
(Level 3—Risk communication).

ISO 22000 guidelines contain requirements for planning, execution, verification, 
and updating of the whole management system of food safety, as well as require-
ments directed to satisfy the food safety demands of the clients/consumers and safety 
authorities. It combines the following four key elements of food safety:

Management system, based on the ISO 9000 procedure•	
Interactive communication along the food chain•	
Favorable environment (facilities and maintenance programs)•	
Hazard control validated and verified by combining several measures man-•	
aged for:

A HACCP plan•	
A prerequisites program and good manufacturing practices•	

The ISO 22000:2005 guideline has the following structure:

0. Preamble and introduction•	
1. Scope•	
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2. Normative references•	
3. Terms and definitions•	
4. Food Safety Management System (FSMS)•	
5. Management responsibility•	
6. Resource management•	
7. Planning and realization of safe products•	
8. Validation, verification, and improvement of the FSMS•	

It also features a series of informative Annexes:

Annex A: Cross-references between ISO 22000:2005 and ISO 9001:2000•	
Annex B: Cross-references between HACCP (CODEX, 2001) and ISO •	
22000:2005
Annex C: Codex references for specific sectors providing examples of con-•	
trol measures, including prerequisites programs and a guide for their selec-
tion and use

Among the main benefits of the ISO 22000 implementation in the organizations, the 
following can be pointed out:

Communication is organized and directed to the same aim among the com-•	
mercial parts
More efficient and dynamic control of hazards•	
Resources optimization along the whole chain•	
Documentation, planning, and verification process improvement•	
Resources saving: audit overlapping is reduced•	
Confidence earned from the organization to its customers•	

The ISO 22000 standard gives the following added value to organizations:

An internationally recognized standard that harmonizes different require-•	
ments from customers or countries
An auditable standard that can be used for third-party certification bodies •	
with clear requirements
A filling of the gap between ISO 9001:2000 and HACCP•	
A contribution to a better understanding and to a greater development of •	
the HACCP
A good reference model for safety authorities•	

14.4  brItIsH retaIl consortIuM (brc) Global 
standard Food GuIdelInes

BRC is the product certification standard promoted by the British Retail 
Consortium, which represents 90% of British distributors, with more than 
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290,000 shops and 3 million workers, and its main objective is to defend the 
interests of retailers.

BRC has established several standards for trademarks owned by retailers (private 
brands): BRC GS Storage and Distribution (version 1), BRC IOP GSF Packaging 
(version 3), and BRC GS Consumer Product (version 2), for nonfood products 
manufacturers; nevertheless, the BRC Global Food Standard (version 5), aimed at 
food products manufacturers, is the most known and extended. The BRC members 
demand that the manufacturers of their private brands be certified by one of the pre-
vious standards. The aim is to assure, at low cost, the responsibility they are assum-
ing with the ownership of their trademarks regarding safety, quality, and legality, 
because the certification is assumed by the manufacturer.

In 1990, the food legislation of the United Kingdom coined the concept of “due 
diligence,” or “co-responsibility.” As a consequence of the food crises of the 1990s, 
in addition to the weakness of ISO 9000 regarding food safety and the absence of 
an international standard in the matter, the first version of the BRC Food Standards 
arose on October 1998 and has had successive revisions in June 2000, April 2002, 
January 2005, and, the last one (version 5), December 2007, applicable from July 
2008. Therefore, BRC Food Standard is a regulation of compulsory fulfillment by 
suppliers of food products to big and medium retailers of the United Kingdom. It 
includes requirements and recommendations applicable to the manipulation of any 
type of food product in any phase after the primary production: processing, packag-
ing, storage, transport, distribution, manipulation, and supply to the consumer. In 
addition to UKAS (United Kingdom Accreditation Service) and BRC, certification 
bodies, research stakeholders, trade entities, food industry representatives, and dis-
tributors take part in its elaboration and revision.

The standard requires

The implementation of the HACCP•	
A documented and effective quality management system•	
Prerequisites (food hygiene elements): control of design requirements and •	
maintenance of facilities, processes, products, and staff

Every section begins with a declaration of intentions as the outstanding paragraph, 
followed by the requirements that develop the contents of the section. In the last 
version (the fifth), seven requirements called Fundamental were established. A non-
conformity (NC) facing a fundamental requirement supposes the inability to obtain 
the certificate until the NC is corrected and the corrective action is verified by the 
certification body in a complete audit. Three levels of NCs exist:

Critical:•	  Critical deviation that could result in hazardous or unsafe condi-
tions for individuals or is likely to prevent performance of a legal require-
ment. If the deviation is related to a nonfundamental requirement, the 
certification is not obtained until the NC is corrected and the corrective 
action is verified by the certification body in a follow-up visit.
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Major:•	  Basic deviation in the requirements of a declaration of intention 
or any clause of the standard. If the deviation corresponds to a nonfunda-
mental requirement, the certificate is not obtained until the evidence of its 
correction is demonstrated within 28 days, although in this case, upon deci-
sion of the certification body, a personal checking or at least documentary 
evidence with verification in the following evaluation is needed.
Minor:•	  Basic deviation from the requirements but being demonstrated 
that there are no doubts on the conformity of the product. The certifica-
tion is not obtained until documentary evidence of its correction within 
28 days is demonstrated. The certification body verifies this fact in the 
following evaluation.

The BRC standard is structured in seven chapters:

 1. Senior Management commitment
 2. Food Safety Plan—HACCP
 3. Quality Management System
 4. Installation standard
 5. Product Control
 6. Processes Control
 7. Staff

It contains ten fundamental requirements, which must be established, implemented, 
continuously supported, and controlled by the organization. The lack of implementa-
tion of a fundamental requirement can lead to damages in the product’s legality, its 
quality, or its safety, so the certificate cannot be granted. These fundamental require-
ments are as follows:

Senior Management commitment and Continual Improvement § 1•	
Food Safety Plan—HACCP Clause 2•	
Internal Audits § 3.5•	
Corrective and Preventive Action § 3.8•	
Traceability § 3.9•	
Layout, Product Flow, and Segregation § 4.3.1•	
Housekeeping and Hygiene § 4.9•	
Handling Requirements for Specific Materials—Materials Containing •	
Allergens and Identity Preserved Materials § 5.2
Control of Operations § 6.1•	
Training § 7.1•	

The last version 5 introduces important changes from the previous versions that go 
into the definition and scope of the requirements in depth. Among all of them, the 
most remarkable may be the following:
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Higher emphasis in the •	 Senior Management Commitment: establishment, 
control and revision of the Food Safety Objectives (≈ ISO 22000); reinforce-
ment of the review’s accomplishment by the direction; support commitment 
to the food safety team (≈ ISO 22000); continuous improvement require-
ment of the management system
Requirements of the •	 Food Safety Plan—HACCP: relevant information 
should be compiled before performing the HACCP analysis (≈ ISO 22000); 
detailed information on the expected use of the product, taking into account 
the sensible population groups (children, allergics, elders); detailed flow 
diagrams; proofs of acceptable levels for each detected hazard in the final 
product (≈ ISO 22000); validation of CCPs by the Food Safety Team (≈ ISO 
22000); verification activities to prove that the HACCP is effective (≈ ISO 
22000); revision of the HACCP plan following the established procedures 
(≈ ISO 22000)
Requirements in the •	 Management System: internal annual audits; run-
ning effective corrective actions; manufacturing procedures to fulfill the 
costumer’s requirements (≈ IFS); accomplishment of annual exercises of 
traceability that include quantities checkups; strict requirements for the 
management of incidents, product recall, and withdrawal
Major detail in •	 the facilities requirements: safety and prevention of access 
to production areas; aptitude certification for using materials in contact 
with food; higher detail for staff’s clothes; presence sheets with specifica-
tion and safety of the chemical products (≈ IFS); detailed requirements for 
the glass and hard plastic manipulation; procedures of housekeeping and 
hygiene that must be confirmed in case of changes (≈ ISO 22000); detailed 
requirements of pest control
Demanding requirements in the •	 product control: detailed measures in 
allergens control; organoleptic tests and self-life studies (≈ IFS); detailed 
requirements to assure the reliability of the analytical methods
Some changes in •	 process control: Validation needed based on the HACCP 
of any change in the process (changes in the formulation, methods of pro-
duction, equipment, packaging) (≈ ISO 22000)
Some changes in the •	 staff requirements: Detailed and rigorous require-
ments in the training and capability to carry out the activity; graphs of 
personnel circulation on a plan (≈ IFS); more flexibility in the use of face 
masks based on the risk analysis

The certification process is detailed in the standard. The certification bodies must 
be credited for the certification of product and be in the directory of BRCs Web site 
(http://www.brc.org.uk/standards/). The duration of the audit depends on the size of 
the organization and the processes it performs. The frequency of audits is about 6 to 
12 months, depending on the nonconformities, and the organization decides if they 
can be published or not. All the requirements have to be revised in the follow-up 
audits, and the reports must be in English.
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14.5 InternatIonal Food standard (IFs) V5 GuIdelInes

The presence of trademarks owned by the food distribution companies (private 
brands) is an increasingly extended phenomenon in Europe. The concept was created 
in 1869 by Sainsbury, and it now approaches two segments of the market:

Products of equivalent quality to the first class marks of the manufacturer•	
Low price or hard discount products.•	

The consequences for the distributors owning a private mark can be summarized as

Increased communication with the final consumer•	
More legal responsibilities that can have repercussions on their image•	
The consumer’s perception that the manufacturer is the distributor of the •	
product or, at least, that it is responsible for the quality, legality, and safety 
of the products with its trademark

It was already discussed how these circumstances were the origin of the edition 
of the BRC schemes within the British distribution. In the same direction, the 
association of food distributors of Germany (HDE, since 2002), those of France 
(FDC, from the version v4 of 2004 and the actual version v5), and those of Italy 
(Federdistribuzione), stand the edition and revision of the International Food 
Standard (IFS) (http://www.food-care.info/).

The current version v5 of IFS was the result of the revision done by all the stake-
holders: distributors’ associations, manufacturers, Accreditation and Certification 
Bodies, and IFS’s expert staff. It has the following characteristics:

A unique control list, without distinguishing among basic and higher •	
requirements, and the removal of the named Suggestions
More requirements that include the •	 Risk Analysis approach
More emphasis in •	 Processes and Procedures
A new punctuation system that allows a more simple comparison of results•	
Change in the audit frequency to 12-month cycles (validity period of the •	
certificate)
Determination of more requirements “Knock Out” (KO) focused on funda-•	
mental aspects of food safety
More detailed requirements for accreditation and certification bodies •	
and auditors

The standard structure is divided into four parts: Protocol of audit (Part 1); 
Standard requirements (Part 2); Requirements for accreditation and certification 
bodies and auditors, accreditation process and certification IFS (Part 3); and a 
Part 4, related with the models of audit report, results, corrective actions plan, 
and certification.
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Part 2 requirements are divided into five areas:

 1. Senior Management Responsibility
 2. Quality Management System
 3. Resource Management
 4. Production Process
 5. Measurements, Analysis, and Improvements

The 251 requirements are evaluated individually using a punctuation scale that goes 
from 20 points that represent the “full compliance,” to 0 points, meaning “criteria 
not satisfied,” passing through the 15 points of “small deviation from the require-
ments” and the five of “partial implantation of the requirements.” Achieving 95% or 
more of the maximum possible points grants the top level of the certificate, being the 
basic level that obtained by the fulfillment of 75% and 95% of the above-mentioned 
maximum points.

In addition, two high levels of nonconformity are established:

Major NC,•	  which represents 15% of the maximum punctuation and implies 
not receiving the certificate until a corrective action plan is sent within 14 
days and audit in less than 6 months. They are established by the auditor 
when a substantial deficiency exists among the requirements, including the 
regulation of production and destination country, or when it could cause a 
serious hazard for the health of the consumer.
K.O.•	  for 10 NC of the standard. The fact of not implementing some of them 
has as a consequence not obtaining the certificate.

The KO requirements are defined specifically in the standard and refer to the fol-
lowing aspects:

Senior Management Responsibilities § 1.2.4•	
HACCP Analysis § 2.1.3.8•	
Staff Hygiene § 3.2.1.2•	
Raw material specifications, legal requirements § 4.2.2•	
Final products specifications § 4.2.3•	
Foreign body detection § 4.9.1•	
Traceability System, including OGMs and allergens control § 4.16.1•	
Internal audits § 5.1.1•	
Product Recall and Withdrawal § 5.9.2•	
Corrective actions § 5.11.2•	

14.6 GlobalGaP standard

The Euro-Retailer Produce—Good Agricultural Practices (EUREP-GAP) Standard 
was published in 1997 as an initiative of the retail sector and named EUREP 
Working Group (http://www.globalgap.org). The engine behind the initiative 
included European retailers, in response to the increasing concern of the consumers 
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toward food safety, environmental and labor standards, and with the idea of harmo-
nizing their own standards, often very different. It was also intended to answer the 
interest of the producers in the development of common certification procedures. In 
September 2007, in coherence with the world extension of the bodies implied in the 
system and with vocation of being a global reference, it changed its name EUREP 
into GLOBALGAP.

GLOBALGAP is a reference with scope for the whole primary production 
process (crop fields, aquaculture, and animal husbandry), with Food Safety 
requirements, labor safety, and environmental criteria, which are gaining global 
acceptance as a valuable scheme to assure the quality of the products. It estab-
lishes the frame for the development of Good Agricultural Practices (GAP) in 
farms, defining fundamental elements for the best practice in the primary global 
production, acceptable for the principal retail worldwide groups. Nevertheless, 
the procedures adopted for some individual retailers and some producers can 
exceed those of GLOBALGAP. The main benefits that it offers to the producers 
are the following:

 1. Reduction of risks related to food safety in the world production
 2. Reduction of the conformity costs, avoiding multiple audits and prolifera-

tion of requirements for the buyers
 3. Increasing the integrity of the insurance programs of farms worldwide: 

common criterion, checking independent reports and actions to be taken

The producers receive GLOBALGAP’s approval from an independent verification 
organization approved by GLOBALGAP and credited according to ISO 45011.

Three options can be registered in the program:

Option 1•	 : A farm with one or multiple areas of production or “establish-
ments,” which are a property or are managed by an individual or an organi-
zation, without constituting separated legal entities.
Option 1 with Quality Management System•	 : This one must be solid enough to 
assure (and it must remain demonstrated in the audits) that the registered pro-
ducers/production areas fulfill uniformly the requirements of the standard.
Option 2, Group of Producers•	 : Group of several farmers with legally sepa-
rated entities who want to accede to the certification in a unitary way, in 
order to support the integrity of the whole set.

The documents of the program are:

 1. General regulations: Establish the rules for the management of the 
standard.

 2. Control Points and Compliance Criteria (CPCC): Establish the require-
ments that the producer must fulfill, leaving specific details for each 
requirement.

 3. Checklist: Is the base for the external audit to the producer and must be used 
to fulfill the annual internal audit requirement.
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The CCP are structured in:

Major obligations•	
Minor obligations•	
Recommendations•	

Though when the country has more restrictive regulations than those of the 
GLOBALGAP standard, the legislation of the country where the producer oper-
ates should be observed; only when laws do not exist or are more permissive does 
GLOBALGAP specify a minimal acceptable level of fulfillment.

The CPCC, which it is the section object of audit, is divided into areas and subareas:

An “All Farm” (AF) Base Module•	
Three areas subdivided into different subareas:•	

Crops Base (CB) Module•	
Fruit and Vegetables (FV) −
Combinable Crops (CC) −
Coffee Green (CO) −
Tea (TE) −
Flower and Ornamentals (FO) −

Livestock (LS) Base Module: Cattle and Sheep (CS); Dairy (DV), Pig •	
(PG), Poultry (PY)

Aquaculture Base (AB) Module: Salmonids (SN)•	

In this way, the chapters applicable to a crop of fruits and vegetables are the following:

Section AF: Base Module for All Farm:•	
AF.1 Record keeping and internal self-assessment/internal inspection•	
AF.2 Site history and site management•	
AF.3 Workers health, safety, and welfare•	
AF.4 Waste and pollution management, recycling, and reuse•	
AF.5 Environment and conservation•	
AF.6 Complaints•	
AF.7 Traceability•	

Section CB: Crops Base Module:•	
CB.1 Traceability•	
CB.2 Propagation material•	
CB.3 Site history and site management•	
CB.4 Soil Management•	
CB.5 Use of fertilizers•	
CB.6 Irrigation•	
CB.7 Integrated Pest Management•	
CB.8 Plant protection products•	

Section FV: Fruit and Vegetables Module:•	
FV.1 Propagation Material•	
FV.2 Soil and Substrate Management•	
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FV.3 Irrigation•	
FV.4 Harvesting•	

FV.5 Produce Handling (not applicable if Produce Handling in a packing •	
facility on farm is excluded from certification)
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15 Future Trends in 
Fresh-Cut Fruit and 
Vegetable Processing

Gemma Oms-Oliu and Robert Soliva-Fortuny

15.1 consuMer deMands and Market deVeloPMent

In the last few decades, a tremendous revolution has occurred within the family 
structure. The inclusion of women in the labor force has caused a radical change in 
lifestyles, characterized by a dramatic reduction in the times for meal preparation. 
An increasing number of people have at least one meal away from home, making use 
of public or private food services. In this context, industrial kitchens need to prepare 
and cook large numbers of meals in short periods of time, often with limited staff 
and equipment. At the same time, consumers have become more health conscious 
about food choices and have developed interest in both fresh and convenience prod-
ucts (Rocha and Morais, 2007).

European nutrition experts agree that consumption of sufficient amounts of 
fruits and vegetables is key to a healthy diet and can play an integral role in reduc-
ing cardiovascular diseases, certain types of cancer, obesity, and diabetes. They 
are low-caloric food items, but at the same time, they contain remarkable amounts 
of some minor functional constituents in foods, such as fiber, vitamins, and min-
erals. They also contain phytonutrients that offer protection against degenerative 
diseases, leading to lower mortality and increased life expectancy and quality. 
Encouraging consumers to increase their intake of fruits and vegetables is a 
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worldwide issue. Nutrition experts have proposed lowering the price of healthy 
foods to increase consumption. However, increased health information may be a 
more efficient policy tool than price decrease to increase the consumption of fruit 
and vegetables. In this regard, the international movement of “five a day” pro-
motes the consumption of fruits and vegetables worldwide and is present in over 
40 countries on five continents. The claim for five servings of fruits and vegetables 
is based on the daily minimum consumption recommended by the scientific and 
medical community in a healthy diet. Great importance is being placed on con-
suming fresh products as part of a broader emphasis on health. Despite increasing 
knowledge about the health benefits of diets high in fruits and vegetables, many 
consumers’ diets are still deficient in the recommended intake. Americans con-
sume only half as much as recommended by the Food Guide Pyramid. In Southern 
European countries, trends show that diets are moving away from the traditional 
“Mediterranean diet” based on fruit and vegetables, bread and other cereals, olive 
oil, and fish consumption (Rodrigues and de Almeida, 2001).

This scenario created the challenge, and also the opportunity, for the intro-
duction to the markets of new products like fresh-cut fruits and vegetables as a 
way to increase the consumption of fruits and vegetables to the recommended 
levels for a healthy diet. Fresh-cut produce meets the expressed consumer desire 
for convenience, quality of appearance, and healthy nutrition. A considerable num-
ber of fresh-cut commodities are already available in the markets of many devel-
oped countries, thus becoming a useful tool for attracting consumers and boosting 
the intake of fruit and vegetables servings. Minimally processed products are 
one of the major growing segments in food retail establishments (Soliva-Fortuny 
and Martín-Belloso, 2003). At the top of the freshness tree, products labeled as 
“organic” stand out from the rest, corresponding to produce that has been grown 
without the aid of chemicals and delivered free from preservatives, with emphasis 
on the purity of the product and the effectiveness of the packaging that protects 
it. Once sold in specialty stores, organic products now rate special sections in a 
growing number of retail stores. Sales of organic packaged salad mixes, one of the 
fastest-growing categories, have grown at a rate of 200% over the past three years 
and show no sign of slowing down.

The market for fresh-cut fruits and vegetables is consolidated in the United States, 
as well as in some European countries such as the United Kingdom, France, or The 
Netherlands, whereas in countries such as Spain and Italy, its development is still 
moderate. The evolution of the North American market is due to the wide array of 
products and presentations offered, the increase in exhibition space, and the increase 
in shelf-life of up to 10−16 days for fresh salads. Such a reality differs from that of 
Spain or Italy, where the shelf-life of fresh-cut salads is around a week. This time 
difference may be related to technology issues, but especially to the logistic develop-
ment that allows maintenance of the cold chain. The marketing of fresh-cut fruits 
and vegetables requires the appropriate combination of technologies for extending 
the shelf-life of the products, maintaining the sensory and organoleptic characteris-
tics of the original fresh product.
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15.2  new aPProacHes toward tHe control oF QualIty 
and saFety oF FresH-cut FruIts and VeGetables

Much research is still to be done in order to develop technologies that render fresh-
cut fruits and vegetables products with high sensory quality, microbiological safety, 
and nutritional value. In general, it is currently possible to reach a shelf-life of at least 
1 week for most refrigerated (5°C) products. However, some commodities would 
require a shelf-life of more than 2 weeks, so that success in their commercialization 
can be attained. Variations in quality and shelf-life, safety through the control of 
temperature and hygiene conditions in a “from farm to fork” approach, and quality 
of raw materials are some of the main points that may raise concerns by consum-
ers (Artés et al., 2007). Maintaining the correct product temperatures through the 
entire chill chain is often the most important factor in ensuring quality and safety of 
fresh-cut fruits and vegetables. These products are often packaged under modified 
atmospheres, having a relatively short shelf-life and exhibiting high vulnerability to 
temperature abuses. Thus, maintenance of an adequate temperature as close to 0ºC 
as possible is required to keep the product safe for consumption.

A characteristic feature of fresh-cut produce is the need for an integrated approach, 
where different aspects, such as raw materials, handling, processing, packaging, and 
distribution, must be properly managed to make shelf-life extension possible. The 
intelligent selection of different preservation techniques, without obviating the inten-
sity of each treatment and the sequence of application to achieve a specified out-
come, is expected to have significant prospects for the future of minimally processed 
fruit and vegetables. Unit operations such as peeling and shredding need further 
development to make them gentle. There is no sense in disturbing the quality of 
produce by rough treatment during processing, and then trying to limit the damage 
by subsequent use of preservatives.

15.2.1 disinfecTion TechnoLogies

In order to minimize microbiological spoilage, and at the same time provide safe 
and high-quality fresh-cut fruit and vegetables, the industry needs to implement 
improved strategies for commodities disinfection. Although chlorine is still the most 
commonly used sanitizer due to its efficacy, cost-effectiveness ratio, and simple use, 
future regulatory restrictions are likely and will require the development of func-
tional alternatives. In some European countries including Germany, the Netherlands, 
Switzerland, and Belgium, the use of chlorine in fresh-cut products is forbidden 
(Carlin and Nguyen-the, 1999). As a consequence, several innovative approaches 
have been explored for the decontamination of minimally processed fruits and veg-
etables. These alternatives must satisfy consumers and, at the same time, be compat-
ible with the sensory characteristics of the products to be treated. However, different 
studies have demonstrated that decontamination treatments such as hydrogen perox-
ide or acidic electrolyzed water can even enhance the microbial growth rate depend-
ing on the product and applied conditions (Gómez-López et al., 2008). Consequently, 
after some days of refrigerated storage, the benefit of the decontamination can be 
lost. Hence, microbial populations in decontaminated produce could reach higher 
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levels than those found in their non-decontaminated counterparts. The use of chlo-
rine dioxide and the cyclic exposure to ozone gas outstand among the alternative 
treatments for decontamination with a higher potential (Cooksey, 2005; Aguayo et 
al., 2006). However, the practical implementation of gaseous treatments during stor-
age of minimally processed vegetables packaged in retail bags can pose a problem, 
because gases have to diffuse to any surface and could be degraded by the food 
before accomplishing their desired effect. Physical treatments for fresh-cut fruit and 
vegetables are being considered as alternatives to chemical preservation techniques. 
Low-dose gamma irradiation is very effective in reducing bacterial, parasitic, and 
protozoan pathogens in raw foods. Its effectiveness has been proven in fresh-cut 
carrots, lettuce, and cantaloupe. Ultraviolet light (UV) is a relatively inexpensive 
and easy-to use technique for food preservation. The application of high UV dose 
levels requires continuous UV sources that can operate during long time periods, 
which could compromise quality due to the consequent damage of the treated tis-
sues. Pulsed light (PL) could be an alternative technology for the decontamination 
of food surfaces and food packages. This technology consists of the release of short 
intense pulses of broad-spectrum light. It has been suggested that short pulse widths 
and high peak intensities may have a competitive advantage over continuous UV 
treatment systems, especially in those situations where rapid disinfection is required, 
because the energy density can be multiplied manyfold (Dunn et al., 1995; FDA, 
2000). PL can be used in the final steps of minimal processing; however, treatments 
that effectively penetrate packaging materials are still a challenge to this technology. 
Gómez-López et al. (2007), Elmnasser et al. (2007), and Oms-Oliu et al. (2010) sum-
marized the main limitations of the PL systems for food applications. According to 
them, one of the most important limitations of PL treatments is the control of heat-
ing, which could substantially impair the quality of fresh-like commodities.

15.2.2 pAckAging TechnoLogies

Packaging also has a determinant role in the preservation and quality retention of fresh-
cut commodities. In recent years, packaging has developed due to increased demands 
on product safety, shelf-life extension, cost efficiency, environmental issues, and con-
sumer convenience. Different from other fresh foods such as meat and fish, fruits and 
vegetables continue to actively metabolize during postharvest periods. By matching 
appropriate film permeation rates for O2 and CO2 with the respiration rate of the pack-
aged fresh-cut commodities equilibrium, modified atmosphere packaging (MAP) can 
be established inside the package. Products are often packaged after flushing with dif-
ferent mixtures of gases (O2, CO2, and N2). The use of low O2 concentrations (1−5%) 
and high CO2 concentrations (5−10%) in combination with storage at refrigeration 
temperatures (optimally 4ºC), is proposed as optimal storage conditions for fresh-cut 
vegetables to maintain sensory and microbial quality. Polyvinyl chloride (PVC), used 
primarily for overwrapping, and polypropylene and polyethylene, used for bags, are 
the films most widely used for packaging minimally processed foods. Multilayered 
films, often with ethylene vinyl acetate, are manufactured with differing gas trans-
mission rates. However, the most difficult task in manufacturing fresh-cut fruits and 
vegetable products of good quality with a shelf life of several days is that only a few 
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packaging materials on the market are permeable enough to match the respiration of 
fruit and vegetables. Packaging films currently available for fresh-cut produce do not 
have sufficient O2 and CO2 transmission rates, especially when the produce has high 
respiration, and as a consequence, too low O2 levels and excessive amounts of CO2 in 
package headspace are often detrimental to fresh-cut fruit. In addition, most MAP sys-
tems are designed for a specific temperature, and films with adequate O2 permeability, 
adequate response to temperature variations, or both are rare (Cameron et al., 1995). 
Thus, changes in the environmental temperature create a specific problem in MAP 
systems because the respiration rate is more influenced by temperature changes than 
is the film permeability used to obtain the modified atmosphere. Packaged fruits and 
vegetables are usually exposed to varying surrounding temperatures during handling 
or retail display, resulting in decreased O2 and increased CO2 levels inside the package 
due to a rise in the respiration rate of the product. Due to this fact, it is difficult to main-
tain an optimum atmosphere inside a package when the surrounding temperature does 
not remain constant. In designing MAP systems for fresh-cut commodities, it would be 
prudent to realistically evaluate the time and temperature conditions that the products 
will likely encounter along the postharvest chain, as well as the likelihood of mixed 
load conditions. It then will become possible to design systems such as a combination 
MAP that can maintain optimum atmospheres throughout the postharvest handling 
chain (Brecht et al., 2003).

To address some of the limitations of using polymeric films for MAP, active pack-
ages are being developed. An active package will respond to environmental changes 
such as temperature or atmosphere composition, or to physiological changes in the 
product, which may be indicated by the evolution of volatile compounds such as 
ethanol or ethylene. Some films allow increasing gas transmission when temperature 
increases due to a reversible melting of the side-chains in the polymers. These films 
can be tailor made to match changes in permeation properties to the temperature 
response of respiration rates of a specific commodity. Other permeation patches may 
consist of other highly permeable films, microperforation, or a combination of the 
two. Incorporation of patches may facilitate more precise control of permeation prop-
erties of packages. Sachets also can be incorporated into packages (Forney, 2007). 
Other features are being developed that respond to the environment to modulate gas 
transmission properties of the package (Cameron et al., 1995). Examples include 
pores that open to increase gas transmission in response to a rise in temperature. 
Sachets may contain a variety of substances that can absorb or release gases and pro-
vide another mechanism for regulating atmosphere composition and product quality 
(Ozdemir and Floros, 2004).

The application of superatmospheric O2 concentrations has also been suggested 
to overcome limitations of traditional MAP atmospheres. Some researchers have 
claimed that superatmospheric O2 concentrations (≥70 kPa) can be an alternative 
to low O2 modified atmospheres in order to prevent undesired anoxic respiration, 
inhibit the growth of naturally occurring spoilage microorganisms, and maintain 
fresh-like sensory quality of fresh-cut produce (Amanatidou et al., 1999; Jacxsens 
et al., 2001; Van der Steen et al., 2002). Results by Allende et al. (2004) showed 
that high O2 atmospheres (80−100 kPa) alleviated tissue injury, reduced microbial 
growth, and were beneficial in maintaining quality of fresh-cut baby spinach.
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Edible coatings can be applied as either a complement or an alternative to MAP in 
order to improve the shelf-life of fresh-cut fruits. Edible films and coatings may help 
to reduce the deleterious effects concomitant with minimal processing, not solely 
retarding food deterioration and enhancing its quality, but also improving its safety 
due to their natural biocide activity or by incorporating antimicrobial compounds 
(Petersen et al., 1999). The application of edible coatings to deliver active substances 
is one of the major advances reached so far in order to increase the shelf life of fresh-
cut produce. The functionality of edible coatings can be improved by incorporating 
antimicrobial agents (chemical preservatives or antimicrobial compounds obtained 
from a natural source), antioxidants, and functional ingredients such as minerals and 
vitamins. A technique that can potentially be used to incorporate functional ingredi-
ents and antimicrobials into edible coatings for fruits is micro- and nanoencapsula-
tion. Micro- and nanoencapsulation is defined as a technology for packaging solids, 
liquids, or gaseous substances in miniature (micro- and nanoscale) sealed capsules 
that can release their contents at controlled rates under specific conditions. Release 
can be solvent activated or signaled by changes in pH, temperature, irradiation, or 
osmotic shock (Vargas et al., 2008).

The main problem when applying the coatings to fresh-cut fruits is the low adher-
ence presented by the highly hydrophilic cut surface fruit. Recent studies in the 
field of edible coatings have focused on the development of new technologies that 
allow for a more efficient control of coating properties and functionality. To this end, 
new methodologies have been developed, most based on composite or multilayered 
systems. Nevertheless, applications to food products are still scarce. One of these 
new methodologies consists of the development of multilayered coatings by means 
of the layer-by-layer (LbL) electrodeposition (Bernabé et al., 2005; Marudova et al., 
2005; Krzemiski et al., 2006; Weiss et al., 2006). The LbL technique could be used 
to coat highly hydrophilic food systems such as fresh-cut fruits and vegetables. In 
the near future, multilayered edible coatings will receive more attention (than single-
layer coatings) as they could be specially engineered to incorporate and allow the 
controlled release of vitamins and other functional or antimicrobial agents (Vargas 
et al., 2008). A possible multilayered structure could include three layers: a matrix 
layer (e.g., biopolymer based) that contains the functional substance; an inner control 
layer to govern the rate of diffusion of the functional substance by allowing its con-
trolled release; and a barrier layer that prevents the migration of the active agent from 
the coated food as well as controls the permeability to gases. Another approach to 
improve coating properties is to make nanocomposites by incorporating nanosized 
clay materials such as layered silicates into biopolymer-based matrices. Rhim et al. 
(2006) incorporated different types of nanoparticles (montmorillonites, nano-silver, 
and silver-zeolite) into chitosan matrix, obtaining composites with better mechani-
cal, water vapor barrier, and antimicrobial properties than the traditional chitosan 
coating. Cellulose nanofibers have also shown good possibilities as reinforcements 
in composite coatings for food packaging. However, even if these studies seem to be 
promising, the major concern of the scientific community when incorporating these 
nanomaterials into edible coatings or food is still unsolved: the lack of studies into 
their possible toxicity.
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15.2.3 BioTechnoLogicAL ApproAches

Biotechnological approaches have been developing in order to extend the shelf life of 
fresh-cut fruits and vegetables. Molecular methods for detecting human pathogens or 
plant genetic transformation may create fruits or vegetables best suitable for minimally 
processed foods (Rodov, 2007). Fresh-cut fruit and vegetables are typically eaten raw, 
without thermal sterilization procedures like cooking or pasteurization, and therefore 
represent a significant food safety challenge (Bhagwat, 2006). Modern biotechnology 
provides fast and sensitive methods for detecting foodborne pathogens on fresh-cut 
produce. Real-time polymerase chain reaction (RT-PCR) is probably one of the most 
popular tools for detecting foodborne pathogens. Various commercially available 
RT-PCR systems have been tested for recognition and quantification of Listeria mono-
cytogenes (Liming et al., 2004) and Salmonella spp. (Cheung et al., 2004) on fresh-cut 
products such as fresh-cut cantaloupe, mixed salads, and cilantro leaves. In addition to 
PCR techniques, other biotechnological methods were employed for detecting various 
foodborne pathogens in fresh-cut fruit or vegetable products. Among those methods, 
enzyme-linked fluorescence immunoassay and immunostrip test (Huang et al., 2005), 
pulsed-field gel electrophoresis (Francis and O’Beirne, 2006), random amplified poly-
morphic DNA (RAPD), and restriction endonuclease analyses (REA) (Aguayo et al., 
2004). In spite of the impressive progress made in the sphere of molecular diagnostics 
of human pathogens, the problem of efficient detection and elimination of microbial 
hazards in fresh-cut foods is still far from its practical solution. Neither sensitivity nor 
reaction times of the available methods allow online monitoring of raw materials or 
final products for the presence of pathogens. Its application for fresh-cut produce needs 
additional revolutionary technological changes. These changes are expected to come 
from the progress of nanotechnology. Development of inexpensive disposable nanobio-
sensors will improve food safety control in food chain management, in particular, the 
rapid detection of foodborne pathogens (Rodov, 2007).

On the other hand, genetic transformation may create fruits or vegetables best 
suitable for fresh-cut processing. Desirable traits for such genotypes would include 
inhibited enzymatic browning, firm texture, slow tissue degradation, inhibited senes-
cence, and protection against microbial proliferation. However, prospects of practical 
implementation of these genotypes depend on their acceptance by consumers. So far, 
just a few gene-engineering projects have been directly and intentionally oriented 
to the needs of the fresh-cut industry. Antisense inhibition of polyphenol oxidase 
(PPO) gene expression suppressed browning potential in apple tissues (Murata et 
al., 2000, 2001). In lettuce, isolation and characterization of a wound inducible phe-
nylalanine ammonia-lyase (PAL) gene from Romaine lettuce (Campos et al., 2004) 
may bring more efficient biotechnological control of enzymatic browning in this 
crop. Inhibition of cell wall degrading enzymes, which are involved in tissue soften-
ing, may also positively affect the texture of fresh-cut produce. Antisense suppres-
sion of the tomato β-galactosidase codifying genes (TBG4) resulted in fruits that 
at red-ripe stage were 40% firmer than the wild-type control (Smith et al., 2002). 
Such tomatoes might be expected to preserve good texture as fresh-cut products 
and be good candidates for minimal processing. Some benefits can be reached by 
using transgenic fruits or vegetables with inhibited ethylene production or sensitivity. 
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Slices of Vedrantais melon with antisense gene for the key ethylene biosynthesis 
enzyme ACC-oxidase demonstrated better storage performance than those of the 
wild-type fruit. The advantages of the transgenic fresh-cut melon were expressed 
as higher firmness, soluble solids content, and acidity; preferable flavor; sweetness; 
texture; and visual quality (Fonseca et al., 2001). Biotechnology can also render the 
fresh-cut produce an additional protection against microbial colonization. Modern 
genomic methods may provide a tool for determining the specific pathogen mecha-
nisms involved in the interaction between plant tissue and pathogenic microorgan-
isms. A study carried out by Palumbo et al. (2005) in fresh-cut cabbage has been 
one of the first steps on the way to biotechnological modulation of the fresh-cut 
produce–pathogen interaction.

15.3 suMMary

The fresh-cut produce market has experienced a dramatic transformation during the 
past decade, and the expectations for forthcoming years are encouraging. Vegetables 
have made up the majority of fresh-cut produce sales, and it is expected that this will 
continue to be the case. However, the fresh-cut fruit sector started to gain ground 
during the last decade because technical limitations that precluded the industrializa-
tion of fruits are being overcome. However, growth will not happen at the same rate 
if increased innovation through new products development is not conducted appro-
priately. The adaptation of the distribution chains to these changing requirements 
is of vital importance to allow for growth of the fresh-cut industry. Development of 
tailor-made crops through biotechnology as well as research on novel preservation 
treatments and packaging strategies are required to continue to boost the progress of 
the fresh-cut sector in the next years.
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