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ABSTRACT 

 

The epiphytic bacteria content in fruits and leafy greens and their effect toward the 

colonization of foodborne bacterial pathogens was studied. Populations of mesophilic, 

lactic acid, coliform, and psychrotrophic bacteria were recovered from cantaloupe, tomato, 

pepper, spinach, endives, and parsley, and the effect of environmental and agricultural 

conditions toward epiphytic bacteria content was evaluated. The epiphytic bacteria content 

was variable by commodity, with cantaloupes and spinach being the most populated 

commodities. The environmental temperature and the irrigation method also affected the 

epiphytic bacteria content. To determine the inhibitory effect of epiphytic bacteria toward 

Escherichia coli O157:H7 and Salmonella enterica serovar Saintpaul, 9,307 isolates were 

evaluated in vitro. In total, 2.6, 0.7 and 6.4% of the isolates were antagonistic toward E. 

coli O157:H7, S. Saintpaul, or both pathogens, respectively. Most antagonistic isolates 

were psychrotrophs and lactic acid bacteria. Overall, more antagonistic isolates from fruits 

were found in samples collected in the fall than the summer. Further biochemical 

identification revealed that most of the antagonistic psychrotrophs were Alcaligenes 

faecalis sbsp. faecalis. In fruits, most of the antagonistic isolates were Leuconostoc, 

Enterococcus, and Streptococcus species. Furthermore, the effect of epiphytic bacteria 

toward S. Saintpaul growth in fruits and toward E. coli O157:H7growth in leafy green 

leaves was studied in the plant surface. Enterococcus kobei and Enterococcus 

casseliflavus from cantaloupe, and of Staphylococcus hominis subsp. hominis from tomato 

inhibited S. Saintpaul on cantaloupe rind, and tomato skin, respectively. Similarly, 
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Enterococcus faecalis affected S. Saintpaul on peppers and Gemella morbillorum, 

Enterococcus gallinarum, and Bacillus mycoides affected E. coli O157:H7 growth on 

parsley. The effect of Streptococcus alactolyticus, Bacillus licheniformis, Gemella 

bergeri, Staphylococcus sciuri, and Enterococcus gallinarum toward E. coli O157:H7 

growth and stomata invasion in endives was observed using confocal microscopy. After 

24 h, E. coli O157:H7 growth was moderately inhibited by all epiphytic isolates tested. 

However, after three days, treated and control samples presented similar pathogen growth. 

The results from this study demonstrated that some epiphytic bacteria from fruits and leafy 

greens are potential biocontrol agents, able to reduce the proliferation of E. coli O157:H7 

and S. enterica in fruits and vegetables. 
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NOMENCLATURE 

 

AMP Ampicillin 

APT All-purpose media containing Tween 80  

CL Coliform 

GFP Green fluorescent protein 

IA Inhibition area(s)  

IPTG Isopropyl β-D-1 thyogalactoside 

ivAEB in-vitro antagonistic, epiphytic bacteria 

LAB Lactic Acid Bacteria 

MRS De Man, Rogosa, and Sharpe medium 

MS Mesophile 

PBS Phosphate buffer solution 

PW Peptone water  

PY Psychrotroph 

RIF Rifampicin 

STEC Shiga-toxin producing Escherichia coli 

TSA Tryptic soy agar medium 

TSB Tryptic soy broth medium 

VRBA  Violet red bile agar medium. 



 

vii 

 

TABLE OF CONTENTS 

 Page 

ABSTRACT .......................................................................................................................ii 

DEDICATION .................................................................................................................. iv 

ACKNOWLEDGEMENTS ............................................................................................... v 

NOMENCLATURE .......................................................................................................... vi 

TABLE OF CONTENTS .................................................................................................vii 

LIST OF FIGURES ............................................................................................................ x 

LIST OF TABLES ...........................................................................................................xii 

INTRODUCTION .............................................................................................................. 1 

REVIEW OF LITERATURE ............................................................................................. 4 

Leafy green production .................................................................................................. 4 
Spinach (Spinacia oleracea) ....................................................................................... 4 

Curly endive (Cichorium endivia) .............................................................................. 7 

Parsley (Petroselinum crispum) .................................................................................. 8 
Fruit production .............................................................................................................. 9 

Cantaloupe (Cucumis melo var. cantaloupensis) ...................................................... 10 

Tomato (Solanum lycopersicum) .............................................................................. 11 
Pepper (Capsicum annuum) ...................................................................................... 13 

Contributing factors during the contamination with foodborne pathogens in fruits 

and vegetables .............................................................................................................. 15 

Pre-harvest contamination ........................................................................................ 15 
Post-harvest contamination ....................................................................................... 19 

Prevention of produce contamination .......................................................................... 22 
Worldwide impact of fruit and vegetable foodborne pathogen contamination ............ 24 

Current surge of foodborne disease outbreaks related to fruits and vegetables ........... 27 
Important foodborne outbreaks related to leafy greens ............................................ 28 
Important foodborne outbreaks related to fruits ....................................................... 29 

Pathogens linked to foodborne outbreaks in fruits and vegetables .............................. 31 
Escherichia coli O157:H7 ........................................................................................ 32 
Salmonella enterica .................................................................................................. 37 

Factors involved in the pathogen colonization of produce .......................................... 43 
Electrostatic forces and hydrophobicity ................................................................... 43 



 

viii 

 

Plant-associated microbiota ...................................................................................... 45 
Environmental factors ............................................................................................... 46 
Pathogen-inherent factors ......................................................................................... 47 

Biocontrol in produce ................................................................................................... 50 

MATERIALS AND METHODS ..................................................................................... 53 

Preparation of media .................................................................................................... 53 
Procurement of pathogenic bacteria ............................................................................. 55 
Preliminary experiments .............................................................................................. 57 

Transformation of microbiological content by g to content by cm2 ......................... 57 

Incubation time for in vitro experiments .................................................................. 58 

Medium selection for lactic acid bacteria ................................................................. 61 

E. coli O157:H7 lag phase ........................................................................................ 62 
Differential media to isolate E. coli O157:H7 from leafy green samples ................. 63 
Growth curves ........................................................................................................... 64 
Effect of antagonistic bacteria toward parent and rifampicin-resistant pathogens ... 65 

Determination of biofilm using the crystal violet method ........................................ 66 
Determination of biofilm formation using red Congo agar ...................................... 68 

Evaluation of the microbiological content in fruits and leafy greens .......................... 68 
Produce samples ....................................................................................................... 68 
Selection of epiphytic bacteria isolates ..................................................................... 71 

Storage of epiphytic bacteria isolates ....................................................................... 72 
Epiphytic bacteria recovery ...................................................................................... 73 

In vitro antagonistic effect of epiphytic bacteria toward enteric pathogens ................ 74 
Pathogen inoculum and overlay preparation ............................................................ 74 

Epiphytic bacteria spot inoculum ............................................................................. 74 
Spot agar test ............................................................................................................. 75 

Estimation of the in vitro antagonistic effect ............................................................ 75 
Biochemical identification of in vitro antagonistic epiphytic bacteria ........................ 76 

Isolate selection for biochemical identification ........................................................ 76 

Initial biochemical tests for card selection ............................................................... 76 
VITEK-2 card preparation ........................................................................................ 77 
Discriminatory biochemical tests.............................................................................. 77 

Effect of antagonistic epiphytic bacteria over the growth of E. coli O157:H7 on 

leafy greens and of S. Saintpaul on fruits ..................................................................... 78 

Procurement of produce samples .............................................................................. 78 

Preparation of leafy green samples ........................................................................... 78 
Preparation of fruit samples ...................................................................................... 79 
Pathogen inoculum ................................................................................................... 80 
In vitro epiphytic antagonistic bacteria (ivAEB) inoculum ...................................... 80 
Inoculation procedures .............................................................................................. 80 

Evaluation of the growth effect ................................................................................ 81 



 

ix 

 

Evaluation of E. coli O157:H7 growth and stomata invasion on endives in the 

presence of antagonistic epiphytic bacteria .................................................................. 82 
Sample selection and preparation ............................................................................. 82 
Pathogen inoculum ................................................................................................... 82 

Epiphytic bacteria inoculum ..................................................................................... 83 
Inoculation of E. coli O157:H7 and epiphytic bacteria on endive surfaces ............. 83 
Determination of E. coli O157:H7 on endive samples ............................................. 84 
Preparation of samples for confocal microscopy ...................................................... 84 
Evaluation of the growth and stomata invasion ........................................................ 84 

Data analyses ................................................................................................................ 86 

RESULTS AND DISCUSSION ...................................................................................... 90 

Preliminary experiments .............................................................................................. 90 
Transformation of microbiological content by g to content by cm2 ......................... 90 
Incubation time for in vitro experiments .................................................................. 90 
Medium selection for lactic acid bacteria ................................................................. 94 

E. coli O157:H7 lag phase ........................................................................................ 97 
Differential media to isolate E. coli O157:H7 from leafy green samples ................. 98 

Growth curves ........................................................................................................... 99 
Effect of antagonistic bacteria toward parent and rifampicin-resistant pathogens . 102 
Determination of biofilm using the crystal violet method ...................................... 107 

Determination of biofilm formation using red Congo agar .................................... 108 
Evaluation of the microbiological content in fruits and leafy greens ........................ 109 

Leafy greens ............................................................................................................ 109 
Fruits ....................................................................................................................... 119 

In vitro antagonistic effect of epiphytic bacteria against enteric pathogens .............. 133 
Effect of leafy green-epiphytic bacteria on E. coli O157:H7 and S. Saintpaul ...... 133 

Effect of fruit-epiphytic bacteria on E. coli O157:H7 and S. Saintpaul ................. 141 
Effect of season in the occurrence of antagonistic bacteria .................................... 148 
Variation in the antagonistic effect toward one or two enteric pathogens.............. 152 

Biochemical identification of antagonistic epiphytic bacteria ................................... 153 
Scientific evidence of antagonistic activity by identified bacteria ......................... 159 

Effect of antagonistic epiphytic bacteria over the growth of E. coli O157:H7 on 

leafy greens and of S. Saintpaul on fruits ................................................................... 162 

Leafy greens ............................................................................................................ 162 

Fruits ....................................................................................................................... 172 

Evaluation of E. coli O157:H7 growth and stomata invasion on endives in the 

presence of antagonistic epiphytic bacteria ................................................................ 185 

CONCLUSIONS ............................................................................................................ 192 

REFERENCES ............................................................................................................... 195 



 

x 

 

LIST OF FIGURES 

 Page 

FIGURE 1. Sampling pattern for fruits and leafy greens collection within fields ........... 70 

FIGURE 2. In vitro antagonistic effect against enteric pathogens using two 

incubation times for LAB during spot agar test. ......................................... 92 

FIGURE 3. Estimation of the E. coli O157:H7 lag phase ................................................ 98 

FIGURE 4. Growth curves of E. coli O157:H7 K3999 and its rifampicin resistant 

derivative in tryptic soy broth ................................................................... 100 

FIGURE 5. Growth curves of S. Saintpaul and its rifampicin resistant derivative in 

tryptic soy broth. ....................................................................................... 101 

FIGURE 6. Bacterial content of endives, parsley and spinach, and environmental 

conditions at harvesting. ............................................................................ 117 

FIGURE 7. Bacterial content of  cantaloupes, tomatoes, and peppers by season and 

field. ........................................................................................................... 129 

FIGURE 8. Growth curves of E. coli O157:H7 in the presence of antagonistic 

bacteria in spinach leaf samples ................................................................ 164 

FIGURE 9. Growth curves of E. coli O157:H7 in the presence of antagonistic 

bacteria in endive leaf samples .................................................................. 167 

FIGURE 10. Growth curves of E. coli O157:H7 in the presence of antagonistic 

bacteria in parsley leaves ........................................................................... 170 

FIGURE 11. Growth curves of S. Saintpaul in the presence of antagonistic bacteria 

in cantaloupe rind (Part a) ......................................................................... 173 

FIGURE 12. Growth curves of S. Saintpaul in the presence of antagonistic bacteria 

in cantaloupe rind (Part b) ......................................................................... 174 

FIGURE 13. Growth curves of S. Saintpaul in the presence of antagonistic bacteria 

in peppers skin ........................................................................................... 178 

FIGURE 14. Growth curves of S. Saintpaul in the presence of antagonistic bacteria 

on tomatoes skin ........................................................................................ 181 

FIGURE 15. Growth of fluorescent E. coli O157:H7 GFP in the presence of 

epiphytic bacteria on endive leaf samples ................................................. 187 



 

xi 

 

FIGURE 16. Confocal images of endive surface inoculated with fluorescent E. coli 

O157:H7 GFP (EC) and epiphytic isolates at 12 h (day 1), and 60 h (3 

d) of incubation. ........................................................................................ 188 

 



 

xii 

 

LIST OF TABLES 

 Page 

TABLE 1. U.S. multistate foodborne disease outbreaks related to contaminated 

fruits and vegetables from 2006 to 2016 ..................................................... 26 

TABLE 2. Media combinations used during in vitro spot agar test to determine the 

antagonistic effect of spinach-isolated bacteria toward E. coli 

O157:H7 and S. Saintpaula .......................................................................... 95 

TABLE 3. Commercial formulation of MRS and APT media for proliferation of 

lactobacillia .................................................................................................. 97 

TABLE 4. Growth parameters of E. coli O157:H7 and rifampicin resistant 

derivative ................................................................................................... 101 

TABLE 5. Growth parameters of S. Saintpaul and rifampicin resistant derivative ....... 101 

TABLE 6. In vitro inhibition of E. coli O157:H7 parent and rifampicin resistant 

derivative strains using leafy green-isolated bacteria ................................ 103 

TABLE 7. In vitro inhibition of S. Saintpaul parent and rifampicin resistant 

derivative strains using fruit-isolated bacteria........................................... 104 

TABLE 8. Bacterial content of leafy greens collected in the winter harvesting 

seasona ....................................................................................................... 109 

TABLE 9. Bacterial content of leafy greens by field and environmental conditions 

at harvestinga ............................................................................................. 116 

TABLE 10. Bacterial content of fruit surfaces by harvesting season in Texas.............. 121 

TABLE 11. Bacterial content of fruit surfaces, and environmental conditions at 

harvesting, by seasona ............................................................................... 128 

TABLE 12. Number of epiphytic bacteria in peppers and tomatoes using two 

different irrigation systems ........................................................................ 132 

TABLE 13. Number of epiphytic isolates from leafy greens, total and antagonistic 

toward E. coli O157:H7, and/or S. Saintpaul ............................................ 135 

TABLE 14. Number of epiphytic isolates from leafy greens, antagonistic toward E. 

coli O157:H7, and/or S. Saintpaul by bacterial group, and commodity

 ................................................................................................................... 136 



 

xiii 

 

TABLE 15. Number of leafy green-epiphytic isolates antagonistic toward E. coli 

O157:H7 and/or S. Saintpaul and frequency of identification .................. 138 

TABLE 16. Number of epiphytic isolates from fruits, total testing antagonistic 

toward E. coli O157:H7, and/or S. Saintpaul ............................................ 142 

TABLE 17. Number of epiphytic isolates from fruits antagonistic toward E. coli 

O157:H7 and/or S. Saintpaul by bacterial group, and commodity ............ 144 

TABLE 18. Number of fruit-epiphytic isolates antagonistic toward E. coli O157:H7 

and/or S. Saintpaul and frequency of identification .................................. 145 

TABLE 19. Number of epiphytic isolates from fruits antagonistic toward E. coli 

O157:H7 and/or S. Saintpaul by bacterial group, season, and 

commodity ................................................................................................. 150 

TABLE 20. Microbiological content of fruits and antagonistic bacteria isolates by 

bacterial group, commodity and season .................................................... 151 

TABLE 21. Taxonomical identification and isolation frequency of antagonistic 

epiphytic isolates toward E. coli O157:H7 and/or S. Saintpaul isolated 

from different leafy greens and fruits ........................................................ 154 

TABLE 22. Growth parameters of E. coli O57:H7 on spinach inoculated with 

antagonistic epiphytic bacteria .................................................................. 165 

TABLE 23. Growth parameters of E. coli O57:H7 on endives inoculated with 

antagonistic epiphytic bacteria .................................................................. 168 

TABLE 24. Growth parameters of E. coli O57:H7 on parsley inoculated with 

antagonistic epiphytic bacteria. ................................................................. 171 

TABLE 25. Growth parameters of S. Saintpaul on cantaloupe rind inoculated with 

antagonistic epiphytic bacteria .................................................................. 175 

TABLE 26. Growth parameters of S. Saintpaul on pepper intact skin inoculated 

with antagonistic epiphytic bacteria .......................................................... 179 

TABLE 27. Growth parameters of S. Saintpaul in tomatoes intact skin inoculated 

with antagonistic epiphytic bacteria .......................................................... 182 

TABLE 28. Microscopic analysis of endive surface invasion of stomata and growth 

of E. coli O157:H7 in the presence of antagonistic epiphytic isolates 

using confocal images ............................................................................... 186 

 



 

1 

 

INTRODUCTION 

 

The consumption of fresh fruits and vegetables has steadily increased in the last 

three decades as a consequence of a better awareness of the health benefits provided by 

these commodities, especially after campaigns such as the five-a-day and nine-a-day 

programs led by the federal governments in the U.S. and U.K. (52, 135). This increased 

demand has led producers to intensify their production, extend their distribution, and open 

new commercial channels. Unfortunately, this growth of the fresh produce industry has 

led to undesirable consequences, including a surge in the quantity and magnitude of 

foodborne disease outbreaks associated with the consumption of contaminated fresh 

produce (255). As a result, consumption of fresh fruits and vegetables is now classified as 

a high-risk factor for gastrointestinal illness contagion (135).  

The contamination of fresh fruits and vegetables with foodborne pathogens has been 

linked to their production. Bacterial pathogens contaminating produce at pre-harvest are 

frequently related to the irrigation water, the cultivating soil, the use of soil amendments, 

human handling, and carrier animals (23, 50, 131). The produce industry relies mostly on 

chemical contamination to reduce or eliminate pathogens in raw produce since other 

treatments, including pasteurization, blanching, and cooking would affect their desired 

freshness quality (98, 163). Nonetheless, chemical antimicrobials are only effective when 

they can directly contact the pathogen, and this is often obstructed since pathogenic 

bacteria can reside in crevices and spaces where chemicals cannot reach, or be protected 

within biofilms (4, 214). Food irradiation has been effective in reducing internalized 
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pathogens but unfavorable quality changes in particular commodities and partial consumer 

disapproval have limited its use in fresh produce (42, 121, 210, 237).  

Preventing food contamination is the ultimate goal in any food safety plan. For this, 

producers have followed numerous recommendations, rules, and guidelines to prevent the 

initial contamination with relative success. However, despite all efforts, foodborne disease 

outbreaks continue to occur (49, 98, 110, 131, 135, 255). 

The presence of pathogens after harvesting reveal their ability to survive in the fruit 

or vegetable surfaces despite the austere nutritional and environmental restrictions 

imposed by growers, the FDA and other government agencies to keep produce healthy. 

Nevertheless, enteric pathogens such as E. coli O157:H7 and S. enterica have overcome 

these challenging conditions and persist in fruit and vegetable surfaces by mechanisms not 

fully understood (4, 35, 135). Some strategies demonstrated by these pathogens include 

their ability to migrate to the stomata and to the stem and bloom scars, and to localize 

spaces with high nutrient availability such as wounds, cuts, or bruises. Other pathogen 

attributes include their ability to form biofilms and provide protection against adverse 

environmental conditions (19, 155, 214, 251, 258, 266).  

The survival of bacterial pathogens in the produce surface is also influenced by the 

presence of epiphytic microorganisms (19, 173). These microorganisms comprise the 

general microbial population of the plants and are well-established from early stages in 

plant development (195). These indigenous microorganisms form a complex system in 

constant adaptation to their changing environment (173). The ability of epiphytic bacteria 

to easily adapt to the fluctuating environment is noticeable since wholesome fruits and 
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vegetables can frequently contain a substantial number and variety of microorganisms at 

the moment of consumption (137, 144). The continuous coexistence of epiphytic bacteria 

have evolved into community interrelations to ensure their subsistence (218). Some of 

their community survival mechanisms include beneficial (agonistic) or adverse 

(antagonistic) interactions. The presence of enteric pathogens on produce surfaces have 

triggered a response from the epiphytic bacteria, including agonistic and antagonistic 

actions, at least under controlled experiments (43, 47, 90, 144, 172, 218).  

There is a current need of alternative antimicrobial agents for its use in fresh produce 

(144). The use of epiphytic bacteria to reduce or eliminate pathogens would constitute an 

important progression in the antimicrobial treatments used in fresh produce, especially 

since these can be present before any other commonly used antimicrobial treatment can 

be applied. However, it is crucial to conduct exhaustive studies involving the analysis of 

the pathogen and epiphytic bacteria interactions and their responses at proximity (99, 137, 

166). 

The objectives of the present study were: (1) to evaluate the microbiological content 

of fruits and leafy greens, (2) to identify antagonistic bacteria from their epiphytic bacterial 

community, and (3) to determine the interactions between epiphytic bacteria and enteric 

pathogens on the surface of fruits and leafy greens. 
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REVIEW OF LITERATURE 

 

Several processing steps involved in the production of fruits and vegetables have 

been documented as risk factors for their contamination with foodborne pathogens (32). 

To determine how some agricultural practices are involved in this contamination, it is 

important to know what those practices are, to further identify those that might increase 

the risk during the pre- and post-harvest processing. To illustrate this, three fruits and three 

leafy green commodities, previously involved in foodborne outbreaks, and presenting 

comparable and particular production practices were selected and further investigated. 

Leafy green production 

According to the Food and Agriculture Organization of the United Nations (FAO) 

(110) the term leafy greens includes “all vegetables and herbs of a leafy nature and of 

which the leaf (and core) is intended to be consumed raw.” This comprises all varieties of 

lettuce, spinach, cabbages, chicory, and leafy herbs (including cilantro, basil, and parsley). 

Leafy vegetables are considered highly nutritious due to their significant content of dietary 

fiber and minerals, including Ca, P, Fe, K, and Na, and vitamins, including pro-vitamin-

A, B1, B2, and C (168). Their flavor, textures, aromas, nutritional content, and versatility 

have motivated their consumption around the world. The following is a summary of the 

production characteristics of three of the most commonly consumed leafy greens. 

Spinach (Spinacia oleracea) 

Spinach (S. oleracea) is an annual plant species belonging to the Chenopodiaceae 

family. Different varieties are produced worldwide including smooth and crinkled 
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varieties, based on their leaf shape and roughness (212). Nowadays, the production of 

spinach is one of the largest in the leafy green industry. China is the largest producer, 

harvesting 20 million tons per year. The U.S. follows as the second worldwide producer 

with approximately 400,000 tons. Other countries, including Turkey, Japan, and 

Indonesia, are also significant spinach producers (111). In the U.S., California produces 

the highest volume of spinach per state, cultivating 73% of the total spinach produced in 

the country. Texas and Arizona have also contribute significantly to spinach production, 

and16 other U.S. states are considered small producers (278). In 2012, a total of 1,109 

farms reported spinach as their main crop produced (278, 279). About 94% of the spinach 

consumed in the U.S. is nationally produced. Imported spinach comes primarily from 

Mexico. Canada is one of the main exporting countries of U.S. spinach (279).  

Fresh spinach consumption is rising in several developed countries including the 

U.S., Canada, and several countries from the European Union. In the U.S. only, the 

averaged consumption reached 2.2 pounds per capita in 2006, where 75% of all marketed 

spinach is consumed raw. The commercialization of triple-washed, cello-bagged spinach 

has contributed to the rise in raw spinach consumption. Triple-washed and baby spinach 

are two of the fastest growing segments of the packaged salad industry, accounting for 

10% of the groceries sales in a $2 billion fresh-cut salad industry (278). Their popularity 

is enlarged mainly due to its convenient presentation, considered a ready-to-eat fresh 

product (279).  

Spinach is a cool-season crop of rapid growth, able to withstand frosts. The optimal 

temperatures for spinach cultivation are between 15 and 18 ºC, but it can also grow at 
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temperatures ranging between 5 to 30 ºC (157). There are three types of spinach in the 

U.S. market: Savoy (wrinkled), semi-savoy, and smooth (or flat), according to their leaf 

flatness (157, 278). Although the spinach produced in the U.S. was traditionally cultivated 

during the colder months of the year; nowadays, it is cultivated all year long, mainly in 

the coastal areas of the country. Its production at suboptimal environmental conditions 

extends its cultivation length, since cold weather delay its growth to the desirable 

harvesting size (135, 157). In regions where cold winter and frosts affect crops, high-

tunnels and greenhouses are employed.  

Spinach seeds are commonly planted directly into the soil, at about 1-2 cm of depth 

(157). The planting beds vary in width depending on the intensification of their 

production, and the harvesting size required. For example, baby spinach is planted in wider 

beds with more seeds per area since the leaves do not require much space to reach the 

required size. The production of bulked spinach takes approximately 30 to 60 d, whereas 

baby spinach can be harvested in 20 to 40 d. Some older spinach, commonly used in the 

freezing and processing industries are harvested between 50 and 90 d after planting (157). 

Spinach irrigation include sprinklers, drip tape hoses and furrow irrigation, or a 

combination of these. Spinach intended to be sold as fresh-cut salad mixes is triple-washed 

and bagged. The baby spinach is harvested mechanically. Automatic equipment is used to 

cut spinach by the stems and to deliver the leaves into truck beds for transportation to 

processing areas. Post-harvest processing might include some soil and debris removal, 

washing, and disinfection, including chlorinated water baths, and one or two rinses in 

potable water baths (122).  After washing, dripping water is removed using centrifugation 
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and aeration to prepare the spinach for the packaging process. Washed spinach can get 

mixed with other leafy greens for mixed salad processing, before it is sealed in cello bags. 

Spinach is also commercialized unwashed after being hand-harvested and tied in bunches, 

or only clipped and packed in bulk. Refrigerating spinach is a common practice following 

washing and during transportation since the harvested leaves would spoil at warm 

temperatures (122). 

Curly endive (Cichorium endivia) 

Endive (C. endivia) is a popular leafy green in Europe, although, with the 

internationalization of food commodities, its production and consumption has increased 

in the U.S. in recent years. Endive is part of the family Asteraceae and of the genus 

Cichorium that comprises two species: C. endivia and C. intybus (280). The first is mainly 

a cultivated leafy vegetable, while C. intybus, known as chicory, can be found in natural 

environments or cultivated primarily for their roots, which are used to extract inulin and 

as a coffee substitute (174). Leafy endive varieties include escarole and curly endive. Both 

varieties present leafy configurations although escarole leaves are broader. It is mainly 

consumed mixed in salads, and combined with other leafy greens due to their slightly bitter 

flavor. In the U.S., it is mostly produced in California, whereas Oregon, Washington, 

Texas, Michigan, Pennsylvania, Connecticut, and Maine, produce endives at a smaller 

scale (280). Some important nutritive characteristics are attributed to endives, including 

high levels of antioxidants, minerals, pro-vitamin A and vitamins (B1, B2, and C) (247, 

286).  
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Endive cultivation is comparable to lettuce, although endives are more tolerant to 

heat and cold weather changes. Seed planting occurs in the early spring, or early fall, and 

greenhouse cultivation and transplantation can be used to produce endives earlier in the 

season (181).  Endives, as other leafy greens, require high levels of nitrogen in the soil. 

Therefore,  chemical fertilization is a common agricultural practice (3). Tender and light 

green colored endive leaves are preferred, while older, dark green colored leaves are rough 

and bitterer. The plant is commonly harvested by hand, cutting the whole head and 

removing some outer leaves. The head can be tightened and packed in 9- or 12-count 

waxed carton boxes. The boxes are transported and stored under refrigeration since the 

plant is highly sensitive to hot temperatures, and damaged leaves would turn an 

unattractive brown color if exposed to warm temperatures (181). 

Parsley (Petroselinum crispum) 

For culinary purposes, parsley (P. crispum) is classified among the group of leafy 

spices known as herbs, which comprises “any vegetable products or mixtures, free from 

extraneous matter, used for flavoring, seasoning or imparting aroma in foods”(109). 

Parsley is considered an aromatic herb, often used to garnish food, and it is the most 

consumed fresh herb in the U.S. (109). The growth in the demand of parsley within the 

herb market is evident as it is no longer a seasonal herb as in the past, but parsley is 

currently sold all year long (252).  Botanically, it is considered a biennial plant belonging 

to the Apiaceae family. There are three varieties of parsley cultivated in the U.S. The 

common parsley (var. crispum), with curled leaves, commonly used as garnish; the flat 

leaved parsley, also known as Italian parsley (var. neapolitanum Danert), used in sauces, 
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soups and stews; and the less known turnip-rooted parsley, from which roots are sold in 

specialized markets (253). Parsley can be harvested gradually or all at once. Long petioles 

are preferred for bunching since most of the crops are harvested by hand. Parsley is also 

considered a good source of vitamins, and as an antioxidant, such as apigenin, which is a 

flavonoid with antioxidant and anti-inflammatory properties studied for its potential anti-

cancer activity (133, 268).  

Fruit production 

The definition and classification of fruits and vegetables is dissimilar among areas 

of study. In botany, based on their anatomical features, fruits are the mature ovary 

including carpel tissues in part or whole. Many fleshy fruits, important in human 

consumption, also develop mature fruit tissues with edible or non-edible pericarp, known 

as peel, skin or rind. Other structures, such as non-fleshy and dry cereals are also 

considered fruits, although their classification exclude them from the general classification 

of a fruit (119). However, for commercialization and classification purposes, fruits that 

are not sweet in flavor are commonly included in the vegetable section, for example, 

peppers, and tomatoes (106). According to the Food and Agriculture Organization of the 

United Nations (FAO), fruit crop classification includes only those fruits and berries from 

permanent crops, harvested from trees, bushes, and shrubs as well as vines and palms. 

Although botanically and due to its sweet flavor, melons should be considered fruits, the 

FAO categorize them as vegetables since these are temporary crops (106). For purposes 

of this review, the botanical definition is considered to describe fruits, including 

cantaloupes, peppers, and tomatoes. 
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Fruits are nutritious plant-origin products that are delicate to transport and handle, 

and have a short shelf life. Fruits are considered highly perishable once harvested. The 

industry uses different protective procedures to preserve the quality and extend the shelf 

life of fruits including but not limited to unripe harvesting, mechanical harvesting, 

chemical application, specialty packaging, and temperature and humidity control. 

Ripening is desirable for quality purposes, improving the aroma, flavor, and nutrient 

content. Nonetheless, during ripening, the susceptibility of the fruits to pathogen growth 

and spoilage increases along with some unfavorable characteristics, such as softening 

(119). The water content in fruits ranges from 70 to 90% of their weight and contain 

variable degrees of minerals, vitamins, and sugars. The content of fat and protein is 

insignificant with the exemption of avocados (106). Differences in the pH of the fruit flesh 

are related, to some extent, to their sugar profile and organic acid production (128). The 

following is a general summary of three common fruit products, produced and consumed 

worldwide. All have been implicated in recent foodborne outbreaks.  

Cantaloupe (Cucumis melo var. cantaloupensis)  

Cantaloupe (C. melo cantalupensis) is one of the several existing varieties of 

melons, easily differentiated by its characteristic netted rind. The “melon” term includes 

watermelons, honeydew melons, casaba, Persian melons, muskmelons and cantaloupes. 

China is the largest producer of melons, producing nearly 15 million tons every year. 

Turkey, Iran, Egypt and India also produce significant amounts of melons, and the U.S. 

produces about 1 million tons annually (111). Cantaloupe melons belong to the 

curcubitaceae family, which also includes cucumbers, pumpkins, squash, gourds, and 
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other melon plants. Cantaloupe fruits are varied in shape, rind, and color, and hybrid 

varieties have been developed using cross-pollination (256). They are an important source 

of vitamins A, and C, and minerals, including potassium, copper, and magnesium. The 

flesh and seeds are edible and contain nutritive oils. The cantaloupe plant is temporary, 

meaning that replanting is necessary after each production season (107). Cantaloupe plants 

grow as trailing vines, and develop better at higher temperatures; thus, they are cultivated 

in the warmer months of the year (107). Irrigation practices used in cantaloupe production 

include furrow and drip, and the bed should be built sufficiently high to avoid irrigation 

water reaching the developing fruit, to help prevent rotting and ground spots (132). The 

harvested fruits have a shelf life of approx. 15 days. Refrigeration is recommended to 

preserve their quality characteristics of sweetness and texture, after full maturity is 

reached. Ripening is associated with stronger aroma and softness of the rind, mostly 

around the stem scar (239). Cantaloupes are manually harvested, and workers will enter 

the fields within 10–15 days to select and pull the cantaloupes with desired ripeness and 

similar size. The fruits are transported in bulk or packed in carton or wood crates. Post-

harvesting processes intended to remove field heat and extend shelf life include cold 

forced air, cold water baths, and ice cooling. Hot water dips might also be applied to 

control fungal rotting (132, 152, 184). 

Tomato (Solanum lycopersicum) 

Tomatoes (S. lycopersicum, syn. Lycopersicon esculentum Mill.) are part of the 

family Solanaceae, native to Central and South America (259). It is considered one of the 

most commonly cultivated crop in the world (93). Tomato popularity is related to its 
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characteristic flavor, nutritive qualities as source of vitamin A and C, and its intense red 

color (241). It is estimated that approximately 113 million tons are produced worldwide 

every year (93). There are two agronomic types of cultivated tomatoes: determinate and 

indeterminate depending on their growth behavior. Determinate tomato plants grow in 

bushes of determined sizes, flower around the same time within the cultivar, and fruits 

develop within a relatively similar time. Indeterminate varieties grow as vines and would 

need several harvesting times since their fruit develops at different times, while the plant 

keeps growing to a variable size during its cultivation (241). There is a large number of 

varieties for fresh production, varying in flavor (sweet to sour), color (yellow, orange, red, 

and purple) and size (from dwarf tomatoes, such as cherry varieties, to large-size varieties, 

such as the beefsteak variety). Based on their morphological characteristics, there are five 

main types of cultivated tomatoes: Classic round, cherry and other dwarfs, plum and baby 

plum, beefsteak, and vine tomatoes (91).  

The cultivated tomato is a perennial crop, and commonly grows in temperate 

climates, since is highly susceptible to temperatures below 12 ºC, and requires 90–120 

frost-free days for the full development of its fruit (91). Tomato production is divided into 

processing tomatoes, used for canning and commercial pastes, and freshly-marketed 

tomatoes used for salads and as recipe additives (91). There are numerous varieties of 

processing and fresh-market tomatoes with diverse growth habits. Plants of processing 

tomatoes are grown in open fields, directly planted, and do not require staking. Fresh-

market varieties are grown both in greenhouses and open fields. Those grown in 

greenhouses are generally indeterminate varieties and require trellising, while varieties 
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grown in open fields are determinate, and could require staking to keep the fruit away 

from the ground. Both start by transplanting seedlings. Tomatoes are grown in a wide 

range of soils and production systems. Covering rows with plastic or similar material is a 

common practice for small young plants to protect them from drastic environmental 

changes (93). Drip and furrow irrigation are the two most common irrigation systems used 

for this crop. Overhead sprinkling is also used to provide water and to reduce heat damage 

in the plant during hot days (93). Harvesting is done by hand in fresh-market tomatoes, 

while processing tomatoes are harvested mechanically (91). Tomatoes are climacteric 

fruits that can be harvested immature and then ripened under controlled environmental 

conditions of temperature and humidity. Although maturation in the plant improves their 

overall color and flavor qualities, tomatoes are harvested at some degree of greenness to 

facilitate harvesting and reduce rotting during transportation (241). During the harvesting 

process, the fruits might be dipped in large tanks filled up with water to avoid injury. 

Postharvest practices can also include washes in tap or chlorinated water, sorting, grading, 

and packaging in cardboard boxes. Refrigeration conditions during storage (13–15 ºC), 

and 90–95% relative humidity (RH), can extend their shelf life from 4–7 weeks. If 

necessary, the fruits can be treated with ethylene to accelerate and homogenize ripeness 

(93).  

Pepper (Capsicum annuum) 

Peppers are grown in most countries for spice and vegetable uses. Worldwide, China 

is the largest producer of pungent and non-pungent peppers producing approximately 13 

million metric tons, followed by Mexico, producing 2 million metric tons. Turkey, 
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Indonesia, and the U.S are also important pepper producers (33). Peppers vary in size, 

shape, color, flavor, and pungency or spiciness. Their nutritional content also varies by 

type, color, size, and ripeness, with green peppers being higher in carotenoids, and mature 

and dry peppers higher in pro-Vitamin A content. Fresh peppers are an important source 

of vitamin C. Besides being used as a condiment, pungent peppers have been used as a 

natural remedy for inflammation, arthritis, and itching since the capsaicin that produces 

their pungency, might interfere with the pain sensation by depleting certain 

neurotransmitter compounds (33). The capsaicin compound is produced by the plant as a 

deterrent mechanism against mammal predation. Birds are not sensitive to this substance; 

hence, they eat the fruit and disperse the seeds contained in their droppings (270). Pepper 

heat, pungency, or spiciness, is expressed in Scoville heat units, a system based on trained 

panel sensory tests (33). Some varieties, including bell peppers, produce none to very low 

levels of capsaicin. Human selection, genetic mutations, and breeding, have influenced 

the preservation of their sweet flavor and absence of spiciness (27). Peppers are 

categorized as wild, domesticated, and cultivated depending on the degree of human 

attention necessary for their growth. Within the cultivated peppers, popular pungent 

varieties include jalapeño, and serrano peppers. Jalapeño, also spelled jalapeno, are 

conical shaped, light to dark green, and red when matured. The skin might show some 

netting, called corkiness, and are usually produced for canning, pickling and, on a smaller 

scale, for fresh consumption as a spice and condiment (33). Jalapeño peppers are 

cultivated in open fields and greenhouses. Seeds are germinated in soil trays in 

greenhouses, and irrigated using sprinklers or hand-held spray tanks. They are 

http://graphemica.com/%C3%B1
http://graphemica.com/%C3%B1
http://graphemica.com/%C3%B1
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transplanted after the first development of leaves to furrows (240). The pepper plants are 

transplanted in previously prepared rows at a shallow depth. Furrow and drip are the most 

common irrigation techniques used,  with drip technology preferable due to its efficiency 

in the water use (146). Soil fertilization using chemicals or composted manure and 

application of pest control chemicals are common agricultural practices to improve yield 

and control insect invasion, respectively (240, 285). The pepper plants are commonly 

staked to avoid contact of fruits with the cultivating soil and ground water (240). The fruits 

are harvested progressively, continuing for several weeks until the fruit reaches the desired 

size, and color (28). It takes approximately 50–60 days for the first fruits to reach the 

harvesting qualities of color and size, and this time varies by cultivar and environmental 

conditions (28). During the last harvesting days, the whole plant is commonly plucked and 

any fruit remaining is harvested (113). Peppers are harvested by cutting or breaking the 

stem close to the fruit, since pulling risks damaging the plant branches (178). Washing 

treatments are unadvised since they would promote spoilage, unless the fruit is kept below 

10 ºC until sold (28). 

Contributing factors during the contamination with foodborne pathogens in fruits 

and vegetables 

The possible sources and practices identified as contributing factors for foodborne 

pathogen contamination in fruit and vegetables before, during, and after harvesting are 

further reviewed.  

Pre-harvest contamination 

Produce in the growing fields can become contaminated with foodborne pathogens 

through several routes related to one or more reservoirs. Water, soil, animals, human 
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handling, feces, and air are some of the principal contamination sources during the harvest 

period (30, 32). 

Water has been described, along with soil, as one of the principal vehicles of 

pathogenic microorganisms that contaminate fruits and vegetables (14, 50, 206, 258). The 

irrigation water and cultivating soil can act as a niche and vehicle of bacterial pathogens, 

viruses, and parasites (118, 287). Irrigation water, as an important cause of pre-harvest 

pathogen contamination, was evident during the largest Salmonella outbreak related to 

produce in the U.S. (57). Environmental or agricultural events causing flooding such as 

heavy raining, can distribute pathogens to the fields and ultimately to the crops (171). 

Contaminated water from sewage, wildlife living spaces, animal production plants, and 

water bodies (rivers and lakes) can reach the cultivating soils during these events (22, 50, 

51). Fruits growing in trailing vines, such as melons, might be at higher risk of 

contamination by runoff water or by direct contact with contaminated soil transferring 

pathogens to the fruit surface (31).  Although other fruits, not developed in the ground 

might not contact ground water directly, they can become contaminated with water 

splashes or aerosols formed during and after raining episodes (83, 84). The cultivating 

soil, contaminated through flooding, can hold bacterial pathogens for extended periods of 

time, with the moisture level and the desiccation rate given as important determinants for 

extended pathogen survival (51, 171). For example, artificially contaminated soil 

supported Salmonella presence for at least 45 days in moistened soil (126). Other authors 

have determine survival of pathogens for several months (216).  
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One more source of pathogens transferred to the cultivating soil are soil 

amendments. The utilization of biosolids, such as composted manure, is a common 

practice in agriculture. Manure improves the cultivating soil quality by providing 

supplemental nutrients including minerals, phosphates, and nitrogen (285). For its use in 

agriculture, manure is processed by different means to eliminate pathogens potentially 

present in the raw manure, which include heat and solar drying as well as composting 

(206). Nonetheless, the use of incorrectly composted or raw manure as fertilizer can lead 

to microbial contamination of the crops (110, 285, 293).   

Animal presence in the cultivating fields has also been described as a risk factor in 

the contamination of produce during pre-harvest. Grazing animals, birds, and other 

wildlife have been reported as carriers of human pathogens (32, 44). Wild and domestic 

animals entering the fields and nearby animal production farms can serve as a source and 

vehicle of pathogens. These can directly introduce the pathogens into the fields through 

fecal depositions, which can be transported by air or water (192). Animal production farms 

close to agricultural fields are a constant threat of foodborne contamination since some of 

these animals serve as reservoirs of human enteric pathogens. For example, beef cattle are 

recognized as an important source of E. coli O157:H7 and other pathogenic E. coli shed 

in feces, principally during the warmest months of the year (161, 243). Sheep, goats, water 

buffalo, and deer can also carry this pathogen (44, 293). Although swine is not a common 

source, feral swine have also been tested positive to E. coli O157:H7 and suspected of 

pathogen contamination on leafy greens (44, 192). Other pathogens, such as S. enterica 

have multiple animal sources (281).  
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Insects have also been reported as possible carriers of enteric pathogens. However, 

the direct association of insects with produce contamination in the fields is still under 

investigation (267). Filth flies obtained from beef feedlots have been tested positive for E. 

coli O157:H7 (250, 267). A study using house flies demonstrated the transmission of E. 

coli O157:H7 to spinach leaves under laboratory settings. Nevertheless, more research is 

necessary to demonstrate the direct transportation of enteric pathogens by insects into the 

fields and most importantly, to the edible portions of the plants (267).  

There are certain environmental conditions that have also increased the risk of 

pathogen contamination in the cultivating fields. Weather changes, increased 

environmental humidity, wind speed, dust, rain, and environmental catastrophes (e.g., 

hurricanes) have been associated with the dispersal of bacteria, viruses and pathogenic 

fungi to plants, animals, and humans (51). Air samples taken from cattle feedlots in close 

proximity to cultivating fields have resulted positive to E. coli O157:H7, verifying that air 

contamination is an important risk factor for the transmission of enteric pathogens to 

crops. However, the entire air-plant contamination route and the impact extent on fruit and 

vegetable contamination have not been fully proven (29).  

One more source of possible contamination in fruits and vegetables are the 

employees, equipment and utensils, that can transport and deposit pathogenic bacteria 

directly to the produce. Workers involved in the cultivation, harvesting, and packing of 

fresh fruits and vegetables might act as carriers of pathogens if personal hygiene rules and 

good agricultural practices are not strictly followed. Similarly, unsanitary utensils and 
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equipment used in different cultivating practices can transport pathogenic bacteria into the 

fields or directly to the produce (131). 

Post-harvest contamination 

Pathogen contamination in fruits and vegetables might initiate in the growing fields 

and expand during collecting and handling of fruits and vegetables, or it can start during 

the post-harvest processes, which include cooling, packing, storing, shipping, distributing, 

retail marketing, and preparation of foods in commercial and home kitchens (31, 144). 

Not only can pathogens be dispersed but other detrimental bacteria might increase during 

post-harvest procedures (144, 245). Although the processing steps in the farm-to-table 

distribution chain for different fruits and vegetables are considerably different, there are 

similar sources of possible contamination with human pathogens. These include the use 

of contaminated water, unsanitary handling, and fecal contamination by in-line workers, 

introduction of pests, wild, and domestic animals to the processing areas, dust, and insects 

as well as contaminated utensils, processing equipment, trucks, and facility structures  (32, 

293). Cross-contamination of the fruits and vegetables increases under deficient sanitation 

practices or without proper sanitation programs established. Improper packaging, high 

humidity, and temperature abuse can also support the proliferation of pathogens during 

processing, and storage (32).  

The use of water for post-harvest processes is highly variable depending on the 

commodity, customary practices, and intensification of the process. For example, 

processing practices of some commodities do not involve water; this is the case with 

Californian cantaloupes, which are directly packed in the fields without the direct use of 
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water.  On the other hand, other products can require triple-washing (spinach) and involve 

several steps that require high volumes of water (265). Some processing steps where water 

is essential include baths or rinses to reduce heat from the field (hydrocooling) or to 

remove soil and debris. Other processing steps require receiving containers containing 

water to reduce bruising; water solutions to apply antifungals or other quality enhancers 

in sprays, mists or in baths.  Ice and iced-water is often used during storage and 

transportation to preserve product freshness (209). Washing utensils, equipment, storage 

containers, truck beds, conveyor belts, crates, and processing facilities also include the use 

of water. The large amount of water required for some processes have forced producers to 

reutilize water. To avoid the propagation of pathogens and rotting microorganisms in 

recirculating water, chlorination is commonly used. This treatment is regularly used to 

treat postharvest cooling water, and water used for washing or rinsing baths (264). 

Chlorine, as sodium or calcium hypochlorite is inexpensive and convenient, and when 

included as part of the sanitation program, it is an effective chemical that controls bacteria 

loads in large or small processing plants. Nonetheless, the use of chlorine has some 

disadvantages including its inactivation in the presence of organic matter and the possible 

formation of undesirable substances, such as trihalomethanes and chloramines (249, 294). 

The use of improperly chlorinated water can lead to the transference of pathogens to fruits 

and vegetables (136). Submerging fruits, such as cantaloupes and tomatoes for 

hydrocooling, into contaminated water baths, can lead to pathogen internalization. Water 

can become infiltrated in fruit due to the heat differential between the fruit and water, 

mainly through the stem scar (136, 187, 308).  This is one of the reasons why hydrocooling 
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is being replaced by other cooling methods such as pressurized cool air to remove heat 

and improve the produce shelf life (31, 131, 132, 265).  

Workers are another important source of contamination during the processing chain 

(30). Some commodities require manual handling during harvesting, packaging, sorting 

and cutting. The contamination of produce through manual handling is related to the 

dismissive attention of personal hygiene and improper sanitization of hands, gloves, and 

garments. Hand washing, proper and hygienic restroom facilities, management programs 

to control infected workers from entering the plant, and other similar measurements should 

be rigorously applied to avoid employees cross-contaminating the produce during 

handling (32).  

Facilities in general can also act as sources of contamination if they are not properly 

cleaned and sanitized. The floor and walls can harbor pathogenic microorganisms if these 

are not properly sanitized. Equipment can also act as a source and niche for pathogenic 

bacteria, especially those prone to water retention and harboring of other nutrients used 

by pathogenic bacteria, including rubber or foam-covered conveyor belts made of 

absorbent material. Storage facilities where moisture and temperature are suitable for 

bacterial growth are particularly hazardous. High moisture, moderately high temperature, 

and atmospheric characteristics inside packaging, can contribute to the survival and 

proliferation of pathogens during storage and transportation (95).  

After arriving at the retail market, faulty practices can also lead to cross-

contamination of produce, especially when raw products such as meat, and poultry are in 

close proximity to the fruits and vegetables during meal preparation (32). Unhygienic 
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practices in restaurants can also lead to the contamination of pre-cut fruit, through 

transference of pathogens from the food handlers. Furthermore, improper holding 

temperatures of pre-cut fruits in salad bars, and in commercial and home kitchens, can 

lead to the proliferation of pathogens (165). Improper washing and sanitizing of utensils 

and other surfaces when preparing fresh cut produce can also lead to pathogen cross-

contamination (225). Waxes applied in the surface during processing for preventing mold 

might have a detrimental effect for pathogen removal, since this can interfere the cleaning 

and sanitizing action of commercial soaps before meal preparation. All these conditions 

during acquisition, meal preparation, and serving have been identified as causative factors 

leading to several foodborne outbreaks (56, 203, 288). Any sanitizing activities can 

contribute to safety in commercial and home kitchens with varied effect (13, 153). 

Prevention of produce contamination 

The prevention of any possible contamination, the elimination of hazards, and the 

reduction of contamination risk should be primary goals of the fresh produce industry 

along with their overall mission to supply wholesome products to consumers. Several 

recommendations, rules, and good practices guidelines have been developed to help 

producers prevent contamination (49, 98, 110). Good agricultural practices (GAP) 

following the hazard analysis and critical control points (HACCP) approach, supply-chain 

controls, good manufacturing practices (GMP), and risk analyses have helped prevent and 

control fruit and vegetable contamination with relative success (135). From planting 

seedlings to harvesting, and even between each growing season, all practices must follow 

specific strategies to avoid possible contamination of the products. Some GAPs are 
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specifically adapted to each production system and product and are intended to minimize 

risks of contamination. GAPs include: Selecting fields with minimal risk of contamination 

for fruit and vegetable production, water source control and testing, manure composting 

and testing, pest control, and restrictions on entrance of humans and animals. Other GAPs 

might also involve surveying workers’ health status, personal hygiene practices, and 

behavioral training. Also included in the GAPs is the location and maintenance of sanitary 

facilities for employee use. Other practices incorporated in GAPs are the sanitization of 

equipment, utensils, tractors, and any other machinery in contact with the products. GAPs 

can also include product-specific harvesting practices that prevent or control the potential 

pathogen contamination (85, 108). During, and after harvesting, these rules and 

recommendations follow the same goal of preventing contamination and minimizing the 

risks during the entire food chain. Packing houses and processors also use Sanitary 

Operating Procedures (SOPs) and GMPs, including facilities sanitary design, pest control, 

sanitation plans, workers hygiene and health, and temperature control. Some production 

plants have also developed a system to trace and control distribution for possible recall of 

products (108, 185).  Nevertheless, after the development and implementation of 

commodity-specific guidelines and after creating food safety systems for the entire 

produce operation to prevent the contamination of fruits and vegetables, foodborne 

outbreaks related to produce contamination continue to occur (135). Some important 

outbreaks and pathogens related to produce are further reviewed. 
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Worldwide impact of fruit and vegetable foodborne pathogen contamination 

In 2010, The World Health Organization estimated a total of 600 million foodborne 

illnesses which included 420,000 deaths worldwide. In total, 31 agents causing different 

diseases were part of this evaluation, and included 11 diarrheal diseases, seven invasive 

infectious diseases, 10 helminths, and three chemicals (297). Foodborne diarrheal diseases 

caused 55% of the reported deaths, particularly non-typhoid S. enterica infections. The 

most common foodborne causing agents were diarrheal agents, mainly norovirus and 

Campylobacter spp. Forty percent of the foodborne disease burden involved five-year and 

younger children, mainly in low-income regions (297). On a global scale, some of the 

largest outbreaks have been related to contaminated produce, causing extensive damage 

to public health. For example, during 1996, Japan suffered of one of the largest foodborne 

outbreaks in the human history. White radish sprouts contaminated with E. coli O157:H7 

sickened more than 9,000 children and resulted in about 400 hospitalizations (193). On a 

smaller scale, yet highly significant, in 2008 a foodborne outbreak related to contaminated 

peppers reached 1,442 cases of salmonellosis in 44 U.S. states (57). In 2011, a 

multinational outbreak related to cucumbers contaminated with E. coli 104:H4 originated 

in Germany, causing 798 cases of hemolytic uremic syndrome (HUS) and sickened 

another 2,294 people from 15 countries (295). Recently, in 2015, a foodborne outbreak 

related to cucumbers contaminated with S. Poona imported to the U.S. resulted in 888 

salmonellosis cases distributed in 29 U.S. states (81) 

Since not all diseased people have access to medical assistance or seek medical help, 

nor all patients with foodborne illness symptoms get a diagnosis of the causative agent, 
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and not all diagnosed cases are reported to surveillance agencies; therefore, the foodborne 

outbreaks reports underestimate the real impact of the fruit and vegetable contamination 

to the public health (297). 

The Centers for Disease Control and Prevention (CDC) estimate the occurrence of 

48 million foodborne illnesses every year in the U.S. (61). Almost 50% of the total 

foodborne outbreaks in the U.S. have been attributed to produce (221). Table 1 

summarizes the final burden of multistate foodborne outbreaks linked to fruits and 

vegetables, resulting in confirmed cases, hospitalized, and deceased persons, documented 

by the CDC in the U.S. during the last decade. The data is not inclusive; nonetheless, it 

illustrates the extent of some produce-borne outbreaks and the magnitude of the problem. 
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TABLE 1. U.S. multistate foodborne disease outbreaks related to contaminated fruits and vegetables from 2006 to 2016 

Year Pathogen Commodity U.S. States  Confirmed cases Hospitalizations Deaths Reference 

2006 S. Typhimurium Tomatoes 21 183 22 0 (54) 

2006 E. coli O157:H7 Spinach 29 199 31 3 (53) 

2008 S. Litchfield Cantaloupe 16 51 16 0 (56) 

2008 S. Saintpaul Raw produce (peppers, tomatoes) 44 1442 286 2 (57) 

2010 S. Typhi Mamey fruit (frozen) 2 9 7 0 (59) 

2010 E. coli O145 Romaine lettuce (shredded) 5 26 12 0 (58) 

2011 S. Panama Cantaloupe 10 20 3 0 (63) 

2011 S. Agona Papaya 25 106 10 0 (62) 

2011 E. coli O157:H7 Romaine lettuce 9 49 33 0 (65) 

2011 L. monocytogenes Cantaloupe 28 147 143 33 (203) 

2012 

S. Newport and 

S. Typhimurium Cantaloupes 24 261 94 3 (68) 

2012 S. Braenderup Mangoes 15 127 33 0 (67) 

2012 E. coli O157:H7 Spinach, spring mix blend 5 33 13 0 (69) 

2013 C. cayetanensis Salad mix 25 631 49 0 (70) 

2013 S. Saintpaul Cucumbers 18 84 17 0 (71) 

2013 E. coli O157:H7 Ready-to-eat salads 4 33 7 0 (72) 

2014 C. cayetanensis Cilantro 19 304 7 0 (77) 

2014 S. Newport Cucumbers 30 275 48 1 (204) 

2015 S. Poona Cucumbers 39 888 191 6 (81) 

2016 C. cayetanensis Cilantro (suspected) 31 546 21 0 (76) 

2016 L. monocytogenes Salad mix 9 19 19 1 (80) 

2016 L. monocytogenes Frozen vegetables 3 8 8 2 (79) 
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Current surge of foodborne disease outbreaks related to fruits and vegetables 

The human diet is determined by food availability and affordability. Other factors 

such as cultural background and education, also play a role in the selection of nutrients 

(150, 189). Fruit and vegetable consumption have experienced a constant growth in the 

last decades due to public demand. People are looking for an abundant supply of fruits and 

vegetables as part of a healthier diet at a reasonable price with good variety and 

accessibility all year long (226). This demand has led the produce industry to improve and 

adapt its production, amplifying distribution channels, and opening the market to new 

international supply chains (224). Consequently, internationalization of fresh produce has 

also experienced a growing explosion in the last three decades. For example, in 1970, 

produce consumed in the U.S was principally supplied by national producers with the 

exception of bananas. Nowadays, the national consumption includes several imported 

commodities to guarantee year-round supply of tropical and exotic fresh fruits and 

vegetables (120). Not only has the importation of fruits and vegetables increased, but 

national production has experienced an expansion in production and consumption. These 

market changes have forced all industries involved in the production chain to be in 

constant transformation (120, 229). Production changes include intensive farming, with 

new and more drastic use of pesticides, the expansion of acreage, the use of newly 

introduced or genetically modified crops, improved agricultural practices, such as new 

irrigation methods, and harvesting technologies, faster transit from the fields to the 

packing houses, shorter processing, including direct packaging in the fields, and improved 

cold chains, extending shelf life, and allowing farther distribution with the use of improved 
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cold chain technologies. All these factors have amplified the availability of fresh produce, 

but its growth has come with some undesirable consequences. One of them is the increased 

amount and extent of foodborne outbreaks related to contaminated produce in the last 

decades (255). For example, in the U.S., from the 48 million foodborne illnesses calculated 

to occur every year, nearly 50% are attributed to the consumption of contaminated produce 

(61, 221). 

Important foodborne outbreaks related to leafy greens 

Although leafy greens is an ample group, the majority of the outbreaks have been 

related to lettuce, spinach, and salad mixes, while curly and escarole endives, kale, 

arugula, and chard are rarely linked to foodborne illnesses (183). In 2006, bagged spinach 

was related to a large, multi-state outbreak of E. coli O157:H7 causing 199 cases 

confirmed, 33 HUS cases, and three deaths, in 29 U.S. states (53). In 2010, contaminated 

romaine lettuce was the cause of 26 confirmed, and six possibly related cases of E. coli 

O145 infections in five U.S. states (58). In 2012, an outbreak related to the consumption 

of organic spinach and spring mix blend caused 33 cases of E. coli O157:H7 infections. 

In the same year, romaine lettuce was linked to an E. coli O157:H7 outbreak where 58 

cases were confirmed in nine U.S. states (65). During the 1998-2008 decade, ten outbreaks 

of salmonellosis were linked to leafy greens caused by different serotypes including S. 

Enteritidis, S. Typhimurium, S. Newport, S. Javiana, S. Thompson, and S. Seftenberg 

(140). Other pathogens related to leafy green-originated outbreaks include Shigella sonnei 

in parsley, Cyclospora cayetanensis in cilantro and salad mixes, and viruses including 

norovirus in lettuce and salads (70, 77, 78, 198). 
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Important foodborne outbreaks related to fruits 

Although other fruits have been also involved in several foodborne outbreaks, 

including strawberries, apples, and cucumbers, this review only includes cantaloupes, 

tomatoes, and peppers, important commodities recently involved in bacterial foodborne 

outbreaks. 

Cantaloupes have been linked to several foodborne outbreaks. In the U.S., from 

1973 to 2011, 19 outbreaks linked to cantaloupe were reported, causing 1,012 illnesses, 

215 hospitalizations and 37 deaths (288). In 1990, cantaloupes contaminated with 

Salmonella Chester caused 245 confirmed cases in 30 U.S. states (197). In 1991, 

Salmonella Poona was the causative agent of an outbreak in the U.S. that extended to 

Canada, involving more than 400 confirmed cases of salmonellosis (197). In 1997, 

Salmonella Saphra was the causative agent of an outbreak with 25 cases confirmed in the 

U.S. (100). In 2000, 46 cases of salmonellosis were related to consumption of cantaloupe 

contaminated with S. Poona. The same year, three outbreaks including 47, 50, and 58 

cases, involved the consumption of contaminated cantaloupes in the U.S. (199). In 2004, 

an outbreak of E. coli O157:H7 was reported in the U.S. state of Montana, with several 

cases of HUS and TTP. In 2008, S. Litchfield was related to 51 cases of salmonellosis 

involving 16 U.S. states (56). In 2011, another outbreak of Salmonella was reported, 

identifying S. Panama as the causative serotype of the 20 cases reported (63, 68). In 2012, 

cantaloupes consumed in the U.S. were again involved in a large outbreak reporting 261 

cases and three deaths; S. Newport, and S. Typhimurium were identified as the causative 

agents. Other than S. enterica and E. coli O157:H7 pathogens have been related to 
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outbreaks caused by cantaloupes, including Campylobacter jejuni, Listeria 

monocytogenes, and noroviruses (34, 66, 288). One particular outbreak linked to 

cantaloupes contaminated with L. monocytogenes was of high concern in the U.S. in 2011, 

since it caused 147 listeriosis cases, and 33 deaths, being classified as the deadliest 

foodborne outbreak occurred in the country in more than 90 years (203). 

In the case of tomatoes, the U.S., has experienced several outbreaks, principally 

related to Salmonella contamination. In 1990, there were 176 salmonellosis cases 

confirmed, the causative agent was Salmonella Javiana (201). In 1993, Salmonella 

Montevideo was related to a multistate outbreak with 100 salmonellosis cases confirmed 

(201). In 1998, 86 cases were related to consumption of contaminated tomatoes in eight 

U.S. states. The causative serotype was Salmonella Baildon (94). In 2002, S. Javiana 

contaminated diced tomatoes caused 141 salmonellosis cases. The contaminated tomatoes 

were consumed at a theme park in Florida, and most of the patients were children (200). 

In the same year, Salmonella Newport caused 512 related cases after the consumption of 

round tomatoes. In 2004, S. Javiana in sliced Roma tomatoes caused 429 cases of 

salmonellosis (201). During the outbreak investigations, other Salmonella serotypes were 

also related, including Anatum, Typhimurium, Thompson, Muenchen, and Group D 

untypable (201). The same year, an outbreak of salmonellosis involving 125 cases was 

identified. The causative agent, and source were Salmonella Braenderup, and Roma 

tomatoes (201). In 2005, tomatoes contaminated with S. Newport caused 72 confirmed 

cases of salmonellosis (202). The same year, S. Braenderup in diced tomatoes caused 76 

confirmed cases of salmonellosis in three U.S. states (202). In 2006, two outbreaks related 
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to consumption of contaminated tomatoes were reported, the first one involved S. 

Newport, causing 115 confirmed cases, and was related to the previous outbreak from 

2005 (202). The second outbreak, resulted from the consumption of tomatoes 

contaminated with S. Typhimurium and caused 183 cases of salmonellosis in 21 U.S. 

states (54). 

One of the largest foodborne outbreaks reported in the U.S. was caused by peppers 

contaminated with S. Saintpaul. This outbreak was firstly attributed to tomatoes, and later 

to jalapeño and serrano peppers (205). To date, the most numerous foodborne outbreak 

linked to Salmonella infections recorded 1,440 cases in 2008 including almost 300 

hospitalizations and two deaths associated (57). Although no more foodborne outbreaks 

have been related to hot peppers, several recalls have been reported due to contamination 

with Salmonella spp. found during routine monitoring (213).  

Pathogens linked to foodborne outbreaks in fruits and vegetables 

Several etiological agents have been involved in produce contamination including 

parasites, such as Cyclospora cayetanensis, contaminating berries, lettuce and basil. 

Cyclospora parvum has been found in unpasteurized apple juice and Giardia lamblia can 

be found in sliced vegetables. Fasciola hepatica can contaminate watercress (135, 293). 

Viruses such as Hepatitis A contaminate leafy greens, tomatoes, and strawberries; 

rotavirus is found in lettuce, and a Norwalk-like virus can contaminate salads and celery. 

Pathogenic bacteria, including Aeromonas spp., Bacillus cereus, Campylobacter spp., 

Clostridium botulinum, E. coli O157:H7, Listeria monocytogenes, Staphylococcus aureus, 
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Shigella spp., Vibrio cholerae, and numerous serotypes of S. enterica have also 

contaminated different fruits and vegetables in the past (135, 293).  

In particular, S. enterica and E. coli O157:H7 have jeopardized the public health, 

and harmed the reputation of the fresh produce industry. These bacterial pathogens are 

considered two of the most important human pathogens contaminating fruits and 

vegetables, causing numerous outbreaks. In 2012 only, salmonellosis cases reached 7,842 

cases. Another 533 cases were related to Shiga-toxin producing E. coli, and together, these 

pathogens caused 2,500 hospitalizations. The majority of the Salmonella outbreaks and 

almost half  of the E. coli O157 outbreaks were of foodborne origin, principally by 

consumption of contaminated produce (64). From 1998 to 2008 in the United States, 18 

to 22.5% STEC O157 foodborne outbreaks were related to fruits and nuts, 19–31.5% to 

leafy vegetables and 1.1 to 1.7% to sprouts. In the same years, 0.1 to 48.5% of foodborne 

outbreaks of salmonellosis were related to fruits and nuts, 0.2 to 25.2% to leafy vegetables, 

1.8 to 7.0% to sprouts, and 1.7–40.8% to vine and stalk vegetables (221).  

Escherichia coli O157:H7  

E. coli O157:H7 was recognized in the U.S. as an important foodborne pathogen 

after two foodborne outbreaks related to the consumption of contaminated beef hamburger 

patties in 1982 (291).  Afterwards, E. coli O157:H7 presence in foods became a high 

public health concern since the disease can lead to life-threating conditions such as 

hemorrhagic colitis, HUS, and thrombotic thrombocytopenic purpura (TTP) and might 

cause the death of immunocompromised individuals as well as the elderly and children 

(103, 104, 297).  
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Generalities 

The genus Escherichia belongs to the Enterobacteriaceae family which includes six 

species: E. albertii, E. blattae, E. coli, E. hermannii, E. fergusonii, and E. vulneris (5). E. 

coli was firstly isolated from human feces by Theodor Escherich in 1885 (5). The majority 

of the E. coli serotypes are harmless, inhabiting the intestinal tract of human and warm 

blooded animals. However, certain serotypes can act as opportunistic pathogens, including 

the serotype O157:H7.  

E. coli is a nonsporulating, facultative anaerobic, mesophilic microorganism (284). 

The cell presents a rod shape with attached flagella, in a peritrichous arrangement (142). 

Its optimal growth temperature is 37 ºC, but it can grow from 7 to 50 ºC. Some of the 

biochemical characteristics used for its identification include its inability to liquefy gelatin 

and to utilize citrate as a sole carbon source. E coli is also known for its catalase production 

and glucose and lactose fermentation with gas and acid production (5, 142).  

Classification and serology  

The classification of Kauffman (149), included the identification of the somatic (O) 

and flagellar (H) antigens. Diarrheagenic E. coli share particular virulence factors 

including plasmids and toxin production. They also have a similar preference for certain 

enterocytes and fall in similar O:H classification. Disease-related E. coli have also been 

classified based on clinical lesions as  Enteropathogenic E. coli (EPEC), enterotoxigenic 

E. coli (ETEC), enteroinvasive E. coli (EIEC), enterohemorrhagic E. coli (EHEC), 

enteroaggregative E. coli (EAggEC), and diffusely adherent E. coli (DAEC) (142). E. coli 

O157:H7 is the most important serotype included in the enterohemorrhagic group (EHEC) 
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(236). This classification is merely practical, since this subdivision of E. coli strains into 

specific groups and fails to address fundamental intrapathotype variation and 

interpathotype similarities (89).  Since the serotype related to the first outbreaks of E. coli 

O157:H7 did not present the toxigenic or invasive mechanisms seen in ETEC and EIEC, 

nor fever, which indicates an EIEC infection, and had caused profuse bloody diarrhea 

resembling gastrointestinal bleeding uncommon in EIEC and EPEC infections, the 

serotype could not be classified within those groups (236). Later studies reported that 

strains in the O157 serotype included the expression of toxins similar to those found in 

Shigella dysenteriae (Shiga-toxin) named Stx1 and Stx2 with its variants a, b, and c (138, 

162). Thus, the EHEC group was first recognized and E. coli O157:H7 and was considered 

the most important serotype of the group. E. coli O157:H7 toxins were found toxic to vero-

cultured cells (African green monkey kidney cells) and lethal to mice, thus the serotype 

was identified as vero-toxigenic E. coli (VTEC) and later was called Shiga-toxin 

producing E. coli (STEC). Other STEC serovars had been reported linked to foodborne 

outbreaks, and are considered important pathogens associated with food contamination 

(175). Further differentiation by clonal analysis of serotypes positive to Stx genes have 

separated STEC into four groups: STEC 1, STEC 2, EHEC 1, and EHEC 2. E. coli 

O157:H7 and its non-motile related strains are enlisted in the EHEC 1 group, along with 

the serovar O55:H7, alleged antecessor of the O157 serovar and is recognized as the most 

common cause of STEC-associated human illness (103, 292). The EHEC 2 group includes 

serotype O111 and O26. STEC group 1 includes several O types that do not carry the 
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intimin gene and the pathogenicity island for the enterocyte effacement (LEE); for 

example, O113, OX3, and O91. The STEC 2 group includes the serotypes O103 and O45. 

Virulence factors 

 All STEC contain genes encoding the cytotoxins Stx1 and Stx2 while some other 

virulence factors are only present in a few serotypes (138). The pathogenicity of EHEC is 

related to the Stx toxins, endotoxins, and host-derivated cytokines such as the tumor 

necrosis factor alpha (TNF-a) and interleukin-1 β. Shiga toxin 1 (Stx1) and (Stx2) inhibit 

protein synthesis in endothelial cells. The host receptor for these toxins is 

globotriasylceramide (Gb3). Cells in the human kidneys contain large amounts of Gb3. 

Therefore, this tissue is highly sensitive to the Stx toxins producing the hemolytic-

uremic syndrome (HUS) symptoms such as hemolytic anemia, thrombocytopenia and 

acute renal failure (217). E. coli O157:H7 also contains distinctive virulence factors 

including the eae (E. coli attachment effacement) gene encoding the intimin protein that 

is essential for attachment/effacement (A/E) and microvillus effacement, and the gene 

ehxA encoding for enterohemolysins (89, 102).   

Epidemiology 

The clinical manifestation of the E. coli O157:H7 infection varies by host, entry way 

and pathogen dose. Five-year-old and younger children are the highest risk group while 

elderly and immunocompromised people are also considered highly susceptible to 

infection. E. coli O157:H7 infections commonly occur by one of three main routes: 

through consumption of contaminated foods (in about 50% of cases), person-to-person (in 

about 14% of cases), and directly from animals (3% of cases, from farm animals, domestic 
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pets, deer, sheep, dogs, and wild birds) (123, 142, 234). Other contracting routes include 

laboratory settings, and water, while approximately 20% of the cases have an unknown 

origin (234). Beef cattle is considered the primary reservoir for E. coli O157:H7, although 

it has been found in other ruminants (86). Weaned calves are important shedders of EHEC 

strains due to their immature biota (103, 142). Shedding of the pathogen through cattle 

feces increases during the summer months, although occurrence of foodborne outbreaks 

is not considered related to this peak in cattle shedders (20). The most common food 

vehicles of E. coli O157:H7 are ground beef and produce, which account for 40 and 20% 

of total E. coli O157:H7 foodborne outbreaks, respectively (234). Some produce 

commodities related to foodborne outbreaks of E. coli O157:H7 include apples, cabbage, 

celery, cilantro, coriander, cucumber, lettuce, spinach, and sprouts (135, 293). Produce-

associated outbreaks peak in the summer and fall months. This is related, to some extent, 

to the seasonal production of some commodities including lettuce, apples, salads, 

coleslaw, melons, sprouts and grapes. In approximately 53% of the outbreaks, the 

contamination of produce has been related to sources other than the kitchen-level cross-

contamination. This suggests that the contamination of produce with E. coli O157:H7 

occurred during their production, transportation, retail marketing, or storage (234). The 

possible routes of pathogen contamination during the fruit and vegetable production have 

been discussed in a previous section of this review. However, it is worth mentioning that 

the use of incorrectly composted manure and direct or indirect contact with potential 

carriers and their fecal depositions are considered particularly important contaminating 

sources of E. coli O157:H7 in the produce fields (293).  
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Manifestation of illness  

 From the first two outbreaks reported in 1982, related to E. coli O157:H7, it was 

determined that the disease characteristic symptoms included severe abdominal pain, 

initial watery diarrhea followed by bloody diarrhea, and little to no fever (236). According 

to the worldwide medical data from 2007-2015 related to STEC, and summarized by the 

World Health Organization, severe diarrhea occurs in 2% of cases, moderate diarrhea in 

18% of cases and mild diarrhea in 80% of cases. STEC manifestation of the disease in 

other organs are related to renal infection including HUS in 0.8% of cases, and 3% of HUS 

cases lead to end-stage renal disease and death (297). Diarrhea symptoms persist for five 

to 10 days, while HUS can extend 14–42 days. The fatality rate for HUS patients is 3.7%. 

Cases related to the serotype O157 of STEC are more commonly found in the U.S., 

Canada, Latin America, European Union and Australia (36%), whereas in Asian and 

African countries, such cases are uncommon (297). End-stage renal disease leads to 

lifelong disability including regular dialysis and related deaths. In developed countries, 

including U.S., Canada, E.U countries and Australia, expedited medical service and 

overall patient care reduces the case fatality for end-stage renal failure patients to about 

20%, although patients must undergo constant dialysis treatments. In other countries, the 

case of fatality increases significantly, and has been calculated as high as 100% (297). 

Salmonella enterica 

The genus Salmonella was named after Dr. D.E. Salmon, by J. L. M. Lignières, and 

has been related to human illnesses for more than 125 years (5, 60). S. enterica is one of 

the most widely distributed foodborne bacterial pathogen affecting public health with 



 

38 

 

significant economic losses (5, 297).This species is distributed in nature and all species 

are considered pathogenic with varied severity of the disease. It is estimated that tens of 

millions of salmonellosis cases and 100,000 related deaths occur worldwide every year 

(296). In the U.S. only, nearly 1.2 million cases occur per year (60). Even though 

salmonellosis has been investigated for decades, it is still considered an emerging 

pathogen due to the increased number of outbreaks reported and the more frequent 

antibiotic resistance found in the serotypes related to these outbreaks (296).  

Salmonella spp. are a non-spore forming, facultative anaerobic bacteria. Cells are 

rod shaped, generally motile with flagella in peritrichous arrangement (142). Some 

biochemical reactions used to identify Salmonella spp. include its inability to ferment 

lactose and sucrose, the absence of cytochrome C oxidase complex (Oxidase negative), 

and inability to convert tryptophan into indole (indole negative) and to produce acetoin 

from glucose (Voges-proskauer negative). Salmonella spp. are positive to catalase 

production, and have a positive reaction to the Methyl red test since it ferments glucose 

with formation of acid and gas (5). Due to its growth conditions requirements, it is 

considered a mesophilic microorganism, with an optimal growth temperature of 37 ºC 

(142). However, Salmonella growth has been documented at temperatures of 5 to 40 ºC. 

Optimal pH for growth is between 6.6 and 8.2, but it is able to survive at a pH as low as 

4.05 (142). Salmonella spp. is able to grow at water activity (Aw) values of 0.93 and 

above, but it can also survive low Aw, which is a major concern in the dried and semidried 

food industry (142). 
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Serology and classification 

Salmonella spp. belong to the Enterobacteriaceae family. The genus contains only 

two species: Salmonella bongori, and S. enterica. The first is unimportant as a human 

pathogen with less than 1% (22) of Salmonella serotypes. The species S. enterica is 

subdivided into six subspecies: S. enterica subsp. enterica (I) with 1,531 recognized 

serotypes; S. enterica subsp. salamae (II) with 505 identified serotypes; S. enterica subsp. 

arizonae (IIIa) with 99 serotypes, S. enterica subsp. diarizonae (IIIb) including 336 

serotypes; S. enterica subsp. houtenae (IV) with 73 serotypes; and S. enterica subsp. 

indica (VI) with 13 serotypes (41, 124). Hosts of S. enterica sbsp. enterica are warm 

blooded animals while cold blooded animals and the environment are the common hosts 

for other subspecies (41). 

The classification of Salmonella spp. includes serology studies, initially led by F. 

Kauffman to determine the somatic (O) and flagellar (H) antigens (124). Although new 

molecular methods have been utilized to classify Salmonella variants, the serology method 

is considered the “gold standard” technique for the classification of Salmonella below the 

subspecies level (41, 164). The serotype list, based on the Kauffman-White scheme for 

Salmonella is maintained and updated every year by the World Health Organization 

(WHO) and the Collaborating Centre for Reference and Research on Salmonella at the 

Pasteur Institute in France (41). Based on this list, there are 2,503 serotypes of Salmonella 

(124). However, only about 200 have been reported as associated with illnesses affecting 

the public health (293). The way that serotypes nomenclature are designated have changed 

with time. Some serotypes denote the causing syndrome, while other their initial place of 
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isolation, or their specific host. Only with the subspecies enterica, names are used to 

designate different serotypes. All other subspecies serotypes are assigned with a 

combination of letters and numbers to specify their antigenic differences. In the U.S, some 

of the most important serotypes related to foodborne diseases are: Enteritidis, 

Typhimurum, Newport, Javiana, 4,5,1 2 :i:-, Heidelberg, Saintpaul, Infantis, Muenchen, 

and Oranienburg (75).  

Virulence factors 

The outcome of the infection with S. enterica alone and with other infectious agents, 

depends on the host and the bacteria. Age, genetics, and environmental factors determine 

the susceptibility of the host, while virulence factors determine the possible disease 

manifestation (283). Salmonella is a facultative intracellular bacteria, capable of invading 

enterocytes, M cells, and dendritic cells in the gastrointestinal tract (182). It can also 

disseminate through the bloodstream after entering macrophages in the intestinal 

submucosa. The bacteria can enter the host cells through two mechanisms involving 

invasion or phagocytosis. In addition, other mechanisms, independent of fimbrial  

adhesins have been studied, including the replication in intracellular Salmonella-

containing vacuoles (182). Survival into the host cell is dependent on multiple factors 

including nutrient availability and avoidance of host antibacterial activity (139). Most of 

their gene encoding for virulence factors are located in clustered areas in the chromosome, 

known as pathogenicity islands. The distinctive functions of these pathogenicity islands 

include protein binding leading to uptake of the Salmonella cell by the enterocytes, 

secretion of proteins to control host response, and to aid in the survival of the Salmonella 
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cell inside the macrophages, toxin secretions, and host response control of inflammation 

and intestinal secretions (179). Some serotypes also contain plasmids where virulence 

genes are contained, which have been related to the particular adaptation of host-specific 

Salmonella serotypes (283). Salmonella also produces toxins, including the endotoxin 

lipid A, and exotoxins with unknown mechanisms of action (283). Salmonella cells are 

motile due to the presence of flagella, and their motility has been related to the evasiveness 

of the pathogen to the host defense mechanisms. Motility is also useful to locate, adhere 

and invade the target cell (283). The formation of fimbriae has also been connected to 

Salmonella colonization of target cells, although its role is not fully understood (283).  

Epidemiology 

For their epidemiological study, Salmonella serotypes are classified in different 

groups. The first group includes those serotypes that only affect humans, such as S. Typhi, 

and S. Paratyphi A and C, causing typhoid disease. The second group include those that 

are host-adapted, such as S. Gallinarum in chicken, S. Choleraesuis in swine, S. Abortus-

equi in horses, etc. The last group includes those serotypes that are not host-adapted, but 

are pathogenic to humans and animals. Members of this group are mainly those causing 

foodborne outbreaks, for example, S. Typhimurium, S. Enteritidis, and S. Newport, S. 

Heidelberg, S. Muenchen, S. Montevideo, and S. Saintpaul (142). 

Salmonella is generally contracted through consumption of contaminated animal- or 

vegetable-origin foods, and water. Products commonly related to salmonellosis cases 

include meat, poultry, eggs, and milk, green vegetables and fruits. Salmonella has shown 

resistance to heat lethal treatments in high fat, and low water activity (Aw) foods, for 
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example, those involved in recent outbreaks including peanut butter, nut butter, and dried 

protein meal powder (74, 82, 248). Nevertheless, unprocessed, fresh foods have also been 

contaminated with this pathogen, including fruits and vegetables. Among produce, some 

of the commodities related to S. enterica outbreaks include tomatoes, artichokes, sprouts, 

chili, parsley, cilantro, broccoli, cauliflower, lettuce, spinach, watercress, beets, celery, 

cabbage, eggplant, endives, fennel, potato, mustard cress, peppers, and unpasteurized 

apple and orange juices  (231, 293, 296). Children are at a higher risk of contracting 

salmonellosis, along with the elderly and immunocompromised population (73).  The 

contamination of fruits and vegetables with S. enterica has been related to unsanitary 

conditions in the growing fields and use of sewage water. Washing produce with 

contaminated water or by employees carrying the infection can also serve as vehicles of 

contamination (293). 

Manifestation of illness 

Salmonellosis is the name commonly given to the contracted disease related to non-

typhoidal Salmonella infection. Clinical outcomes include diarrhea with variable 

manifestation: severe in 2% of the cases, moderate diarrhea in 25% of the cases, and 73% 

mild diarrhea in the remaining cases. In children aged 5 or less, severe diarrhea persists 

for 4 to 8 d, and in older patients the average duration of diarrhea is 3 d (297). Most people 

recover without treatment although antibiotic treatment is required when septicemia is 

developed (296). Vomiting and mild fever may accompany the infection, and rehydration 

treatments might be necessary to patients with severe body fluids loss. If dehydration is 

not attended promptly, it can lead to death, especially in infants and elderly people. A 
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small number of patients develop reactive arthritis as a consequence of the infection, and 

this can last from months to years (296).  

Factors involved in the pathogen colonization of produce 

Plants are not considered natural hosts of enteric pathogens, although particular 

strains of the Enterobacteriaceae family have been related to plant tissues, including 

Klebsiella and Serratia species (269). Factors inducing the survival and growth of 

microorganisms in produce surfaces include inherent characteristics of the bacteria, the 

state of the plant, the environmental conditions (e.g., pH, water activity, atmospheric 

composition) and the pre- and postharvest processing steps (98). The presence of enteric 

pathogens in the plant ecosystem, known as the phyllosphere, is also dependent of these 

factors as further reviewed.  

Electrostatic forces and hydrophobicity 

Inherent conditions of the plant surface can influence bacteria attachment including 

the nutrient availability in the surface, the hydrophobicity of the waxy cuticle, and the 

electrostatic forces. The first contact of the bacteria cells with the plant surface is subjected 

to the external conditions of the surface (303). During this initial contact, electrostatic 

forces and the hydrophobicity of the plant surface and bacterial cell can play an important 

factor determining the further stronger attachment of the bacteria, although its role in the 

attachment of enteric bacteria to plant surfaces is not well understood.  

Plant surfaces present hydrophobic forces, due to their external waxy cuticle. This 

natural waxy surface is produced intentionally by the plant to counteract the invasion of 

plant pathogens and to repel water (166). Some plant pathogens have adapted to the 
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hydrophobic charges of the plant surface. In lettuce, Pseudomonas fluorescens and 

Pasteuria spores have demonstrated a preference for attachment to intact surfaces 

presenting high hydrophobicity, whereas E. coli O157:H7 proliferated better in the cut 

edges, possibly due to higher nutrient content, or perhaps due to the interrupted 

hydrophobicity effect (246). The contact angle (CA) measurement is most commonly used 

to determine the wettability of a surface (156). The hydrophobicity of any surface can be 

measured by calculating the contact angle of a water droplet. The greater the hydrophobic 

force, the less attached the water droplet is, thus a larger contact angle is calculated (187). 

Plants in general present high hydrophobicity, with contact angles (CA) around 150–160º 

(211). Although bacterial cells are also hydrophobic, and this might influence in the initial 

bacterial adhesion, electrostatic forces might repel this contact further since the plant and 

the bacteria surfaces are negatively charged (187). Pili structures might assist the initial 

adhesion of certain plant pathogens including Pseudomonas syringae pathovar 

phaseolicola adhering to non-hydrophobic substances such as carbohydrates in the plant 

surface (263). Further synthesis of substances aiding the adhesion, such as curli fimbriae 

and cellulose, might also help bacteria to tightly attach despite the hydrophobic and 

electrical repelling forces.  

Surface roughness can also play an important role in the survival of pathogens in 

fruits and vegetables. For example, in the case of cantaloupes, their netted rind has been 

indicated as a possible cause for persistence of pathogens. The rind netting, being a rough 

surface, forms numerous crevices where the pathogens can be protected from externally 

applied antimicrobial treatments (223, 282). The stems attached to peppers have been 
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reported as a possible source of Salmonella, since their wrinkled surface might serve as a 

protective environment for pathogens (45).  

The survival, and other growth abilities of bacteria, including biofilm formation, is 

influenced by the nutrient availability in the plant surface (251). Nutrients in healthy 

leaves are scarcely available for bacteria in most of the leaf surfaces. Carbon sources 

including glucose, sucrose and fructose found in the leaves, are not only limited but 

heterogeneously distributed (166). In fruits, spoilage bacteria, and fungi, are able to attach 

to the outer spaces of the fruit and damage the cuticle. Surface damage including bruising, 

fissures, and wounds will further assist in the nutrient provision to bacteria that comes 

with spoilage where pathogen microorganisms will attach, and possibly penetrate past the 

skin, cuticle or rind into the fruit. (21, 127). 

Plant-associated microbiota 

One important factor in all plant surfaces that might affect the initial attachment and 

further survival of enteric pathogens on their surface is the presence of naturally-occurring 

epiphytic and endophytic bacteria (170, 274). According to Hirano and Upper (137), the 

term epiphytic in regards to plant-related bacteria, consist of all bacteria, from any 

structure of the plant above the ground, which are able to be removed through washing. 

Fresh produce present a natural epiphytic microbial load, and generally these 

microorganisms are not harmful to the plant, or humans. This microbial mass might be the 

result of intentional or accidental input to the growing field environment by water, soil, 

wildlife, livestock, farm equipment and farm workers (110). In the produce surfaces, the 

native microbial community forms a complex system where different microorganisms 
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adapt, survive, and grow regarding the fluctuating conditions of their surrounding 

environment (173). This continuous coexistence leads microorganisms to develop 

interaction mechanisms to benefit their survival (218). Some microorganisms are highly 

adapted to the plants that populate them during the early development stages (195). This 

effective adaptation is also demonstrated by the bacterial diversity found in produce at the 

moment of consumption, even after disinfection treatments, and further produce 

processing (137, 144). Adaptive mechanisms by epiphytic bacteria include beneficial 

agonistic and antagonistic interactions. Microorganisms capable of inhibiting the 

colonizing bacteria are known as antagonistic (274). The plant-associated microbiota 

might influence the colonization of other microorganisms such as plant and human 

pathogens (137). The presence of enteric pathogens on produce have triggered this 

community response (145, 170, 172). In previous studies, epiphytic bacteria had shown 

agonistic and antagonistic activities toward enteric pathogens (90, 144, 218). The response 

mechanisms of the epiphytic bacteria to the presence of enteric pathogens on produce in 

addition to the different mechanisms used by the pathogens to limit their effect are still 

being investigated. 

Environmental factors 

Environmental factors influencing the colonization of pathogens in the plants 

include solar UV irradiation, atmospheric temperature, and relative humidity. Variations 

in the environment influence the content and diversity of microorganisms in the plant 

(137). Although the environmental conditions might affect the survival of pathogens in 

fruits and vegetables, some studies have demonstrated the presence and survival of enteric 
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pathogens such as E. coli O157:H7 and Salmonella under stressful conditions including 

desiccation. Brandl and Mandrell (35) reported the survival of Salmonella Thompson in 

cilantro, under dry conditions and its growth in humid environment. In this study, two 

epiphytic bacteria, Pantoea agglomerans and Pseudomonas chlororaphis, demonstrated 

better adaptation to the moisture changes on cilantro leaves than the pathogen. One study 

describing the variation of epiphytic bacteria in different Mediterranean plants found 

water as one of the first descriptors for the variation of epiphytic bacteria load, accounting 

for approx. 55% of the variance changes (302). Medina-Martinez et al. (186) described 

the rapid change in the proliferation of epiphytic coliforms in baby lettuce toward the end 

of the winter that was not observed during the first days of the same season. Marine et al. 

(180) also found significant differences between sampling dates while studying epiphytic 

bacteria on spinach, lettuce and other leafy greens samples and related these results to 

differences in the humidity and temperature of the harvesting days. It is evident that 

changes in the environmental humidity and in the leaves surface can modify and influence 

the survival and possible proliferation of human enteric pathogens. However, since these 

pathogens are foreign to the fruit and vegetable surfaces, their proliferation or presence is 

relatively poor compared to epiphytic bacteria, although inherent characteristics of the 

pathogenic bacteria might aid in their survival on the plant surfaces. 

Pathogen-inherent factors 

Enteric bacterial pathogens have developed survival mechanisms to subsist in the 

gastrointestinal tract of their hosts (148). Essentially, these mechanisms are used by the 

bacteria to protect them from the host defense mechanisms, to resist and/or control their 
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surrounding environment, and to benefit their proliferation. Enteric pathogens including 

E. coli O157:H7 and Salmonella spp. might use similar strategies to survive until further 

contact with a new host, or until a more suitable environment allows their proliferation 

(303). Bacteria will locate at the initial contact area, which depends on the pathogen mode 

of transmission. Therefore, pathogenic bacteria may be located in the rhizosphere or in the 

phyllosphere (303). This initial contact will influence the survival of the pathogens. 

Mechanisms used by bacteria to survive in the phyllosphere include the ability to attach 

to the plant surface, to locate high nutrient areas, to form biofilms, and to migrate to 

protective areas such as the stomata and the interior of the plant tissue, known as bacterial 

internalization. 

Biofilms 

Biofilms are the accumulation of different microorganisms protected by a complex 

matrix of extracellular polymeric substances and complex carbohydrates, tightly attached 

to any surface (92). Some of the components studied in the extracellular matrix, include 

the curli fimbriae and cellulose, which was previously mentioned as being able to attach 

to surfaces, expedite biofilm formation, and stress tolerance of different bacteria including 

S. enterica (17). The formation of biofilms has been observed in biotic and abiotic surfaces 

and has been located in almost any surface tested (7, 303). Several pathogens including 

Campylobacter, Shigella spp., S. enterica, E. coli O157:H7, and L. monocytogenes have 

demonstrated the ability to form biofilms on animal and plant surfaces (8, 87, 125, 129, 

134, 246). Bacteria contained in biofilms are more resistant to acidic conditions, 

antimicrobial substances, and environmentally harsh conditions such as UV radiation, 
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osmotic stress, and desiccation (4, 87, 214, 303). Enteric pathogens have also 

demonstrated this improved resistance to stress conditions and to antimicrobial treatments 

in produce. S. enterica embedded in biofilms on lettuce leaf surfaces demonstrated higher 

resistance to acidic conditions than planktonic cells (160). In several studies, pathogenic 

E. coli embedded in biofilms demonstrated higher resistance to decontamination 

treatments including chlorine, hydrogen peroxide, and ozone, in fresh commodities such 

as lettuce, spinach, and cantaloupes (214, 251, 258, 266). 

Internalization 

Internalization of pathogens into the fruits and vegetables is highly concerning since 

pathogens allocated inside crevices and spaces are not reached by antimicrobial treatments 

and disinfectants (4, 214). The possible internalization of enteric pathogens into the plant 

through the roots and aerial parts has been studied in edible leaves and fruits. The 

internalization through the root system to the plant xylem has been better explained than 

their counterpart aerial surfaces. Klerks et al. (155) demonstrated the ability of Salmonella 

Dublin to internalize lettuce through the root of the plant, and suggested the activation of 

molecular markers in the plant as seen in the invasion of certain plant pathogens, but could 

not simulate the internalization of the pathogen on the leaves. Other studies have 

concentrated in elucidating the leaf internalization with inconclusive results (258). 

Nonetheless, some studies reveal important possible routes for this invasion. Kroupitsli et 

al. (159) reported the migration and internalization of S. enterica on iceberg lettuce. In this 

study, the pathogen migrated to the stomata where it was stimulated to produce 

photosynthetic nutrients, using light activation, possibly using motility and chemotaxis 
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abilities attracted by high nutrient content of newly synthetized substances by the plant 

stomata; the pathogen was microscopically observed within these plant structures. 

Furthermore, the possible adaptation of enteric pathogens to the interior of the leaves has 

been observed. Mitra et al. (196) studied the colonization of E. coli O157:H7 in spinach 

stems simulated by puncture-inoculating the stems. The pathogen was able to persist as an 

endophyte for 2 weeks, showing that once the pathogen reaches internal areas, the 

likelihood of survival is augmented.  

Biocontrol in produce 

Biocontrol refers to the use of one or more organisms to inhibit the proliferation of 

undesirable organisms in the environment or in particular products (142). This inhibition 

might be related directly to the organisms, such as phages, or indirectly through the 

production of inhibitory agents or actions. Microorganisms as biocontrol agents include 

those able to produce inhibitory substances including antibiotics, volatile organic 

compounds, and antimicrobial peptides including bacteriocins (2, 16, 191). Biocontrol 

agents also include bacteriophage viruses, capable of infecting bacteria (2). Bacteria 

commonly act as nonspecific biocontrol agents interfering with the propagation of harmful 

or undesirable microorganisms. Although some fermenting microorganisms produce 

metabolites with strong inhibitory activity toward enteric pathogens, these are mostly used 

in foods intended to be modified by these, including milk transformed by Streptococcus 

thermophilus and Lactobacillus delbrueckii ssp. bulgaricus into yogurt, and fruit.  Cereal 

extracts from Saccharomyces cerevisiae are used to make alcoholic beverages (25, 142, 

228).  Nonetheless, other lactic acid bacteria, that do not substantially modify the products, 
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are nonspecific inhibitors exploited in various industries. The production of several 

inhibitory substances have been identified in lactic acid bacteria (LAB) including 

bacteriocins, diacetyl, H2O2, and antibiotics in addition to their common transformation 

of sugars into organic acids, including lactic and acetic acids.  

Biocontrol of specific targeted pathogens are conducted principally by 

bacteriophages. Bacteriophages, also known as phages, are viruses capable of infecting 

bacteria. These can either lysate or intracellularly grow and burst the invaded bacterial cell 

(117). While bacteriophages were discovered in the last century, their application in 

patient treatment for bacterial infection was disregarded with the discovery and 

application of antibiotic treatments. Nowadays, the increased resistance to antibiotics 

shown by several pathogenic bacteria have forced the scientific community to investigate 

bacteriophages as an alternative therapy for those multidrug resistant bacteria (141). The 

use of phages in the food industry is still an uncommon alternative. A current concern in 

their application is the possible transference of genetic material to already virulent 

pathogens and the lack of technology for its application and dispersal (117). Bacteria 

acquiring the phages and transporting them to niches were pathogenic bacteria and have 

been studied as adequate vehicles for its dispersal. However, this requires further 

identification of ideal carrier bacteria (117). Furthermore, the use of bacteriophages is 

subjected to government regulation and requires approval prior to its application on 

specific food products, a process that can delay the expansion of this technology (40).  

The potential use of antagonistic bacteria, epiphytic to fruits and vegetables, as 

biocontrol agents against enteric pathogens has been studied in in vitro and in situ 
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experiments with promising results (43, 47, 170, 172). However, exhaustive studies 

involving the analysis of pathogen and epiphytic bacteria interactions and their responses 

at proximity must be evaluated (99, 137, 166). Thus, the identification of epiphytic 

bacteria, with antagonistic activity toward enteric pathogens, and the study of their role 

during the pathogen colonization of fruits and vegetables is necessary to recognize 

biocontrol agents and their potential use during the production of fruits and vegetables. 
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MATERIALS AND METHODS 

 

Preparation of media 

Trypticase soy agar (TSA, Difco, BD, Sparks, MD), de Man, Rogosa and Sharpe 

agar (Difco MRS Agar), violet red bile agar, (Difco VRBA), MacConkey Sorbitol 

Agar (Difco), xylose lysine tergitol 4 agar (XLT4), and all-purpose Tween agar (Difco 

APT Agar) were prepared following manufacturer instructions. To prepare agar plates for 

spread plating and isolation streaks, approximately 15 ml of sterile molten media (50 ± 

2 ºC) was transferred aseptically into individual 100 x 15 mm sterile, disposable petri 

plates. After pouring, the plates were allowed to solidify at 25 ± 2 ºC for 24 h before 

storing at 4 ºC. Lactobacilli MRS Broth, tryptic soy broth (Difco TSB), APT broth 

(Difco), 0.1% peptone water solution (Difco PW), and phosphate buffer solution 

(PBS, Calibrochem, EMD Biosciences Inc., La Jolla, CA) were dispensed into 8 x 150 

mm test tubes and sterilized in an autoclave for 15 min at 121 ºC. To prepare MRS deep 

agar tubes for lactic acid bacteria (LAB) stabs, 10 ml of MRS agar were dispensed into 

test tubes before sterilization. MRS deep agar tubes were allowed solidify before storing 

at 4 ºC. Similarly, TSA was poured into test tubes to prepare TSA slants and then 

sterilized. After sterilization, the tube racks were placed at an inclined position to allow 

slant formation during solidification.  

Media for overlay including MRS agar and VRBA agar were prepared and sterilized 

following manufacturer instructions and held for up to 1 h in a water bath (50 ºC) until 

needed. Semisolid TSA for in vitro antagonistic effect experiments was prepared by 
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adding 5 g of granulated agar to 1 L of TSB and heated to boil for 1 min. The medium was 

dispensed in 9 ml aliquots into test tubes, and sterilized in an autoclave for 15 min at 

121 ºC. After sterilization, the semisolid TSA tubes were held at 50 ºC in a water bath 

until needed, within 2 h after sterilization.  

To prepare tryptic soy agar (TSA) supplemented with 100 mg/L of rifampicin (TSA-

RIF), 0.1 g of rifampicin, (RIF, Sigma-Aldrich, St. Louis, MO) was dissolved in 5 ml of 

methanol. This solution was added to 1 L of sterile molten TSA and immediately poured 

into petri plates. To prepare TSA supplemented with 100 mg/L of ampicillin (TSA-AMP), 

1 g of ampicillin (AMP, Sigma-Aldrich), was dissolved in 10 ml of sterile distilled water 

and 1 ml of this solution was added to 1 L of sterile molten TSA and immediately poured 

into petri plates. For TSA-IPTG preparation, 480 mg/L of isopropyl β-D-1 

thyogalactopyranoside (IPTG, Novagen EBM Biosciences, Inc., Madison, WI) were 

suspended in 5 ml of sterile distilled water and 1 ml of this solution was added to sterile 

molten TSA and immediately poured into petri plates. TSA-RIF, TSA-AMP and TSA-

IPTG plates were stored at 4 ºC and utilized within 7 days. Other surface agar plates, PBS 

and PW solutions were stored for up to 4 weeks at 4 ºC. Before use during experiments, 

media were allowed to reach 25±2 ºC on benchtop.  

For the discriminatory tests, when differentiation between two or more bacterial 

species was needed, the following were used. Sugar-fermentation tests were carried out 

by adding a filter-sterilized suspension of the corresponding sugar to a sterile phenol red 

broth base (Difco). Litmus milk (Difco) and motility media (Difco) were prepared 

following manufacturer instructions. 
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For the determination of biofilm formation using Red Congo Agar, four different 

media were prepared: TSA supplemented with 5% sucrose (Difco) and red Congo 

(0.08%) (TSA-Suc-RCA), TSA supplemented with red Congo dye (TSA-RCA), brain 

heart infusion agar (BHI, Difco) supplement with sucrose (5%) and red Congo dye 

(0.08%) (BHI-Suc-RCA), and BHI supplemented with red Congo dye (0.08%) (BHI-

RCA). BHI and TSA were prepared, supplemented with 5 g of sucrose, and sterilized 

following manufacturer instructions. After sterilization, media was supplemented with 8 g 

of red Congo, previously suspended in 10 ml of sterile distilled water, and mixed. This 

solution was filter-sterilized and added to 1 L of sterile molten agar and immediately 

poured into petri plates. 

Procurement of pathogenic bacteria  

For those experiments involving the use of pathogenic enteric bacteria, strains of S. 

enterica serovar Saintpaul, and of E. coli O157:H7 were selected. One strain of S. 

Saintpaul strain, identified as S. Saintpaul FDA/CFSAN 476398, and isolated from a U.S. 

raw produce-related outbreak in 2008, and one strain of Escherichia coli O157:H7, 

identified as K3999, related to a U.S. spinach-related outbreak in 2006, was selected for 

the in vitro antagonistic effect test and preliminary experiments (55, 57). Both pathogens 

were obtained from the Food Microbiology laboratory stock culture collection (Texas 

A&M University, College Station, TX) and maintained at − 80 °C in CryoCare bead 

storage system vials (Key Scientific Products, Stamford, TX). Whenever propagation of 

these pathogens was required, incubation conditions were established as 35 ºC for 24 h for 

all experiments unless otherwise specified.  
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For the growth inhibition experiment on leafy greens and fruits skin/rind surfaces, a 

naturally occurring RIF-resistant derivative strain of S. Saintpaul was used. This RIF-

resistant S. Saintpaul strain had been previously derived from S. Saintpaul 476398 and its 

similar growth behavior to parent strain has been documented in previous studies (188). 

A naturally occurring RIF-resistant E. coli O157:H7 K3999 was derived following a 

modification to the method described by Kaspar and Tamplin (147). A 24-h culture of E. 

coli O157:H7 K3999 in TSB was centrifuged at 1,623 x g in a Jouan B4i centrifuge 

(Thermo Electron Corp., Madison, WI) for 15 min, and resuspended in 1 ml of PBS to 

reach an approximate concentration of 10 log CFU/ml. The suspension was spread-plated 

onto TSA-RIF and incubated. From the few colonies that were able to grow, one colony 

was selected, streaked in TSA-RIF, and incubated. One colony from streaked culture was 

selected and transferred to CryoCare bead vials for storage at − 80 °C. Growth curves of 

the E. coli O157:H7 parent and derivative strains were compared as further described in 

the preliminary experiments section. For experiments, TSA-RIF agar was used for 

enumeration of the inoculated pathogens in the fruit and leafy greens samples. For 

confocal microscopy, an E. coli O157:H7 strain previously inserted by electroporation, 

with a plasmid codifying for green fluorescent protein expression (GFP), and resistance 

to AMP was used. AMP resistance was confirmed using TSB cultures of E. coli O157:H7 

GFP streaked in TSA-AMP and incubated. Expression of GFP was confirmed by 

observing the characteristic color in well-grown bacterial colonies under UV light (365 

nm). To improve expression of the plasmid proteins, the E. coli O157:H7-GFP was 

streaked in TSA-IPTG with three consecutive transfers and incubations. With every 
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transference, a more intense fluorescent colony was selected. After three consecutive 

transferences, one colony was streaked in working slants to be used within 4 wks for the 

experiments. During this experiment, TSA-AMP was used for selection purposes to 

confirm and enumerate the pathogen. 

All E. coli O157:H7 and S. Saintpaul strains were revived in order to prepare 

working slants. A CryoCare bead containing the pathogen was transferred to TSB and 

incubated for 24 h at 35 ºC. A loopful of the cultured pathogen was streaked for isolation 

on TSA or TSA-IPTG for the GFP E. coli strain and incubated for 24 h at 35 ºC. One 

colony was transferred to TSA slants and incubated. After incubation, the caps were 

covered with Parafilm (Bemis flexible packaging, Oshkosh, WI) to avoid dehydration and 

stored at 25 ± 2 ºC. Working slants were prepared every 4 wks for the duration of the 

experiments. 

Preliminary experiments 

Transformation of microbiological content by g to content by cm2 

In an effort to compare microbiological content of all the commodities studied, a 

transformation of counts expressed by g to be expressed by cm2 was calculated. For this, 

spinach and endives were acquired from a local distributor and aseptically transported to 

the laboratory for immediate sample processing. After removing damaged leaves, 100 

circles each of spinach and endive leaves were cored from the middle areas of 100 leaves 

and weighed. The area calculated was 10 cm2 x 200 (100 leaf circles multiplied by 2, to 

consider adaxial and abaxial surface areas of the leaf). The corresponding area and weight 

calculated were:  2000 cm2 of spinach = 30.375 g, and 2000 cm2 = 48.147 g of endives; 
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thus, 1 g of spinach corresponded to 65.84 cm2, and 1 g of endives corresponded to 45.54 

cm2. 

Incubation time for in vitro experiments 

To determine the incubation time and temperature required for the possible 

epiphytic bacteria to exhibit inhibitory activity in vitro against E. coli O157:H7 and S. 

Saintpaul, a preliminary experiment was carried out using a modification of the spot agar 

test by Fleming et al. (114). The incubation temperature of the antagonistic LAB and 

targeted bacteria to be inhibited reported by Fleming et al. (114) was modified to better fit 

the mesophilic growth characteristics of S. Saintpaul, E. coli O157:H7 and of the LAB 

used from 30 ºC to 35 ºC. In addition to this modification to the test, the incubation time 

was studied. Fleming et al. (114) allowed the possibly antagonistic LAB to grow for 24 h 

before the targeted bacteria was  overlaid. Brashears et al. (39) allowed the probable 

antagonistic LAB to grow for 24 to 48 h before being overlaid with molten TSA inoculated 

with a cocktail of 4 strains of beef-isolated E. coli O157:H7. Neither study provided 

edification on the reasoning behind this pre-incubation of LAB before co-incubation with 

the targeted bacteria. It is rational to consider that a prolonged incubation of LAB before 

pathogen inoculation in an overlay would allow the LAB to adapt and grow with possibly 

further accumulation of antimicrobial substances. Hence, the lack of information about 

the use of pre-incubation of LAB led to the following experiment. 

Two treatments involving the time allowed for antagonistic bacteria to grow were 

studied. Treatment 1 allowed 1 h attachment after spot inoculation with antagonistic LAB 
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and Treatment 2 included a 24 h incubation after spot inoculation. Both treatments were 

overlaid with pathogen suspended in overlay media as further described.  

LAB cultures of Lactobacillus amylovorus NPC M-35, Lactobacillus animalis LA-

51 and Pediococcus acidilactici D-3 were used due to their demonstrated inhibition 

activity against pathogens such as E. coli O157:H7 and S. enterica (38, 114, 260, 290). 

Frozen cultures of these LAB in MRS (20% glycerol) were donated by Dr. Joseph Sturino, 

from the Cater-Mattil Protein Research Center (Texas A&M University, College Station, 

TX). A loopful of each culture was suspended in MRS broth and incubated at 35 °C for 

24 h. The cultures were streaked for isolation in MRS agar, and incubated for 24 h at 

35 °C. One colony of each strain was selected from streaked cultures and transferred to 

CryoCare bead vials and stored at − 80 °C. MRS stabs were prepared 1 wk before the 

experiment. One bead of each LAB from the CryoCare beads vials was transferred to MRS 

broth and incubated for 24 h at 35 ºC. After incubation, each culture was streaked in MRS 

agar for isolation and incubated for 24 h at 35 ºC. One colony was picked and stored in 

agar stabs using MRS agar deep tubes. The stabs were overlaid with 1 ml of sterile mineral 

oil (Avantor, Center Valley, PA) and incubated for 24 h at 35 ºC. After incubation, the 

stabs were stored at 4 ºC until needed. 

For the experiment, individual cultures of L. amilovorus, L. animalis, and P. 

acidilactici were prepared by suspending a loopful of each strain from MRS storage stabs 

in 10 ml of MRS broth. Inoculated MRS tubes were incubated at 35 °C for 24 h. 

Concentrations of LAB were calculated by CFU enumeration after spread plating serial 

dilutions of each 24-h culture in MRS agar and incubation for 24 h at 35 ºC.  
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For the experiment, 1 μl of each 24-h LAB culture was spot inoculated in MRS agar 

using a sterile micropipette tip. Three different LAB spots were spot inoculated in one 

plate leaving a 2.5 cm space between spots and two plates were used per treatment and 

pathogen. The LAB spots were allowed to dry and attach for 1 h at 25 ± 2 ºC. After 

attachment, two plates were overlaid with molten semisolid TSA previously inoculated 

with E. coli O157:H7, and two more with S. Saintpaul. This procedure was carried out 

after 1 h attachment (Treatment 1) or after 24 h incubation at 35 ºC for 24 h (Treatment 

2). For the inoculation of the molten semisolid TSA, cultures of E. coli O157:H7 and S. 

Saintpaul were prepared by suspending a loopful of each pathogen from storage slants into 

9 ml of TSB. After incubation at 35 ºC for 24 h, the cultures were centrifuged at 1,623 x 

g, for 15 min, decanted and resuspended three times with 9 ml of PBS to remove waste 

material from incubation. After the final suspension, each culture was diluted in 0.1% PW 

to reach a concentration of 7 log CFU/ml. One ml of this dilution was transferred to 

individual tubes containing 9 ml of molten semisolid TSA at 50 ± 2 °C, and the entire 

content of each tube was slowly poured over the plate to completely cover the spots and 

the rest of the agar surface. Overlays solidified for 1 h at 25 ± 2 ºC and plates were 

upturned and incubated for 24 h at 35 ºC. After incubation, plates were examined for clear 

zones surrounding each isolate spot. These clear zones indicated growth inhibition of the 

pathogen contained in the overlay due to the presence of antagonistic LAB spot growth. 

Diameter size (in mm) of the inhibition zone (inhibition halo) and isolate spot growth were 

measured using a dial caliper (Scienceware Bel-Art, Pequannock, NJ). The area sizes of 

the inhibition halo and the spot were calculated using the formula to calculate the ellipse 
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area: Area = π x a x b; where a is the radius of the longest side (greatest width) and b is 

the radius of the shortest side (greatest height) of the ellipse. The total inhibition area (IA), 

in mm2 was calculated by subtracting the distance of each spot area from the distance of 

each corresponding halo area. 

Medium selection for lactic acid bacteria  

Bacterial growth in laboratory settings is determined by the ability of the bacterial 

cells to adapt and to obtain nutrients from culturing media. This adaptation might also 

impact the expression of antagonistic activity against enteric pathogens since this 

antagonistic activity relates, to some extent, to metabolites production which requires 

different nutrient consumption. Since LAB are fastidious microorganisms requiring 

several nutrients for their laboratory culturing, several complex media have been 

developed (97, 105). 

A preliminary experiment was designed to determine the effect of the propagation 

media over the antagonistic activity of LAB. For this experiment, epiphytic bacteria 

isolated from spinach were selected. These isolates had been collected from cultured MRS 

plates incubated anaerobically at 35 ºC for 24 h and were considered presumptive LAB. 

The treatments consisted of 4 combinations of propagation broth and agar of MRS and 

APT media. These two media are commonly used for cultivation of hetero-fermentative 

lactobacilli, and homo-fermentative lactobacilli respectively (97, 105). The treatment 

combinations of APT and MRS media during the agar spot test were: Treatment 1 was 

implemented by propagation of LAB isolates in MRS broth and spot inoculation in MRS 

agar (MRS-MRS); Treatment 2 used propagation in APT broth and spot inoculation in 
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MRS (APT-MRS), Treatment 3 involved propagation in MRS broth and spot inoculation 

in APT agar (MRS-APT), and Treatment 4 used propagation in APT broth and spot 

inoculation in APT agar (APT-APT). The antagonistic effects against E. coli O157:H7 

and S. Saintpaul were measured for spinach-isolated LAB individually. The spinach 

isolates were grown on MRS broth (Treatment 1 and 3) or APT broth (Treatment 2 and 4) 

and incubated for 24 to 48 h at 35 ºC. After incubation, 1 µl of each broth was spot 

inoculated onto MRS agar (Treatment 1 and 2) or APT agar (Treatment 3 and 4). Spot 

inoculated plates were incubated for 24 h at 35 ºC. After incubation, spots were overlaid 

with molten semisolid TSA containing 6 log CFU/ml of E. coli O157:H7 or S. Saintpaul. 

Overlays were solidified at 25 ± 2 ºC for 1 h and the plates were upturned and incubated 

for 24 h at 35 ºC. After incubation, plates were examined for clear zones surrounding each 

isolate spot. These clear zones indicating pathogen growth inhibition were measured with 

a dial caliper and recorded. The area sizes of the inhibition halo and the spot area, and the 

total IA was calculated and total inhibition area (IA, in mm2) was calculated as previously 

described. 

E. coli O157:H7 lag phase 

The adaptation or lag phase time required by E. coli O157:H7 was studied. The 

determination of this time was important, in order to establish the maximum time that the 

samples would be incubated for the pathogen to recover before being overlaid with 

selective media (MacConkey agar).  For this, a culture of E. coli O157:H7 was prepared 

by suspending a loopful from storage slant into 9 ml of TSB. The 24 h culture in TSB was 

centrifuged at 1,623 x g, for 15 min. using sterile tubes containing 9 ml of TSB; these were 
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then inoculated with 1 ml of a dilution in 0.1% PW of the bacteria with an approximate 

concentration of 2 log CFU/ml. The tubes were incubated for 3 h at 35 ºC. Every 20 min, 

three TSB tubes were removed from incubation, and the serial dilutions of each tube were 

spread plated onto TSA O157:H7 and incubated at 35 ºC for 24 h. 

Differential media to isolate E. coli O157:H7 from leafy green samples 

The medium Sorbitol MacConkey agar was tested to evaluate the differentiation and 

selection of E. coli O157:H7 from background bacteria previously inoculated on spinach 

leaf samples. For this, a culture of E. coli O157:H7 was prepared by suspending a loopful 

from storage slant into 9 ml of TSB. After incubation at 35 ºC for 24 h, the culture was 

centrifuged at 1,623 x g, for 15 min, decanted and resuspended three times with 9 ml of 

PBS to remove waste material from incubation. The culture was diluted in 0.1% PW to a 

concentration of approximately 4.0 log CFU/ml. Three circles of 10 cm2 of previously 

washed and disinfected spinach leaves were cut using a sterile stainless steel borer. 

Spinach leaves were selected from recently purchased whole, bunched spinach. Leaves 

were selected for similar appearance and size, and visibly wounded or broken leaves were 

discarded. After sorting, leaves were washed with running tap water, rubbing the surface 

gently with gloved hands to remove soil and debris for 1 min. Excess water was removed 

by shaking gently and using a salad spinner (OXO, El Paso, TX). Individual leaves were 

disinfected with 70% ethanol sprayed to cover the surface of the adaxial and abaxial sides 

and were air-dried for 2 h at 25 ± 2 ºC. One sample consisted of 3-10 cm2 cutlets. The 

corresponding pieces per sample were placed into a sterile petri plate containing VWR 

grade 415 filter paper (415, 7.5 mm, VWR) moistened with 2 ml of sterile distilled water 
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to keep them from drying during incubation as described by Khalil and Frank (154). Each 

circle was inoculated with 10 drops of 1 µl of E. coli O157:H7 inoculum. After the plate 

lid was positioned, the specimens were incubated for up to 12 h at 20 ºC. For negative 

controls, one sample per each time point was processed equally to those inoculated 

samples with exception of the pathogen inoculation that was substituted with inoculation 

of 10 drops of 1 µl of sterile peptone water. For enumeration, three inoculated samples 

and one non-inoculated sample (negative control) were removed from incubation at 

0,1,2,4,6,10 and 12 h. Specimens were suspended in 25 ml of TSB, pummeled in a 

stomacher for 2 min and incubated for 1.5 h at 35 ºC. This incubation time was previously 

determined as the lag phase for E. coli O157:H7 in TSB. This incubation was utilized to 

allow E. coli O157:H7 cells time to recover from possible stress during their incubation 

on the spinach leaves. An aliquot of 1 ml was obtained from samples, and serial dilutions 

of the sample in 0.1% PW were plated onto SMAC agar. Plates were incubated for 24 h 

at 35 ºC. 

Growth curves 

To determine the effect of antagonistic bacteria over the growth of E. coli O157:H7 

on leafy greens, and of S. Saintpaul on fruit rind/skin, a derivative strain from the E. coli 

O157:H7 K3999 strain, showing resistance to RIF was obtained as previously described 

and growth curves were constructed to analyze the growth similarities between the parent 

and the corresponding RIF-resistant derivative. A loopful of parent and derivative RIF-

resistant strains were transferred to 9 ml of TSB and incubated at 35 ºC for 24 h. After 

incubation, serial dilutions of each strain were prepared in 9 ml PW to obtain a 
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concentration of 4 log CFU/ml, and 0.1 ml of this suspension was transferred to test tubes 

containing 9.9 ml of TSB to reach an approximate concentration of 2 log CFU/ml. The 

tubes were incubated at 35 ºC. Every h for 3 h and every 2 h for additional 10 h, triplicate 

tubes were retrieved from incubation and serial dilutions in 0.1% PW were spread plated 

on TSA. Plates were incubated for 24 h at 35 ºC. After incubation, CFU were enumerated. 

In the case of S. Saintpaul and its RIF-resistant derivative, the constructed growth 

curves were previously developed by Mrs. Ana Mercado and the information of each curve 

was kindly shared for statistical analysis (188). 

Effect of antagonistic bacteria toward parent and rifampicin-resistant pathogens 

Since the epiphytic bacteria isolates that would exhibit an in vitro antagonistic effect 

(also referred to as in vitro antagonistic epiphytic bacteria, or ivAEB), toward E. coli 

O157:H7 and/or S. Saintpaul, during the in vitro spot agar test were going to be further 

studied on nonsterile fruit and leafy green surfaces, derivative strains showing resistance 

to RIF, for selective purposes, were used. Thus, samples could be spread plated onto RIF-

TSA agar where the background microbiota would be inhibited. These RIF-resistant 

derivatives of the E. coli O157:H7 and S. Saintpaul were studied to determine if their 

susceptibility to antagonistic bacteria was similar to their corresponding parent strain. 

Additionally, this experiment helped confirm the inhibitory activity of the previously 

identified epiphytic isolates before their use in further experiments. Also, the results from 

this experiment allowed the statistical comparison of the inhibitory effect of each ivAEB. 

An in vitro antagonistic effect test was carried out using produce-isolated ivAEB. Only 

leafy green-isolated ivAEB toward E. coli O157:H7 and fruit-isolated ivAEB toward S. 
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Saintpaul were used since only those ivAEB treated specimens were to be used in the 

growth inhibition experiments on leafy greens and fruit surfaces, respectively.  

For the experiment, 24-h cultures of ivAEB were prepared. LAB, CL, and MS 

ivAEB were incubated for 24 h at 35 ºC on TSA (CL, and MS) or MRS (LAB), and PY 

ivAEB were propagated on TSA and incubated for 48 h at 25 ± 2 ºC. One µl of the culture 

was spot inoculated in MRS agar or TSA agar and incubated for 24 h at 35 ºC (MS, LAB, 

CL) or 48 h at 25 ± 2 ºC (PY). One isolate was spot inoculated 4 times per plate using 4 

plates. After 1-h attachment, one plate was overlaid with 10 ml of semisolid TSA 

containing E. coli O157:H7; a second plate was overlaid with S. Saintpaul; a third plate 

was overlaid with RIF-resistant E. coli O157:H7, and a fourth plate was overlaid with RIF-

resistant S. Saintpaul. The pathogen concentration of the overlay media was 5.8–6.2 log 

CFU/ml. The overlays solidified for 1 h at 25 ± 2 ºC and the plates were upturned and 

incubated at 35 ºC (LAB, CL, and MS) or 25 ± 2 ºC (PY) for 24 h. After incubation, plates 

were examined for inhibition areas, and the total IA was calculated as previously 

described. The experiment was repeated two times (n = 8).   

Determination of biofilm using the crystal violet method 

In an attempt to estimate the inhibitory effect of ivAEB toward the biofilm formation 

by E. coli O157:H7 and S. Saintpaul, two methods were preliminarily evaluated. Biofilm 

formation can be evaluated by staining biofilm formed on sterile surfaces with crystal 

violet, during in vitro experiments. However, the evaluation of the inhibition of biofilm 

formation caused by other bacteria is challenging. The rationale was that even if the target 

bacteria did not express biofilm formation due to the presence of the antagonistic bacteria, 
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these antagonistic bacteria could form biofilm which would be non-specifically stained by 

the crystal violet. To confirm this, an experiment was carried out including 70 ivAEB and 

both pathogens, S. Saintpaul and E. coli O157:H7. For this, the protocol described by Head 

and Hongwei (134) was followed. One loopful of E. coli O157:H7 and S. Saintpaul from 

stock cultures were separately transferred to TSB and incubated for 24 h at 35 ºC. One 

loopful of each ivAEB isolates was separately transferred to TSB or MRS and incubated 

at 35 ºC (MS, LAB, and CL) or 25 ºC (PY) for 24 h or 48 h. The 24 or 48 h cultures were 

diluted 1:100 in TSB, and 125 µL were dispensed onto three wells of two 96-well 

microtiter plates (Microtest™, Becton Dickinson and Co.). One microtiter plate was 

processed immediately, and another one was incubated at 35 ºC or 25 ºC (PY) for 24 h. 

The staining process consisted of dispensing 100 µL of crystal violet into each well. After 

30 min at 25 ºC, the contents were discarded by turning the plate and vigorously shaking 

using a vertical movement, to expel the content of the wells. The plate was rinsed three 

times by submerging slantways into sterile distilled water, and dried by shaking and 

tapping the microtiter plate on paper towels. Suspensions of the biofilm-attached crystal 

violet was achieved by adding 200 µL of 95% ethanol to each well. The absorbance of 

each well was read using an EL800 absorbance microplate reader (BioTek® Instruments, 

Inc., Winooski, VT) with an OD set to 570 nm. The same procedure was repeated using 

the incubated plate after 24 h. In all readings, blank wells, and wells inoculated with sterile 

TSB, were included as controls 
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Determination of biofilm formation using red Congo agar 

Since the formation of biofilm using crystal violet was unspecific to the biofilm 

forming bacteria (pathogenic or antagonistic), one more biofilm detection alternative was 

studied (307). Red Congo agar is commonly used to detect the formation of amyloids. 

Amyloids are the principal proteins included in the curli formation by gram negative 

bacteria (307). Since curli is linked to biofilm formation, the estimation of the amyloid 

presence is an indirect indication of biofilm formation. Thus, the detection of amyloid 

production as an indicator of biofilm formation would detect biofilm produced by enteric 

pathogens, even when other bacteria is present in the same environment. To study possible 

application of the red Congo agar technique in biofilm formation, S. Saintpaul and E. coli 

O157:H7 were tested on different variations of the red Congo agar. 

A loopful of a 24 h culture of S. Saintpaul and E. coli O157:H7 were separately 

streaked in TSA-Suc-RCA, TSA-RCA, BHI-Suc-RCA, and BHI-RCA. Also, 5 ivAEB 

isolate cultures were streaked onto these agar media, and all isolates were incubated for 

24 h at 35 ºC. 

Evaluation of the microbiological content in fruits and leafy greens  

To determine the content and nature of the epiphytic bacteria found on the surfaces 

of different fruits and leafy greens and the environmental impact over the bacterial content, 

the following procedures were observed. 

Produce samples  

The leafy green commodities utilized in this study were: Spinach (Spinacia 

oleracea), curly endives (Cichorium endivia var. crispum), and curly parsley 
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(Petroselinum crispum var. crispum). The fruit commodities included jalapeno peppers 

(Capsicum annuum), Roma tomatoes (Solanum lycopersicum), and cantaloupe melons 

(Cucumis melo var. cantalupensis). Samples of each commodity were obtained from fields 

located in Weslaco, TX, U.S. For fruit sample collection, four fields were selected. Two 

separate fields of each fruit commodity were harvested during the fall (October-

December) and two more during the summer (May-June) harvesting seasons. Leafy greens 

were collected only during the winter (February-March) season in two different fields. 

For sample collections, the field was divided into five sections (center, left front, 

right front, left back, right back), to a total of 25 sampling sites per field (Fig. 1). A sample 

of approximately 100 g of each leafy green commodity, including parts of the stems, 

leaves and petioles of the same plant were collected at each sampling site. For fruits, one 

piece was collected at each sampling site. All samples were aseptically collected, using 

scissors and disposable gloves previously disinfected with 70% ethanol, and placed in 

individual zip-lock bags. During collection, tomatoes and cantaloupes were separated 

from the stems while peppers preserved 1–2 cm of the stem attached. Samples were not 

washed or decontaminated at any point during or after collection. After collection, samples 

were stored in insulated containers with frozen coolant packs and shipped to the Food 

Microbiology Laboratory at Texas A&M University (College Station, TX) to be analyzed 

within 24 h from collection. 
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FIGURE 1. Sampling pattern for fruits and leafy greens collection within fields. 

Numbers in circles indicate the sample identification number. Five areas are represented 

by this simple schematic diagram showing that five samples were collected per area. 

Diagram is not to scale. 

 

 

 

Weather conditions, including temperature (ºC), and relative humidity (%) were 

obtained from the Weslaco weather station for each collection day at all fields and during 

the seasons when the sampling took place. Irrigation methods and water sources were 

recorded. 

Upon sample arrival, the cantaloupes, tomatoes, and peppers were subsampled by 

excising three circles of 10 cm2 each from produce surface (rind or skin), whereas the 

endives, spinach, and parsley were subsampled by weighing 25 g including petioles, 

leaves and/or stems. All subsamples were aseptically transferred to sterile plastic bags. 
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Fruit skin samples were mixed with 99 ml of PW. Leafy green samples were mixed with 

225 ml PW. Samples were pummeled in a stomacher blender (A.J. Seward, London, UK) 

for 1 min at 300 RPM to dislodge bacteria from the surface. Serial dilutions of the sample 

suspensions were spread plated onto TSA to determine PY and MS count, then spread 

plated onto MRS agar and overlaid with MRS agar to determine LAB count, and finally 

pour-plated and overlaid using VRBA for CL count determination. Incubation conditions 

included: PY in aerobic conditions at 7 °C for 5−7 d, MS at 37 °C for 24 h, and CL at 35 

°C for 48 h. For selective purposes pertaining to LAB isolation, MRS plates were 

anaerobically incubated in jars (BBL GasPack system, BD, Sparks, MD) using gas packs 

(BBL GasPack system, BD) without a catalyst at 35 °C for 48 h. Colonies were counted 

after incubation and the colony counts were calculated as CFU/cm2 for fruits or CFU/g for 

leafy greens. Using these methods, the minimum detection level of bacterial content for 

fruits and leafy greens was of 0.52 log CFU/cm2, and 1 log CFU/g, respectively. 

Selection of epiphytic bacteria isolates 

The produce epiphytic bacteria used in this study were recovered from leafy greens 

and fruit samples collected from growing fields in Weslaco, TX. The isolates were 

obtained during the fruit and leafy greens microbiological content experiment and the 

detailed procurement of produce samples is explained in the methods section of that 

experiment. Individual bacterial colonies grown in TSA, VRBA, and MRS, and utilized 

for the respective enumeration of mesophilic (MS), and psychrotrophic bacteria (PY), 

coliforms (CL), and LAB were selected. Selection of isolates was adapted from Johnston, 

et al. (145). For each sample and media type, one plate was selected. The particular plate 
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had to contain less than 250 CFU/plate. When the selected plate contained more than 10 

CFU/plate, the colony selection was randomized using a Harrison disk (130). A cutout of 

the disk was placed under the plate and the colonies were selected randomly. For plates 

containing less than 10 CFU/plate, all colonies were selected. Colonies were aseptically 

collected using a sterile needle, from the selected petri plates by commodity sample and 

bacterial group (MS, CL, LAB, and PY). 

Storage of epiphytic bacteria isolates 

Selected isolates were streaked in TSA slants for PY, MS, and CL or stabbed in 

MRS agar deep tubes for LAB. Inoculated MRS stabs were covered with 1 ml of sterile 

heavy mineral oil. TSA slants and MRS stabs were incubated for 24 h at 35 °C for MS, 

CL, and LAB isolates or at 25±2 ºC for PY isolates. After incubation, tube caps were 

covered with parafilm. TSA slants were stored at 25 ± 2 ºC and MRS stabs were stored at 

4 °C for up to 4 wks. For extended storage an alternative method was used. A loopful of 

each bacterial isolate from MRS stabs or TSA slants was propagated in 5 ml of MRS broth 

or 5 ml of TSA correspondingly, and incubated for 24–48 h at 35 °C for MS, CL, and LAB 

isolates or at 25 ± 2 ºC for PY isolates. After incubation, 1 ml of the culture was mixed 

with 1 ml of sterile TSB containing 30% glycerol v/v (Avantor, Center Valley, PA) (for 

MS, PY, CL) or MRS broth containing 30% glycerol v/v (for LAB) in sterile microtubes 

(VWR, Radnor, PA) to obtain 2 ml of medium with 15% (v/v) glycerol as cryoprotectant. 

Microtubes containing the isolate suspensions were frozen at − 80 °C for 24 h and 

transferred to a commercial freezer at − 20 °C for extended storage. When needed, TSA 

slants or MRS stabs were prepared from frozen vials for experiments. Microtubes 
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containing epiphytic isolates were thawed at 25 ± 2 ºC for 5 min and a loopful of CL, MS, 

and PY isolates was suspended in TSB while LAB isolates were suspended in MRS broth. 

These were incubated at 35 °C for CL, MS, and LAB isolates, or at 25 ± 2 ºC for 48 h for 

PY isolates. After incubation, each isolate was streaked in a TSA or MRS agar and 

incubated at 35 °C for 24 h for MS, CL and LAB or at 25 °C for 48 h for PY. After 

incubation, a single colony of each CL, PY, and MS isolate was streaked in TSA slants, 

and one colony of each LAB isolate was stabbed in MRS agar deep tubes. The MRS stabs 

were overlaid with 1 ml of sterile mineral oil. Slants and stabs were incubated at 35° C for 

24 h, except for PY slants, which were incubated at 25 ± 2 ºC. After incubation, the caps 

were covered with parafilm to avoid dehydration. TSA slants were stored at 25 ± 2 ºC and 

MRS stabs were stored at 4° C. All working slants and stabs were utilized within four 

weeks. One or two days before the experiments, the CL, MS, and PY strains were 

propagated in TSB. LAB isolates were propagated in MRS broth. MS, CL, and LAB 

isolates were incubated for 24 h at 35 °C, and PY for 48 h at 25±2 ºC. 

Epiphytic bacteria recovery 

In total, 15,742 isolates were recovered from the various media, from all cultivars 

in one season (for leafy greens) or two seasons (for fruits) and stored at room temperature 

on TSA slants. MRS deep agar tubes were kept under refrigeration, and TSB or MRS 

supplemented with 15% glycerol were frozen at – 20 ºC. The isolates recovered and stored 

in TSA slants and MRS tubes were propagated in TSB or MRS broth supplemented with 

15% glycerol after 4 wks of the initial isolation. After the first attempt to propagate these 

isolates for further testing, several isolates were unable to grow on culturing broths (TSB, 
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for PY, CL, and MS, or MRS broth for LAB), neither at 25 ºC nor at incubation 

temperature (35 ºC for MS, LAB, and CL). Some other isolates were not able to grow in 

culturing broths after frozen storage. A total of 9,307 isolates (60% of the originally 

isolated specimens) were able to propagate and their inhibitory effect in vitro against E. 

coli O157:H7 and S. Saintpaul was studied. 

In vitro antagonistic effect of epiphytic bacteria toward enteric pathogens 

The in vitro inhibitory effect of epiphytic bacteria from leafy greens and fruit 

commodities toward S. Saintpaul and E. coli O157:H7 was studied following the further 

described modification of the spot agar test described by Fleming et al. (114).  

Pathogen inoculum and overlay preparation 

E. coli O157:H7 and S. Saintpaul cultures were prepared by suspending a loopful 

from storage slant in TSB and incubating at 35 ºC for 24 h. After incubation, the cultures 

were centrifuged at 1,623 x g for 15 min, decanted and resuspended three times with 10 ml 

of PBS to remove waste material from incubation. After the last suspension, each culture 

was diluted in 0.1% PW to reach a concentration of 7 log CFU/ml. The final concentration 

of the inoculum was calculated by enumeration of CFU after spread plating serial dilutions 

of the inoculum in TSA and inoculation for 24 h at 35 ºC. One ml of this dilution was 

transferred to individual tubes containing 9 ml of molten semisolid TSA (at 50 ± 2 °C), 

and the content was immediately poured to overlay epiphytic cultures as further described. 

Epiphytic bacteria spot inoculum 

Epiphytic isolate cultures were prepared as follows. A loopful of each epiphytic 

bacteria from TSA slants or MRS tubes was suspended in 10 ml of TSB for CL, MS, and 
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PY isolates or in 10 ml of MRS broth for LAB isolates, and incubated at 35 °C for 24 h 

(CL, MS, and LAB) or 25 ± 2 ºC for 48 h (PY). One µL of each culture was used as the 

inoculum to spot inoculate onto MRS or TSA agar as further described. 

Spot agar test 

One μl of each 24 or 48 h epiphytic bacterial culture was spot inoculated on two 

separate plates containing TSA agar (CL, MS, and PY isolates) or MRS agar (LAB 

isolates), using a sterile micropipette tip. Four isolates were spot inoculated on each plate 

allowing enough space between each spot. The spots were allowed to dry for 15 min, and 

incubated at 35 °C for 24 h (CL, MS, LAB) or at 25 ± 2 ºC for 48 h (PY). After incubation, 

previously inoculated semisolid TSA with either E. coli O157:H7 or S. Saintpaul were 

poured to cover each plate containing the well-grown bacterial spots. After pouring, the 

overlays solidified at 25 ± 2 ºC for 1 h and were incubated for 24 h at 35 ºC for CL, MS, 

and LAB isolates or at 25 ± 2 ºC for PY isolates. After incubation, plates were examined 

for inhibition zones surrounding each spot. 

Estimation of the in vitro antagonistic effect 

Plates containing each isolate with an incubated pathogen overlay were examined 

for clear zones surrounding each isolate spot. These clear zones indicated growth 

inhibition of the pathogen contained in the overlay due to the presence of antagonistic 

isolate spots. Diameters of the inhibition zone (halo) and isolate spot were measured with 

a dial caliper and recorded. The area sizes of the inhibition halo and the spot were 

calculated as previously described. Epiphytic isolates were considered positive to in vitro 

antagonistic effect when the calculated IA was > 1 mm2. Further experiments including 
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these positive antagonistic strains are referred as ivAEB (in vitro antagonistic epiphytic 

bacteria).  

Biochemical identification of in vitro antagonistic epiphytic bacteria 

Epiphytic bacteria that presented the in vitro antagonistic effect (ivAEB) against E. 

coli O157:H7 and S. Saintpaul were identified based on its biochemical properties using a 

VITEK-2 system for microbiological identification (BioMérieux, Durham, NC) as further 

described. 

Isolate selection for biochemical identification  

To avoid repeated identification of identical isolates that originated from the same 

sample, a selection criteria was established. This included a pool of the total number of 

ivAEB toward E. coli O157:H7 from leafy greens samples, or ivAEB toward S. Saintpaul 

from fruits samples defined as n. If n was equal or less than 6, all isolates were selected 

for further biochemical identification. Conversely, if n was more than 6, the formula: 

n/2+1 was applied to determine the number of isolates to be identified. This conditions 

allowed the identification of < 50 % of the total antagonistic isolates from each sample. 

Initial biochemical tests for card selection 

The VITEK-2 system is an integrated automatic system for microbial identification 

of bacteria and yeasts using algorithms based on fluorescence and colorimetry. It also 

provides information about antimicrobial susceptibility testing based on kinetics analysis 

of bacterial growth (115, 207). To prepare the sample according to manufacturer 

instructions, a loopful of TSA slants or MRS tubes containing the ivAEB isolate was 

suspended in 10 ml of TSB (CL, MS, and PY) or MRS broth (LAB) and incubated at 25 
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± 2 ºC for 48 h (PY) or at 35 °C for 24 h (CL, LAB, and MS). The incubated culture was 

streaked for isolation in TSA or MRS agar using a sterile needle and incubated for 18–

24 h. After incubation, Gram staining, catalase test and oxidase tests were performed. 

VITEK-2 card preparation 

One to three CFU were selected from TSA (CL, MS, and PY) or MRS (LAB) plates 

and collected using a sterile cotton swab and suspended in 3 ml of saline solution (0.45% 

sodium chloride) aseptically dispensed in polystyrene tubes. The suspension was adjusted 

with saline solution using a turbidity meter, to the required McFarland standard specified 

by the manufacturer for each card type. The card for VITEK identification was selected 

according to Gram stain (positive, variable or negative), cell shape (bacilli or cocci), and 

catalase results (positive or negative). The respective VITEK-2 test cards were filled with 

cell suspension according to the manufacturer's instruction. A GP card was used to identify 

Gram positive bacteria; GN card was used to identify fermentative, and a non- 

fermentative Gram-negative, bacilli CBL card was used to identify spore-forming bacilli 

and CBC for Gram-positive, catalase negative bacilli. Each test tube containing an isolate 

suspension was attached to the selected card and placed in a loading cart, which was 

loaded into the VITEK-2 system following manufacturer procedures.  

Discriminatory biochemical tests  

When the results given by the VITEK system was nondiscriminatory for two or 

more species, the recommended further analyses specified by each VITEK-2 result were 

carried out to discriminate the species. These tests included one or more of the following: 

Antibiotic susceptibility test to vancomycin and clindamycin; fermentation of sorbitol, 
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galactose, lactose, dextrose, raffinose, and dulcitol; production of catalase and oxidase, 

production of urease; nitrate reduction, growth at 6.5% NaCl, hydrolyzation of tryptophan 

(indole test), litmus milk test, and motility (176).  

Effect of antagonistic epiphytic bacteria over the growth of E. coli O157:H7 on 

leafy greens and of S. Saintpaul on fruits  

To evaluate the ability of previously identified in vitro antagonistic epiphytic 

bacteria (ivAEB) from fruits, to inhibit S. Saintpaul growth on rind/skin, and of ivAEB 

from leafy greens, to inhibit E. coli O157:H7 growth on leaves, the following procedures 

were applied. 

Procurement of produce samples  

Produce samples for this experiment were obtained from a local produce distributor. 

Sample selection criteria excluded waxed, bagged, mixed, chopped, prewashed, or organic 

produce. Due to the unavailability of unwaxed Roma tomato, the experiments including 

this commodity were conducted using unwaxed vine tomatoes var. salad. Samples were 

transported in individual plastic bags to the laboratory listed above and placed in plastic 

containers, covered with aluminum foil, and stored at 4°C for up to 24 h until further 

sampling was carried out, as will be further explained. 

Preparation of leafy green samples 

For leafy green samples, leaves were selected based on similarity in appearance and 

size. Visibly wounded or broken outer and core leaves were discarded. After sorting, 

leaves were washed with running tap water, rubbing the surface gently with gloved hands 

to remove soil and debris for 1 min. Excess water was removed by shaking gently and 
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using a salad spinner (OXO, El Paso, TX). Individual leaves were disinfected with 70% 

ethanol sprayed to cover the surface of both, adaxial and abaxial sides and air dried for 2 h 

at 25 ± 2 ºC. For spinach and endives, three circles of 10 cm2 each were aseptically excised 

from one leaf using a borer. One sample consisted of 3-10 cm2 cutlets from the same leaf. 

For parsley, since the leaf is a compound of leaflets, three leaflets from one leaf were 

separated and considered as one sample. The corresponding pieces per sample were placed 

into a sterile petri plate containing VWR grade 415 filter paper (415, 7.5 mm, VWR) 

moistened with 2 ml of sterile distilled water to keep them from drying during incubation 

as described by Khalil and Frank (154). 

Preparation of fruit samples 

For fruit samples, wounded or damaged pieces were eliminated. Each fruit was 

rinsed in tap water and rubbed with gloved hands to eliminate soil and debris from surface. 

After rinsing, the fruits were air-dried on paper towels for 1-8 h at 25 ± 2 ºC. The skin or 

rind of each fruit was disinfected by spraying 70% ethanol to cover the surface and air-

dried for 1 h at 25 ± 2 ºC. For tomatoes and cantaloupes, three circles of 10 cm2 per fruit 

were identified on the skin/rind and the three circles were considered as one sample. For 

peppers, three peppers were marked with 1 area of 10 cm2, and the three areas were 

considered as one sample. Areas of discoloration or wounds in the skin/rind were not used 

neither the stem nor the bloom scar. The cantaloupes were placed inside sterile beakers 

containing approximately 500 ml of sterile distilled water and a smaller beaker inside to 

hold the cantaloupe in place. Tomatoes and peppers were held on weighting boats with 

filter paper (415, 9 mm, VWR) moistened with 2 ml of sterile distilled water. Crinkled 
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sterile aluminum foil was placed between the filter paper and the fruit to separate the 

sample from direct contact with water. The weighting boats containing the samples were 

individually placed inside zip-lock bags and closed before incubation.  

Pathogen inoculum 

For the experiment, RIF-resistant E. coli O157:H7 and S. Saintpaul were 

individually cultured in 10 ml of TSB for 24 h at 35 °C. The culture was centrifuged at 

1,623 x g for 15 min, decanted, and resuspended three times using 10 ml of PBS to remove 

waste material from incubation. The final concentration of the inoculum was calculated 

by enumeration of CFU after spread plating serial dilutions of the inoculum in TSA-RIF 

and inoculation for 24 h at 35 ºC. Two serial dilutions were made from each pathogen, 

using 9 ml PW 0.1% to achieve a concentration of approximately 6 log CFU/ml per 

pathogen. 

In vitro epiphytic antagonistic bacteria (ivAEB) inoculum 

One or 2 d before the experiment, 1 culture of each ivAEB was prepared in TSB 

(MS, CL, and PY) or MRS (LAB) broth and incubated for 24 h at 35 ºC (MS, LAB, and 

CL) or 48 h at 25 ± 2 ºC (PY). After incubation, the cultures were centrifuged at 2191 x g, 

for 20 min (to maximize recovery), and decanted and resuspended in 1 ml of PBS to 

increase the concentration of each ivAEB in suspension to approx. 8−9 log CFU/ml, and 

to remove waste material from incubation. 

Inoculation procedures 

Fruit marked areas or leafy green cutlets were spot inoculated with 10 droplets of 

1 μl of each commodity-corresponding ivAEB inoculum with a concentration of 8–9 log 
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CFU/ml and let attach for 2 h at 20 ºC (for leafy greens) or at 30 ºC (for fruits) to mimic 

growing field temperatures. The adaxial (upper) side of the leaf pieces was used for 

inoculation. After the initial 2 h attachment, the same inoculated sites were inoculated with 

10 droplets of 1 μl of the pathogen inoculum containing 6 log CFU/ml of RIF-resistant E. 

coli O157:H7 (leafy greens) or RIF resistant S. Saintpaul (fruits) and incubated for up to 

24 h at 20 ºC or 30 ºC, respectively.  

Evaluation of the growth effect 

Triplicate samples per ivAEB were retrieved from incubation at 0, 6, 12, and 24 h 

for all commodities except peppers which were retrieved at 0, 12, 18, and 24 h. Samples 

not inoculated with the pathogen or the ivAEB were included as negative control. 

Treatment control consisted of samples inoculated only with the pathogen. Leafy green 

samples from one petri plate each, were suspended in 25 ml of PW and hand massaged for 

1 min to dislodge bacteria. For fruits, three marked skin/rind areas were aseptically excised 

using a flame-sterilized borer of 10 cm2 diam., placed in a sterile bag and suspended in 

99 ml of PW 0.1%. Fruit samples were pummeled in stomacher for 2 min at 300 RMP. 

Serial dilutions in 0.1% PW of each sample were spread plated onto TSA-RIF and 

incubated at 35 ºC for 24 h. After incubation, CFU were enumerated. The experiment was 

repeated three times per pathogen and ivAEB (n=3). 
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Evaluation of E. coli O157:H7 growth and stomata invasion on endives in the 

presence of antagonistic epiphytic bacteria 

The effect of ivAEB on the E. coli O157:H7 ability to form biofilms and to migrate 

to stomata areas was studied on endive leaves and observed using confocal microscopy 

using the following procedure. 

Sample selection and preparation 

Endives were obtained from a local retail distributor and stored at 4 ºC for up to 

24 h. Whole leaves were selected for similar appearance and size from the middle leaves 

of the plant. Visibly wounded or broken leaves were not selected nor were the outer and 

inner core leaves. Leaves were washed with running tap water for 1 min, rubbing gently 

with gloved hands to remove soil and debris. Dripping water was removed by shaking 

gently and by using a salad spinner. Endive leaves were disinfected with 70% ethanol 

sprayed to cover the surface of adaxial and abaxial sides, to reduce the epiphytic microbial 

load to approx. 4 log CFU/cm2 (Aerobic plate count) and air-dried for 1–2 h at 25 ± 2 ºC. 

Leaf pieces of 1 cm2 were cut using a flame-sterilized scalpel. Three leaf pieces were 

placed inside sterile petri plates containing filter paper moistened with 3 ml of sterile 

distilled water to keep them from drying during attachment and incubation. 

Pathogen inoculum 

For the experiment, a loopful from the TSA slant containing E. coli O157:H7 GFP 

was grown in 10 ml of TSB for 24 h at 35 °C. The culture was centrifuged at 1,623 x g, 

for 15 min, decanted, and resuspended in 10 ml of PBS. The final concentration of the 
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inoculum was calculated by enumeration of CFU after spread plating serial dilutions of 

the inoculum in TSA-AMP and inoculation for 24 h at 35 ºC. 

Epiphytic bacteria inoculum 

One isolate each of Streptococcus alactolyticus, Bacillus licheniformis, Gemella 

bergeri, Staphylococcus sciuri, and of Enterococcus gallinarum antagonistic toward E. 

coli O157:H7 on endive leaves were used for treatments. For the experiment, a loopful 

from each TSA slant or MRS stab was transferred to TSB or MRS using the same type of 

media during their isolation and incubated for 24 h at 35 ºC. After incubation, the isolate 

cultures were centrifuged at 2,191 x g for 20 min, decanted, and resuspended in 1 ml of 

PBS to remove waste material from incubation, and to increase the concentration to 

approx. 8–9 log CFU/ml. The final concentration of each bacterial strain was determined 

by serial dilutions and spread plating of each inoculum onto MRS or TSA agar and 

incubating at 35 ºC for 24 h. 

Inoculation of E. coli O157:H7 and epiphytic bacteria on endive surfaces 

The treatments consisted in inoculating 1-cm2 endive pieces with one drop of 10 µl 

of epiphytic bacteria inoculum each and allowing these to attach for 2 h at 25 ± 2 ºC. After 

attachment, the leaves were inoculated with one drop of 10 µl of the E. coli O157:H7 GFP 

inoculum in the same area where the epiphytic bacteria inoculum was placed, and 

incubated at 20 ºC for up to 3 d. The final concentration of pathogen and isolates inoculum 

were ~ 6 log CFU/10 µl. 
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Determination of E. coli O157:H7 on endive samples 

To complement the findings from the confocal microscopic analysis of samples for 

the presence/absence of E. coli O157:H7 GFP on the endive leaves, two samples per 

treatment (antagonistic bacteria isolate) and two negative (not inoculated with the 

pathogen or epiphytic bacteria) and two untreated (positive) controls were processed for 

bacterial enumeration. At 0 h, 12 h, and 60 h of incubation, two samples per treatment and 

controls consisting of three inoculated endive pieces were suspended in 99 ml PW, and 

pummeled in a stomacher for 1 min at 300 RPM to dislodge E.coli O157:H7 GFP from 

the surface. Serial dilutions in PW of the sample suspensions were spread plated onto 

TSA-AMP and incubated for 24 h at 35 ºC to enumerate the pathogen.  

Preparation of samples for confocal microscopy 

Five pieces per treatment were retrieved from incubation at 12 and 60 h for confocal 

microscopy analysis. The inoculated marked areas of each leave piece were aseptically 

excised with a sterile scalpel and surgical forceps to obtain a sample of approximately 0.5 

cm diam. The sample was mounted between two 24 x 60 mm rectangular microscope glass 

slides, kept together using adhesive clear tape, and transported to the Imaging Analysis 

Laboratory at Texas A&M University (College Station, TX).  

Evaluation of the growth and stomata invasion 

Ten to 15 photomicrographs were captured using the confocal laser scanning 

microscope (CLSM, Zeiss LSM 780 NLO Multiphoton microscope, Carl Zeiss, Jena, GE) 

with lasers set at 488 nm (green) excitation wavelength and 600 nm (red) for contrasting 

background. The image size corresponded to 212.5 x 212.5 µm and was observed using 
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the 40x immersion oil objective and 1.4 of numerical aperture. Images were digitally 

captured and stored in a Tagged Image File Format (16 bits, TIFF) (6). The images were 

observed using the MS Office Windows photo viewer program for Windows ver. 8.1. 

without any modifications or edits to the images (194). The digital images had an 

approximate resolution of 2672 x 2672 pixels, and a printing resolution of 96 x 96 dpi. 

The presence of stomata, the growth of E. coli O157:H7, and the invasion of stomata by 

the pathogen were recorded. To qualitatively evaluate the pathogen presence in the leaf 

surface, a classification was used for the growth and stomata invasion. In the case of 

pathogen growth, images with no visible growth were graded as “No growth”; those 

images showing low growth (approx. 1 to 33% of the total image) were graded as “Low”; 

those images showing growth of 34-66% were recorded as “Moderate”; and those showing 

more than 67% of growth were graded as “High growth.” The stomata invasion was graded 

similarly. Only open stomata were used for this evaluation even when closed stomata 

could present bacteria but the image would not allow their observation. Open stomata 

showing no growth of E. coli O157:H7 GFP in the lumen space or attached to the opening 

walls were classified as “no invasion” and assigned the number 0; if an open stomata 

showed invasion of 1–33% of this space, it was classified as “low invasion” and graded 

as 1; when stomata presented invasion of approx. 34 to 66%, it was classified as 

“moderate” and graded as 2, and stomata presenting an invasion of the pathogen in more 

than 67% of the lumen and walls was graded as 3, and classified as “high invasion.” The 

frequency of each classification was compared using Z-test for two proportion 

comparisons.   
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Data analyses 

All bacterial CFU counts were transformed to their corresponding logarithmic value 

and expressed as log CFU for statistical analyses. All statistical analyses were calculated 

using SAS 9.4 (242). Statistical differences were considered significant when α-value was 

< 0.05. 

For the preliminary experiment to determine the incubation time to be used in the in 

vitro inhibitory effect test, the T-TEST procedure was carried out using the overall mean 

inhibition area (IA) by treatment and pathogen tests. 

For the preliminary experiment to select a media combination to be utilized during 

the in vitro spot agar test, the mean IA for each treatment by pathogen and overall mean 

IA were compared using the ANOVA procedure. When statistical differences were found 

(P < 0.05), Tukey's (HSD) test was used to separate the IA means per treatment. The 

proportion of detected antagonistic bacteria by treatment and pathogen tested were 

compared using a Z-test for comparison between two binomial proportions. 

For the preliminary experiment to determine similarities in the growth of RIF-

resistant and parent strain pathogens, the growth of E. coli O157:H7 and S. Saintpaul 

parent strains and RIF-resistant strains were compared by plotting log CFU/ml values as 

a function of time in h. Growth data were fitted to a Baranyi model equation for sigmoid 

curves, using DMFit Excel add-in ver. 2.1 (IFR, Colney, UK) (18). For individual growth 

curves, the following growth parameters were estimated: initial population (N0), 

maximum population (Nmax), specific growth rate (μmax), and doubling time (d-t). Due to 

the rapid growth of the bacterial strains in TSB, lag phase was not accurately predicted by 
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the software (Fit error > 0.20) and was not included in the analysis. Growth parameters of 

each pathogen were compared using the T-TEST procedure of SAS 9.4 (242). 

For the preliminary experiment to compare the susceptibility of parent and RIF-

resistant E. coli O157:H7 and S. Saintpaul to the inhibitory effect of ivAEB, the mean IA 

by respective parent and RIF-derivative were compared using the T-Test procedure of 

SAS 9.4 software (242). To compare the inhibitory effect of each isolate toward E. coli 

O157:H7 or S. Saintpaul, the mean IA for each treatment by pathogen was compared using 

the ANOVA procedure. When statistical differences were found (P < 0.05), Tukey's 

(HSD) test was used to separate the IA means per treatment. 

For the preliminary experiment to determine biofilm formation by E. coli O157:H7, 

S. Saintpaul, and ivAEB isolates, using the crystal violet method, the absorbance of three 

replicates at 0 h and 24 h from the isolates were compared to each pathogen and to the 

negative control (sterile TSB) using the T-Test procedure of SAS 9.4 software (242). 

To analyze the microbial content on fruits and leafy greens, the mean bacterial 

counts (log CFU/g for leafy greens or log CFU/cm2 for fruits) were calculated and 

compared by leafy green (spinach, endives, and parsley) or fruit (cantaloupe, tomatoes, 

and peppers) commodity, with ANOVA analysis for each bacterial group (MS, LAB, CL, 

and PY). When ANOVA indicated statistical differences (P < 0.05), a mean separation 

was carried out using Tukey's honestly significant difference (HSD) test. The effects of 

temperature, relative humidity, and season (only fruits) were analyzed using the ANOVA 

procedure separating each bacterial group. The effect of the irrigation method (drip or 
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flood) on tomatoes and peppers bacterial counts were analyzed using the T-Test 

procedure.  

For the analysis of the antagonistic effect in vitro against E. coli O157:H7, S. 

Saintpaul or both pathogens by epiphytic bacteria, isolates presenting IA > 1.0 mm2 were 

considered positive and included in the analysis. Mean IA of positive results by bacterial 

group and species were calculated to determine field, commodity, and season effect using 

ANOVA. To compare the content of epiphytic bacteria by commodity, field, and season, 

antagonistic to E. coli O157:H7, S. Saintpaul, or both pathogens, percentages of positives 

were compared using the Z-test for two binomial proportions. The mean IA for each 

bacterial group by inhibited pathogen was compared using ANOVA followed by mean 

separation using Tukey’s HSD test (242).  

To analyze the effect of ivAEB over the growth of E. coli O157:H7 on leafy greens 

leaves and the effect of S. Saintpaul in fruit skin/rind, log CFU/ml values from sample 

processing were used to calculate the overall growth (OvGr), growth rate (µmax), and 

doubling time (d-t) for each epiphytic isolate tested, and these values were compared to 

the untreated control using the SAS T-Test procedure (242). The OvGr was calculated by 

subtracting the final count in log CFU/ml after 24 h of incubation, from the initial count 

at 0 h of incubation. Doubling time (d-t, in min) was calculated using the formula: 

d-t = t / n 

where n was the number of generations and t was the time interval in min. considered 

within the exponential growth. The number of generations was calculated using the 

formula: 
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n = log N1 – log N0 

log10 (2) 

where N1 is the CFU/ml count at the final time point, and N0 is the CFU/ml count at the 

initial time point considering the time interval at the exponential growth. The growth rate 

was calculated using the formula:  

μmax = (
log N1

log N0
)

1
𝑡⁄

− 1 

To analyze the effect of ivAEB toward the growth and stomata invasion of E. coli 

O157:H7 GFP using confocal images, total and open stomata were added by treatment 

and incubation time, and the proportion of open stomata were compared between 

treatment and control and between incubation times within treatments using Z-test 

comparison for two proportions. The grades obtained for growth and stomata invasion 

were averaged by incubation time, and the treatment and means were compared by 

incubation times between treated and untreated samples (E coli O157:H7 control) using 

the T-test procedure of SAS (242). 
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RESULTS AND DISCUSSION 

 

Preliminary experiments 

Transformation of microbiological content by g to content by cm2  

In order to compare the microbiological content of all commodities, a factor of 

conversion from g to cm2 was attempted as previously described. However, this 

transformation was determined unreliable due to the variation of the weight given by the 

stems, since these were not considered in the transformation and were included in the 

original samples. Moreover, the areas calculated and the weight of the leaves would vary 

depending on the roughness of the surfaces; furthermore, the weight loss due to 

transpiration of the leaves during transportation could add another error factor to this 

conversion. Thus, it was decided to compare only those commodities that were studied 

using similar measuring units. Therefore, leafy greens were not compared to fruits. 

Incubation time for in vitro experiments 

The objective of this experiment was to determine the incubation time required by 

lactic acid bacteria to demonstrate inhibitory activity in vitro toward enteric pathogens. 

The spot agar test by Fleming et al. (114) included the incubation of the presumptive 

inhibitory LAB for 24 h at 30 ºC, before overlay with media containing the pathogen, 

followed by a second incubation for 24 h at 30 ºC. Treatment 2 methodology was similar 

to that reported by Brashears et al. (39), who used a 24 h LAB well-grown spot in MRS, 

and overlaid with molten TSA, inoculated with E. coli O157:H7. The modification tested 

in this experiment included an attachment for 1 h (Treatment 1) and incubation for 24 h 
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(Treatment 2) prior to the pathogen overlay and further incubation of both for 24 h. 

treatment time. The temperature of incubation was set to 35 ºC for both treatments and 

pathogens tested. The initial concentration of each LAB was 5.8 log CFU/µl for L. 

amylovorus, 5.8 log CFU/µl for L. animalis, and 6.0 for P. acidilactici log CFU/µl per 

each spot inoculated. The overlay inoculated with E. coli O157:H7 contained an initial 

concentration of 6.6 log CFU/ml, and the S. Saintpaul overlay concentration was 6.8 log 

CFU/ml. The IA was averaged for the two replicates and three LAB isolates (n=6) since 

no significance difference was found between replicates and LAB strains within treatment. 

When the IA against E. coli O157:H7 was compared by treatment, mean IA in Treatment 1 

was significantly smaller (P < 0.05), with a mean IA of 18 ± 7 mm2  than that in 

Treatment 2 which presented a mean IA of 188 ± 69 mm2 (Fig. E 2). A similar result was 

observed when S. Saintpaul IA means were compared. The mean IA for Treatment 1 

resulted in 18 ± 5 mm2 while Treatment 2 reached a mean IA of 171 ± 81 mm2 (P < 0.05). 

E. coli O157:H7 and S. Saintpaul were similarly inhibited within treatments (P > 0.05) 

(Fig. E 2). 
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FIGURE 2. In vitro antagonistic effect against enteric pathogens using two incubation times for LAB 

during spot agar test.  Graphed here with the mean inhibition area (bars) and standard deviation (vertical 

lines). Bars with same letter above are not significantly different (P > 0.05). 

 

 

 

The LAB utilized in this study were expected to exhibit the inhibition activity 

toward E. coli O157:H7 and S. enterica since these have been extensively confirmed in 

vitro in previous studies (12, 37, 38). Brashears et al. (39) reported inhibition halos with 

diameters no larger than 11.47 mm for the inhibitoriest strain (P. acidilactici in that study) 

toward a cocktail of 4 beef-isolated E. coli O157:H7 strains. In this study, the diameter of 

the inhibition halos, also called inhibition zones, were collected from the shortest and the 

longest diameter of the halo, since tracing only one line across the halo to measure its 

diameter would bias the results since most halos were not entirely circular. Using the 

averaged diameters, the results from the present study of the E. coli O157:H7 inhibition 

showed a slightly larger inhibition mean diameter of 16 mm ± 2.5 mm, when using 

Treatment 2, than the largest diameter reported by Brashears et al. of 11.47 mm. This 
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could be due to the different E. coli O157:H7 strains used or to different methods or 

measurements of this diameters. The halos obtained when using Salmonella cannot be 

compared since that study did not include Salmonella as a screening pathogen. 

When Treatment 1 and 2 were compared, it was evident that the less LAB bacteria 

was incubated, the smaller the IA was. The differences found between these two methods 

can be related a larger number of LAB cells leading to a greater use of nutrients and an 

accumulation of inhibitory substances with an expanded diffusion of these in the 

inoculated media. In a study conducted by Parente et al (222), the dose/response behavior 

of bacteriocins toward bacterial growth was demonstrated using partially extracted 

bacteriocins, expressing linear or sigmoidal dose/response curve behavior. Although 

bacteriocins activity in LAB as their main inhibitory characteristic is less common than 

the production of acids, and hydrogen peroxide, P. acidilactici, has demonstrated 

bacteriocin-like inhibitory activity toward enteric pathogens with the synthesis of 

pediocins (12, 219, 260). Furthermore, these strains produce organic acids as metabolites 

of their fermentation of sugars. Diffusion of these antibacterial acids and a drop in pH 

might also be related to the higher inhibition areas after prolonged incubation. The LAB 

strains might have been producing organic acids during the entire incubation time, and 

they might have also continued growing since they are not highly sensitive to the low pH 

produced by its metabolites (39). 

Although less evident, the growth inhibition of E. coli O157:H7 and S. Saintpaul in 

vitro when using Treatment 1 denotes that some LAB could demonstrate their antagonistic 

activity at the early stages of their adaptation to a new environment, and within the first 
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24 h of coexistence with an enteric pathogen. However, since Treatment 1 was going to 

be designated for the screening of numerous produce-epiphytic LAB, Treatment 2, was 

deemed a better choice because it allows for easier differentiation of the antagonistic 

isolates in vitro due to the formation of larger inhibition areas which could possibly benefit 

from Treatment 2 and its subsequent improvement of inhibition expression from slow-

growing bacteria. This method also appears to promise better facilitation in case the further 

tested epiphytic bacteria releases substances are not easily diffused in agar. 

Medium selection for lactic acid bacteria 

In total, 254 spinach-isolated presumptive LAB were tested using two different 

media (MRS and APT) for propagation and spot inoculation (four treatments in total) to 

identify the medium that would better allow the best expression of pathogen growth 

inhibition in vitro. In total, 151 (59%) showed an antagonistic effect toward either E. coli 

O157:H7 or S. Saintpaul or toward both pathogens, when tested using one or more 

treatments. Seventy-five isolates were antagonistic to both pathogens, while three isolates 

were antagonistic solely toward E. coli O175H7, and 73 isolates were antagonistic solely 

toward S. Saintpaul, using 1 or more treatments. The mean IA were compared considering 

all inhibitory results toward S. Saintpaul, or E. coli O157:H7 and toward both pathogens. 

Overall, the mean IA averaged for both pathogens was significantly larger (P < 0.05) when 

Treatment 1 and Treatment 2 were used obtaining a mean IA of 67 ± 62 and 66 ± 57 mm2 

respectively, than when Treatment 3 and 4 were applied resulting in 24 ± 71 and 19 ± 

43 mm2 mean IA, respectively. When the treatments were compared separating by 

pathogen inhibition, the mean IA for Treatments 1 and 2 were again consistently larger 
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(P<0.05) than those mean IA using Treatments 3, and 4 for E. coli O157:H7 and S. 

Saintpaul (Table 2). When the percentages of inhibitory isolates using each treatment were 

compared, the use of Treatment 1 and 2 resulted in more isolates identified as inhibitory 

to both pathogens (24.8 and 23.6 %, respectively) (P < 0.05), than when using treatments 

3 and 4 (14.6, and 17.3 %), respectively (Table 2).  

 

 

TABLE 2. Media combinations used during in vitro spot agar test to determine the 

antagonistic effect of spinach-isolated bacteria toward E. coli O157:H7 and S. Saintpaula

Treatment b  µ ± SDc 

   Antagonistic against E. coli O157:H7  

      1) MRS - MRS 53 ± 44 Ad, ae 

      2) APT - MRS 70 ± 51 A, a 

      3) MRS - APT 22 ± 83 B, a 

      4) APT - APT 21 ± 61 B, a 

   Antagonistic against S. Saintpaul  

      1) MRS - MRS 53 ± 44 A, a 

      2) APT - MRS 52 ± 38 A, b 

      3) MRS - APT 18 ± 61 B, a 

      4) APT - APT 9 ± 14 B, a 

Proportions of antagonistic isolates by treatmentf 

      1) MRS - MRS 63/254 (24.8 %) A 

      2) APT - MRS 60/254 (23.6 %) A 

      3) MRS - APT 37/254 (14.6 %) B 

      4) APT - APT 44/254 (17.3 %) B 

a Spot agar test described by Fleming et al. (1975) (114) 
b Treatments included incubation of spinach-isolated bacteria in MRS broth (1 and 3) or APT broth 

(Treatments 2 and 4), followed spot inoculation onto MRS agar (1 and 2) or APT agar (3 and 4). 
c Mean ± standard deviation of E. coli O157:H7 or S. Saintpaul inhibition areas (mm2) 
d Within columns, and pathogen group, values followed by the same uppercase letter are not 

significantly different (P > 0.05). 

e Within columns, and treatment, values followed by the same lowercase letter are not significantly 

different (P > 0.05). 
f Number and percentage (%) of spinach-isolated bacteria antagonistic to one or both pathogens. 

 

 

The mean IA were similar for S. Saintpaul and E. coli O157:H7 within treatments 

(P > 0.05), except when using Treatment 2 where S. Saintpaul was less susceptible, 
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presenting a smaller IA of 52 ± 38 mm2, while the E. coli O157:H7 mean IA was 70 ± 51 

mm2 (P < 0.05). 

The two media used in this study were developed for the propagation and growth of 

lactobacilli in the laboratory. The MRS medium developed by De Man, Rogosa and 

Sharpe (97), included most of the recipe ingredients from the Evans and Niven (105) 

medium known as APT, although no thiamine was included, and our MRS medium 

incorporated a different sugar content and other chemicals (24). The media ingredients 

used in this experiment are included in Table 3. The medium used to propagate LAB in 

the laboratory have affected the growth of different lactobacilli species and other 

fermentative bacteria in previous studies (151).  

Noticeably, the ability of LAB to express antagonism toward enteric pathogens in 

vitro was also affected by the medium used. A better adaptation and varied usage of the 

nutrients contained in MRS agar might have allowed the presumptive LAB to synthetize 

a higher volume or a more diversified quantity of antimicrobial compounds, including 

acids, bacteriocins or hydrogen peroxide (158).  

The protocol followed for further in vitro inhibitory effect tests included the use of 

MRS broth as a propagation medium, and for MRS agar to be used for LAB spots to test 

presumptive LAB antagonistic activity in vitro. 
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TABLE 3. Commercial formulation of MRS and APT media for proliferation of 

lactobacillia 

Purpose Ingredients 

 MRS medium APT medium 

Peptides, amino acids, 

and nitrogen source 

Proteose Peptone No. 3, 10 g  

Beef Extract, 10 g 

Pancreatic digest of casein, 12.5 

g 

B-complex vitamins Yeast Extract, 5 g Yeast Extract, 7.5 g 

Carbon source Dextrose, 20 g Dextrose, 10 g 

Fatty acids source, 

surfactant 

Polysorbate 80, 1 g Polysorbate 80, 0.2 g 

Buffering agent Dipotassium Phosphate, 2 g Dipotassium Phosphate, 5 g 

Ions source Manganese Sulfate, 0.05 g 

Magnesium Sulfate, 0.1 g 

Manganese Chloride, 0.14 g 

Magnesium Sulfate, 0.8 g 

Ferrous Sulfate, 0.04 g 

Osmotic balance, 

electrolytes 

 Sodium Chloride, 5 g 

Thiamine source  Thiamine Hydrochloride, .0001 g 

 

Chelating agent Ammonium Citrate, 2 g Sodium Citrate, 5 g 

Inhibitory agent Sodium Acetate, 5 g 

Ammonium citrate 

 

a Difco & BBL manual of microbiological culture media (24) 

 

 

 

E. coli O157:H7 lag phase 

The mean log values from 0 to 180 min and the curve and fitted linear function are 

shown in Figure 3. The lag phase was calculated from the linear function: 

y = 0.0073x + 1.2846, (R2 = 0.80) 

The end of the lag phase was considered an increase on the mean log CFU/ml of 1 

log value. Thus, x value was set to 2.4 log CFU/ml, and the resulting length of the lag 

phase was 153 min. However, given the possible variation in the samples, the length of 

incubation for recovery of bacteria in nonselective media was set to 120 min.  
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FIGURE 3. Estimation of the E. coli O157:H7 lag phase  

 

 

 

Differential media to isolate E. coli O157:H7 from leafy green samples 

Xylose lysine tergitol4 (XLT-4) and Sorbitol MacConkey agar media for 

enumeration of S. Saintpaul-inoculated fruit skin samples and E. coli O157:H7-inoculated 

leaves samples were used during preliminary tests to determine their feasibility in the 

identification of pathogenic colonies from background microbiota colonies. When 

MacConkey agar was used to enumerate E. coli O157:H7 growth on spinach inoculated 

samples, the negative controls (not inoculated) presented colorless colonies, identical to 

the pathogen colonies from pure culture, the counts of the negative samples were: 2.6, 3.1, 

2.9, 4.0, 3.2, 4.2, and 4.8 log CFU/10 cm2 at 0, 1, 2, 4, 6, 10 and 12 h of incubation, while 

inoculated samples presented counts of 3.3, 3.6, 3.6, 3.5, 3.4, 4.2, and 4.3 log CFU/10 cm2. 

Therefore, it was determined that this medium was not convenient for the purposes of the 

experiments in produce surfaces. In the case of XLT-4, the use of this media also presented 

some difficulties. When S. Saintpaul was streaked for isolation on XLT-4, some colonies 
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presented weak black coloration from the characteristic hydrogen-sulfide reaction. 

Although some colonies presented the black coloration, the results from the enumeration 

of black colonies from inoculated samples would likely be erroneous. Furthermore, the 

possible underestimation of the pathogens was a concern since highly selective media such 

as XLT-4 will likely inhibit the growth of stressed pathogenic bacteria after their exposure 

to antagonistic bacteria. Brashears et al. (36) reported this problem in acid-stressed 

Salmonella and E. coli O157:H7, where counts obtained in nonselective media (TSA) 

were higher than those in selective media (XLT-4 for Salmonella and VRBA for E. coli 

O157:H7) after stressing the bacteria using lactic acid solutions. Hence, the use of these 

differential media in further experiments was not considered appropriate. Subsequently, 

the use of an alternative nonselective media such as TSA, supplemented with an antibiotic 

such as RIF, along with the use of RIF-resistant derivatives of the pathogens was proposed 

and further tested. 

Growth curves 

The growth curves of E. coli O157:H7 K3999 RIF-resistant derivative and of S. 

Saintpaul RIF-resistant derivative demonstrated a close resemblance in their growth 

patterns when compared with their respective parental strains (Fig. 4 and 5). To confirm 

these observations, the growth curves were fitted to a Baranyi model, and growth 

parameters were obtained. The parameters extracted were: The initial (N0) and final (Nmax) 

bacterial concentration, expressed in log CFU/ml, the generation time (d-t) in min, and the 

growth rate in h-1 (µmax), for E. coli O157:H7, S. Saintpaul and its RIF resistant derivatives. 
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FIGURE 4. Growth curves of E. coli O157:H7 K3999 and its rifampicin resistant 

derivative in tryptic soy broth 

 

 

 

The results of the calculated growth parameters are included in Table 4 for E. coli 

O157:H7 and its derivative and in Table 5 for S. Saintpaul and its derivative. In general, 

no significant differences were found in any of the parameters calculated when parent and 

derivative pathogens were compared for any of the pathogens (P > 0.05). Thus, the 

parental and derivative strains were determined indistinguishable in their growth behavior. 
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FIGURE 5. Growth curves of S. Saintpaul and its rifampicin resistant derivative in 

tryptic soy broth.  

 

 

 

TABLE 4. Growth parameters of E. coli O157:H7 and rifampicin resistant derivative  
Microorganism Mean ± SDa 

 µmax
b d-t N0 Nmax 

 h-1 min Log CFU/ml Log CFU/ml 

E. coli O157:H7  0.67 ± 0.09 Ac 15.9 ± 0.4 A 3.9 ± 0.03 A 8.5 ± 0.09 A 

E. coli O157:H7 RIF 0.60 ± 0.04 A 15.5 ± 0.2 A 3.5 ± 0.51 A 8.6 ± 0.03 A 
a Mean ± standard deviation (SD), n=3  
b µmax: Growth rate, d-t: doubling time, N0: initial count, Nmax: final count 
c Values followed by the same letter are not significantly different (P > 0.05). 

 

 

 

TABLE 5. Growth parameters of S. Saintpaul and rifampicin resistant derivative 
Microorganism Mean ± SDa 

 µmax
b d-t N0 Nmax 

 h-1 min Log CFU/ml Log CFU/ml 

S. Saintpaul 0.88 ± 0.04 Ac 23.6 ± 0.3 A 3.0 ± 0.08 A 8.8 ± 0.07 A 

S. Saintpaul RIF 0.85 ± 0.03 A 23.8 ± 0.4 A 3.0 ± 0.02 A 8.8 ± 0.04 A 
a Mean ± standard deviation (SD), n=3  
b µmax: Growth rate, d-t: Doubling time, N0: initial count, Nmax: final count 
c Values followed by the same letter are not significantly different (P > 0.05). 
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Effect of antagonistic bacteria toward parent and rifampicin-resistant pathogens 

The inhibition of parent and RIF derivative pathogens was compared using ivAEB 

from fruit and leafy greens. The mean IA of the parent and RIF resistant E. coli O157:H7 

for each leafy green ivAEB (31 isolates) are shown in Table 6. The mean IA of the parent 

and RIF resistant S. Saintpaul by fruit ivAEB (40 isolates) are shown in Table 7. The 

analysis by ivAEB and commodity for E. coli O157:H7 and S. Saintpaul are included in 

Tables 6 and 7, respectively.  

Parent and RIF-resistant derivative E. coli O157:H7 were similarly susceptible (P > 

0.05) to leafy green ivAEB except for four isolates: Bacillus pumilus and Enterococcus 

gallinarum from endives, Aerococcus viridans from parsley, and spinach-isolated Kocuria 

kristinae. When B. pumilus was used, E. coli O157:H7 RIF resistance was less susceptible 

than the parent E. coli O157:H7 (P < 0.05), showing a mean IA of 36 ± 9 mm2, while the 

parent mean IA was 58 ± 12 mm2. E. coli O157:H7 RIF was also more resistant to K. 

kristinae with a mean IA of 42 ± 9 mm2, while the parent strain presented a mean IA of 

72 ± 28 mm2. In contrast, when E. gallinarum was used, RIF-resistant E. coli O157:H7 

was more susceptible (P < 0.05), showing a mean IA of 46 ± 19 mm2, while the parent 

resulted in a mean IA of 79 ± 26 mm2. RIF-resistant E. coli O157:H7 was more susceptible 

to A. viridans, presenting a mean IA of 15 ± 6 mm2, while the parent E. coli O157:H7 had 

a mean IA of 9 ± 2 mm2.   
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TABLE 6. In vitro inhibition of E. coli O157:H7 parent and rifampicin resistant 

derivative strains using leafy green-isolated bacteria  

  Mean ± SDc 

No.a Speciesb Parentd,e RIF-resistant 

Endive isolates   

3075 Streptococcus alactolyticus 226 ± 100 A, a 198 ± 31 A, a 

3251 Bacillus licheniformis 164 ± 91 A, b 103 ± 40 A, cd 

3152 Streptococcus equinus 154 ± 69 A, b 157 ± 41 A, b 

3955 Streptococcus mutans 142 ± 33 A, b 135 ± 35 A, b 

3154 Pediococcus pentosaceus 123 ± 37 A, bc 103 ± 24 A, cd 

3302 Staphylococcus sciuri 85 ± 78 A, cd 108 ± 53 A, c 

3756 Enterococcus gallinarum 79 ± 26 A, cde 46 ± 19 B, efghi 

3915 Lactobacillus rhamnosus 73 ± 36 A, cdef 75 ± 34 A, de 

3874 Vagococcus fluvialis 70 ± 32 A, def 62 ± 20 A, efg 

3597 Streptococcus sanguinis 70 ± 20 A, def 64 ± 16 A, ef 

3200 Listeria grayi 65 ± 18 A, def 74 ± 17 A, de 

3953 Lactobacillus plantarum 64 ± 14 A, def 57 ± 12 A, efgh 

2900 Bacillus pumilus 58 ± 12 A, def 36 ± 9 B, fghi 

3622 Staphylococcus lentus 44 ± 24 A, def 33 ± 13 A, ghi 

3277 Gemella bergeri 25 ± 6 A, ef 30 ± 14 A, hi 

3552 Aerococcus viridans 24 ± 5 A, ef 26 ± 10 A, i 

3554 Leuconostoc mesenteroides subsp. dextranicum 23 ± 6 A, f 21 ± 11 A, i 

Parsley isolates   

5897 Bacillus mycoides 141 ± 75 A, a 98 ± 67 A, ab 

5432 Staphylococcus lentus 131 ± 22 A, ab 133 ± 22 A, a 

4145 Bacillus sp. 86 ± 27 A, bc 66 ± 32 A, bc 

4094 Pseudomonas paucimobilis 74 ± 33 A, c 57 ± 9 A, bcd 

4197 Enterococcus casseliflavus 58 ± 16 A, cd 39 ± 8 A, cde 

4111 Enterococcus gallinarum 55 ± 22 A, cde 50 ± 28 A, cde 

4876 Staphylococcus intermedius 37 ± 15 A, cde 37 ± 17 A, cde 

5438 Aerococcus viridans 9 ± 2 A, de 15 ± 6 B, de 

4075 Gemella morbillorum 7 ± 2 A, e 10 ± 9 A, e 

Spinach isolates   

1610 Kocuria kristinae 72 ± 28 A, a 42 ± 9 B, b 

1552 Enterococcus cecorum 70 ± 25 A, a 64 ± 18 A, a 

1637 Aerococcus viridans 67 ± 16 A, a 58 ± 14 A, ab 

1650 Cupriavidus pauculus 59 ± 17 A, a 53 ± 9 A, ab 

358 Enterococcus casseliflavus 46 ± 13 A, a 43 ± 6 A, b 
a Identification code from stock culture. Food Microbiology Laboratory. Texas A&M University.  
b According to Vitek-2 system identification. 
c Inhibition area mean ± standard deviation of E. coli O157:H7 parent or rifampicin-resistant derivative, n 

= 8. 
d Within rows, values followed by the same uppercase letter are not significantly different (P > 0.05). 
e Within columns, and commodity, values followed by the same lowercase letter are not significantly 

different (P > 0.05)
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TABLE 7. In vitro inhibition of S. Saintpaul parent and rifampicin resistant derivative 

strains using fruit-isolated bacteria 

  Mean ± SDc 

No.a Speciesb Parentd,e RIF-resistant 

Cantaloupe isolates   

13172 Enterobacter cloacae subsp. dissolvens 430 ± 97 A a 315 ± 78 B a 

13510 Enterobacter ludwigii 231 ± 38 A b 260 ± 65 A a 

12712 Staphylococcus warneri 217 ± 24 A bc 184 ± 16 B b 

12196 Leuconostoc mesenteroides subsp. cremoris 204 ± 55 A bcd 172 ± 41 A bcd 

13957 Leuconostoc mesenteroides subsp. dextranicum 167 ± 32 A bcde 124 ± 36 B bcdefg 

10039 Lactococcus pentosaceus 163 ± 40 A bcdef 183 ± 42 A b 

12871 Lactococcus lactis subsp. lactis 157 ± 42 A bcdefg 141 ± 35 A bcdef 

10040 Streptococcus thoraltensis 157 ± 21 A bcdef 179 ± 29 A bc 

13271 Enterococcus cecorum 154 ± 46 A bcdegf 97 ± 27 B fgh 

12115 Enterococcus casseliflavus 147 ± 78 A cdefg 74 ± 16 B hg 

13598 Citrobacter sedlakii 142 ± 14 A cdefg 167 ± 22 B bcde 

12194 Enterobacter kobei 140 ± 27 A cdefg 139 ± 48 A bcdef 

10240 Staphylococcus vitulinus 135 ± 47 A defg 111 ± 17 A efgh 

12032 Staphylococcus lentus 132 ± 57 A defg 122 ± 36 A cdefg 

12833 Aerococcus viridans 127 ± 24 A defg 105 ± 25 A fgh 

10191 Enterococcus faecium 113 ± 29 A efg 103 ± 14 A fgh 

13632 Staphylococcus xylosus 106 ± 21 A efg 109 ± 17 A efgh 

10352 Enterococcus gallinarum 102 ± 19 A efg 105 ± 36 A fgh 

13713 Enterococcus faecalis 99 ± 26 A efg 116 ± 17 A defgh 

10199 Lactococcus garvieae 98 ± 23 A efg 90 ± 10 A fgh 

10074 Staphylococcus gallinarum 95 ± 50 A efgh 58 ± 15 A hi 

13755 Staphylococcus epidermidis 91 ± 27 A efgh 81 ± 29 A fgh 

10473 Kocuria kristinae 87 ± 17 A fgh 85 ± 21 A fgh 

13552 Enterococcus gallinarum 79 ± 62 A hgi 60 ± 17 A hi 

12795 Staphylococcus cohnii subsp. urealyticus 19 ± 11 A hi 10 ± 5 B i 

13119 Klebsiella pneumoniae subsp. pneumoniae 9 ± 4 A i 5 3 ± A i 

Pepper isolates   

9072 Enterococcus faecalis 106 ± 22 A a 95 ± 20 A a 

17038 Staphylococcus epidermidis 91 ± 26 A ab 103 ± 30 A a 

17600 Staphylococcus warneri 75 ± 12 A bc 66 ± 6 A b 

16759 Staphylococcus lugdunensis 58 ± 20 A c 80 ± 20 B ab 

9191 Staphylococcus hominis subsp. hominis 24 ± 13 A d 29 ± 7 A c 
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TABLE 7. Continued. 

  Mean ± SDc 

No.a Speciesb Parentd,e RIF-resistant 

Tomato isolates   

15318 Lactococcus lactis subsp. lactis 171 ± 34 A a 138 ± 31 A a 

15313 Enterococcus gallinarum 127 ± 36 A b 140 ± 27 A a 

15651 Bacillus polymyxa 123 ± 14 A b 106 ± 14 B abc 

6034 Kocuria kristinae 118 ± 25 A b 124 ± 53 A ab 

6031 Staphylococcus epidermidis 73 ± 14 A c 79 ± 17 A bcd 

14596 Staphylococcus hominis subsp. novobiosepticus 36 ± 11 A d 35 ± 16 A de 

14594 Staphylococcus saprophyticus 35 ± 14 A d 61 ± 30 B cd 

6392 Staphylococcus hominis subsp. hominis 33 ± 9 A d 61 ± 33 B cd 

14599 Staphylococcus lentus 11 ± 4 A d 7 ± 4 B e 
a Identification code from stock culture. Food Microbiology Laboratory. Texas A&M University.  
b According to Vitek-2 system identification. 
c Inhibition area mean ± standard deviation of S. Saintpaul parent or rifampicin-resistant derivative, n = 8. 
d Within rows, values followed by the same uppercase letter are not significantly different (P > 0.05). 
e Within columns, within commodity, values followed by the same lowercase letter are not significantly 

different (P > 0.05). 
 

 

 

The RIF-resistant S. Saintpaul and the parent strains were equally susceptible to the 

inhibitory action of 28 ivAEB (P >0.05), and different from 12 ivAEB (P < 0.05). RIF 

resistant S. Saintpaul was more susceptible (P < 0.05) to the in vitro inhibitory action of 4 

ivAEB including Citrobacter sedlakii from cantaloupe, Staphylococcus lugdunensis from 

pepper, and Staphylococcus saprophyticus and Staphylococcus hominis subsp. hominis 

isolated from tomato. On the contrary, RIF derivative was more resistant than the parent 

strain (P < 0.05) to the inhibitory action of 8 ivAEB including Enterobacter cloacae subsp. 

dissolvens, Enterococcus cecorum, Enterococcus casseliflavus, Staphylococcus warneri, 

Staphylococcus cohnii subsp. urealyticus, and Leuconostoc mesenteroides subsp. 
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dextranicum isolated from cantaloupe, and to Staphylococcus lentus, and Bacillus 

polymyxa isolated from tomato. 

Ten isolates previously identified from the 41 ivAEB toward E. coli O157:H7 did 

not show inhibitory results during this preliminary experiment. Therefore, they were not 

included in the analysis. In the case of the fruit-isolated antagonistic bacteria, 55 ivAEB 

previously tested as inhibitory to S. Saintpaul according to in vitro experiments were 

selected; however, 15 isolates did not replicate their inhibitory activity toward S. Saintpaul 

and were not included or further tested. The lack of antagonistic activity after a 

demonstrated initial antagonistic activity has been previously reported. The absence of the 

inhibition might be related to the adaptation of the epiphytic strains to laboratory 

conditions in the complex media through consecutive passes during revival and 

proliferation, possibly changing the utilization and synthesis of nutrients and inhibitory 

metabolites. Although some differences were detected during the comparison of RIF-

resistant and parent strains, the use of RIF-resistant bacteria for further experiments using 

the surfaces of fruits and vegetables is the most suitable alternative to selecting and 

identifying only inoculated pathogens and no other bacteria from this surfaces. The 

alternatives of using differential media such as XLT-4 to isolate Salmonella or sorbitol 

MacConkey agar to differentiate E. coli O157:H7 were previously tested and determined 

not suitable for these experiments. 

Moreover, this experiment was able to compare the inhibition strength of different 

epiphytic bacteria. In general, the largest IA were shown when using Streptococcus 

alactolyticus (226 ± 100 mm2) isolated from endives toward E. coli O157:H7. Similarly, 
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Enterobacter cloacae subsp. dissolvens and Enterobacter ludwigii from cantaloupe, and 

Lactococcus lactis, from tomato produced the largest IA of S. Saintpaul, with values of 

430 ± 97 mm2, 231 ± 38 mm2, and 171 ± 24 mm2. 

Even when the possibility of larger IA indicated a stronger inhibition effect toward 

the pathogens, inferences about the inhibitory activity of these strains might not be 

accurate based only in these values. A smaller inhibitory area might not be directly related 

to a lesser amount or extent of the inhibition but rather to different mechanisms of action 

or different diffusions of the released inhibitory elements in the semisolid media. 

Nonetheless, the variations observed with different species illustrate the possibility of 

different substances and/or mechanisms being employed by different bacteria. This 

highlights the importance of the evaluation of antagonistic isolates on the actual plants, 

and the further analysis of mechanisms employed by these microorganisms to determine 

their possible application as biocontrol agents. 

Determination of biofilm using the crystal violet method 

In an attempt to determine the biofilm activity of pathogens and ivAEB for further 

challenge experiments, a preliminary experiment was conducted. From the absorbance 

results, it was evident that the majority (68 out of 70) of the isolates tested at 1h and after 

24 h of incubation were similar (P > 0.05) or smaller (P <0.05) than the E. coli O157:H7 

values of 1.35 ± 0.9 AU and 0.22 ± 0.4 AU at 1 and 24 h respectively, and of S. Saintpaul 

of 2.5 ± 0.9 and 0.20 ± 0.4 AU at 1 and 24 h. This was due to the formation of biofilm 

with the corresponding retention of crystal violet by the ivAEB and the pathogens. 

Furthermore, media control for TSB, and MRS gave absorbance values similar to those 
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observed by the controls (P < 0.05), possibly due to unspecific retention of crystal violet 

by components of the media adhered to the wells. 

The ability of most bacteria to form biofilms is well established. In particular, the 

ability of epiphytic bacteria to form biofilms has been reported on plant surfaces. 

Nongkhlaw and Joshi (215), observed clusters of epiphytic bacteria close to the plant 

stomata and on the vein grooves in micrographs of 20 different plants and reported biofilm 

formation by numerous epiphytes as an adaptation mechanism that prevailed on the plant 

surface. Thus, the evaluation of the inhibition of biofilm formation by epiphytic bacteria 

would get altered by the isolate (applied as treatment) in biofilm formation. The evaluation 

of pathogen biofilm activity as a function of the presence of other microorganism requires 

specific markers that allow the evaluation of the pathogenic biofilm only. 

Determination of biofilm formation using red Congo agar 

The colonies formed in red Congo agar were evaluated to determine the specific 

staining of biofilm through the amyloid staining in black aggregates. Although colonies 

demonstrated a strong black color in media supplemented with sucrose, colonies in media 

not containing sucrose were weakly stained. The addition of sucrose to plant surfaces was 

not an alternative, neither the staining of the plant, since red Congo was highly unspecific 

to particular colonies and the whole media reacted to the amyloid presence in nearby 

colonies. Thus, this method was considered inappropriate for its application on leaf 

surfaces. Possibly, the detection of amyloid or other proteins during biofilm formation 

would be an alternative for the direct evaluation of biofilm on plant surfaces. However, 

this would require extensive studies to determine the specific target substance and a 
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method suitable to measure it. For the purpose of this study, an alternative to the plant 

surface biofilm evaluation was utilized, using confocal microscopy. 

Evaluation of the microbiological content in fruits and leafy greens 

Leafy greens 

Differences by commodity 

The mean and standard deviation of the microbiological content for parsley, endives, 

and spinach, by bacterial group (MS, CL, PY, and LAB) are shown in Table  8.  In general, 

MS, CL, LAB, and PY were more numerous on spinach, while parsley remained as the 

less populated leafy green for each of the bacterial groups tested (P < 0.05). 

 

 

TABLE 8. Bacterial content of leafy greens collected in the winter harvesting seasona 

Commodity Mean ± SDb 

 MSc LAB CL PY 

Parsley 4.6 ± 0.4 Ad 3.0 ± 0.4 A 3.0 ± 0.7 A 4.2 ± 0.8 A 

Endives 6.1 ± 0.4 B 4.6 ± 0.5 B 5.2 ± 0.6 B 5.0 ± 0.5 B 

Spinach 6.9 ± 0.5 C 5.2 ± 0.8 C 6.0 ± 0.6 C 6.4 ± 0.6 C 
a Winter season in Texas: February-March. 
b Mean of bacterial counts averaged in log CFU/g ± standard deviation, n = 50. 
c Bacterial groups, MS: Mesophiles, LAB: Lactic acid bacteria, CL: Coliforms, PY: 

Psychrotrophs. 
d Within each column, values followed by the same letter are not significantly different (P > 

0.05). 
 

 

 

 

 

The microbial counts in the samples tested in this study are slightly lower than those 

of Garcia-Villanova Ruiz et al. (116), who reported aerobic plate counts (APC) of 8 log 

CFU/g, for spinach, 7.0 log CFU/g for endives, and 6.5 log CFU/g for parsley. However, 
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in accordance with the present study, spinach was also more populated than other leafy 

greens, including endives, and escarole, lettuce, and parsley.  

The counts found in the current study are similar to those reported by Abadias et al. 

(1). In their study, spinach MS, LAB, CL, and PY content were 7.4, 5.1, 6.0, and 7.4 log 

CFU/g in spinach, whereas endive counts for MS, LAB, CL and PY were 6.2, 2.7, and 4.8 

and 6.8, log CFU/g. Furthermore, these authors also described spinach as the most bacteria 

populated leafy green when comparing this to endives, arugula, and lettuce. 

The spinach MS counts of the present study, were also similar to those reported by 

Babic et al. (15) of 6-7 log CFU/g, and higher than their CL and LAB counts of 3.7 log 

CFU/g of CL and LAB of 3-4 log CFU/ g. Ailes et al. (10) also found lower MS and LAB 

counts than those found in the present study. They reported 6.0 log CFU/g of APC and 1.5 

log CFU/g of LAB on spinach. CL counts in the present study were also more numerous 

than those reported by Marine et al. (180) who studied different leafy greens including 

130 samples of spinach, 203 samples of lettuce, and 36 samples of other leafy greens. 

They calculated APC, and CL counts of 5.7 and 2.2 log CFU/g in organic farms, and APC 

and CL counts of 5.4 log CFU/g and 1.3 log CFU/g, in conventional farms. In their study, 

no significant differences were found based on commodities in either farming system. It 

should be noted that in all these studies, do not include any wash or other processing after 

harvesting.  

Johnston et al. (144) reported APC counts of 5.2 log CFU/g, and 1.7 log CFU/g of 

CL in parsley. Ailes et al. (10) reported similar APC counts of 6.0 log CFU/g and 2.4 log 

CFU/g for coliforms found on parsley. In a study involving broad leaf endives by Rediers 
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et al. (235), the  aerobic mesophilic bacteria (AMB) (incubated for 72 h at 30 ºC) and 

coliforms (grown in VRBA with lactose) were 6.9 and 4.5 log CFU/g, respectively. 

Samples were unwashed and core outer leaves were excluded. The counts obtained in the 

present study for MS of 6.0 log CFU/g and CL of 5.2 log CFU/g are very similar to those 

reported in this study, although the endive variety is different from that study.  

Guisti et al. (96) studied curly endives, along with other leafy greens and reported 

counts of AMB for curly endives much larger than those found in the present study. The 

curly endives in their study presented AMB counts (incubated at 30 ºC for 48 h) of 8.9, 

11.0, and 9.9 log CFU/g, much higher than the MS counts of 6.0 log CFU/g found in the 

present study. Their samples were collected from three different producers, and processed 

before antimicrobial treatments were applied. 

Although other studies have reported initial concentrations of microbiota on 

spinach, parsley, or endives, the samples have been processed by washing or disinfection, 

possibly altering their bacterial content before the microbiological evaluation. For 

example, Conte et al. (88) reported APC of 5 log CFU/g, PY counts of 8 log CFU/g, < 2 

log CFU/g of CL, and 3-4 log CFU/g of LAB in spinach samples harvested from 

experimental plots. The APC counts and CL counts are less than those found in the present 

study. However, their samples were washed with tap water, dipped in chlorinated water 

for one min, and immersed in tap water for one more min. An interesting finding in this 

study when compared to the present results, is the larger count of PY in comparison to the 

PY from the present study, despite their water and chlorinated baths. In another study, 

Lopez-Velasco et al. (170) reported 4.5–4.6 log CFU/g of total culturable bacteria after 
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rinsing spinach leaves with sterile distilled water to remove soil particles. Carlin et al. (48) 

reported APC and LAB counts, much less than those found in the present study, being 3.8 

to 4.8 log CFU/g and > 2 log CFU/g for LAB in fresh broad leaf endives. However, leaves 

were washed with distilled water and disinfected with hydrogen peroxide with an expected 

bacterial reduction of 1–2 log CFU due to the disinfection. This could explain why those 

samples of endive found relatively lower counts of APC and LAB than the present 

samples. In another experiment by Carlin et al. (46) using similarly disinfected endives 

leaves, the AMB reported counts after 48 h of incubation at 30 ºC were 3.4 to 5.0 log 

CFU/g which are slightly less than the 6.0 log CFU/ g of MS found in the endives studied 

here.  

In the present study, no washing step or any further treatment was followed after 

harvesting. Transportation of samples was carried out using frozen cooling packs. The 

insulated containers and samples were processed for microbiological analysis within 24 h 

of harvesting. Thus, minimal changes were expected on their microbiological content from 

harvesting to processing. The samples were pummeled in a stomacher for 1 min, and PW 

was used as a suspension liquid and as a diluent solution. Therefore, the counts found in 

the leaves of spinach, endives, and parsley, likely include bacteria in direct contact with 

the leaves, and those included in debris and attached soil particles. Although, visibly soiled 

leaves were not included in the sample composite, microscopic particles likely remained 

in the sampled leaves. Taking into account that the subjects studied are living 

microorganisms (bacteria), attached to other living organisms (leafy greens), considerable 
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variations were expected in their bacterial content. However, other causes could have led 

to the microbiological content differences between commodities.  

For all the commodities employed in the experiments, the cultivating soil and 

irrigation water were similar. All fields were neighboring land areas within the Weslaco 

agricultural region. Furthermore, all the crops were irrigated using the same water source 

(from the Rio Grande River); thus, their differences might not be closely related to these 

factors especially since the irrigation method used was similar, being categorized as within 

a flood system. This irrigation method might not have influenced the differences seen 

between commodities. However, the close proximity of the harvested part of the plants 

with the ground could be important when considering the contamination of spinach leaves 

under this type of irrigation. Plant leaves might get wetted by the irrigation water, 

depending on their proximity to the ground. Spinach average height at harvest is 

approximately 15–20 cm, while parsley plants are typically 30–40 cm tall, and can reach 

68–76 cm when flowering (271, 272). Furthermore, parsley stems are longer than spinach, 

allowing harvest to take place at a height farther from the ground. Thus, spinach leaves 

sampled might have had more frequent contact with the ground or with organic matter 

carried from irrigated runoff water than parsley.  

Some features inherent to the plant species can also play a role in their microbial 

variation. For example, the arrangement, roughness, and waxy cuticle of the leaves.  

Spinach leaves are arranged closely to the center, mainly due to their high density 

of plants per row cultivated. Planting spinach close together increases the field yields, but 

also eases their harvesting, since it forces the plants to develop their leaves vertically, and 
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to not spread out. Curly endive leaves also arrange together, forming a well-defined head, 

although their outer leaves are slightly spread. In the case of parsley, the leaves 

arrangement on the stem shows a broader plant configuration. This might allow better 

ventilation, less water retention, and fewer soil particles. Debris can accumulate when 

leaves are close together, as seen in spinach.   

The roughness of spinach might also contribute to debris and soil particle retention. 

It also extends the surface area; thus there are more areas for bacterial distribution. Other 

structures that might increase with more surface area are trichomes, vein grooves, and 

stomata (112). Bacteria have been found commonly surrounding these areas more 

frequently (302). However, this characteristic was not measured in this experiment; thus, 

the influence on the microbial variation due to surface roughness and total area cannot be 

determined. 

Another important factor involved in the attachment of bacteria is plant wettability. 

The surface characteristics of the parsley cuticle has been related to its resistant to oil-

solvent chemicals used for pest control (220). In a study to determine the disinfection 

levels reached, calculated as L. monocytogenes reductions, using home washing 

treatments, parsley presented lower reductions of the pathogen than lettuce, and a plausible 

causative factor was the low wettability of the parsley leaves (208). However, while the 

parsley leaves were visibly shinier than those of spinach or endives, maybe due to the 

presence of a thick waxy cuticle, this was not measured or determined.  

Effect of environmental factors 
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The environmental factors of temperature, and relative humidity (RH), and the 

content of different bacterial groups was analyzed by harvesting day. The data utilized for 

this comparison is shown in Table 9. Furthermore, the environmental temperature, RH, 

and epiphytic bacteria content by bacterial group by fields sampled are plotted in Fig. 6.  

The statistical analysis was carried out comparing the two fields set apart for sample 

collection, since the samples were obtained on different days, and the temperature and RH 

presented certain variations. In general, the MS, LAB, and CL content for leafy greens 

was more numerous in samples harvested during warmer days (P < 0.05). On the contrary, 

the PY content was larger in samples collected on colder days (P < 0.05). The effect of 

RH was not easily observable, since high humidity was not always related to higher 

bacterial load, as seen in the spinach counts. 
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TABLE 9. Bacterial content of leafy greens by field and environmental conditions at harvestinga 

Commodity-fieldb 
Harvesting 

date 
RHc Temp.d Mean ± SDe 

    MS LAB CL PY 

endives-a 03/01/12 81  23.9  6.1 ± 0.3 Af 5.2 ± 0.3 A 5.5 ± 0.7 A 4.8 ± 0.5 A 

endives-b 03/03/12 51  15.6 6.2 ± 0.5 A 4.0 ± 0.7 B 4.9 ± 0.5 B 5.2 ± 0.4 B 

parsley-a 03/18/12 79  23.8  4.9 ± 0.4 A 3.6 ± 0.5 A 3.7 ± 0.7 A 3.6 ± 0.7 A 

parsley-b 03/22/12 55  20 4.2 ± 0.3 B 2.3 ± 0.3 B 2.4 ± 0.8 B 4.8 ± 1.0 B 

spinach-a 02/07/12 90  18.3  6.4 ± 0.5 A 4.1 ± 0.9 A 5.4 ± 0.9 A 5.6 ± 0.8 A 

spinach-b 02/21/12 81  22.2  7.4 ± 0.5 B 6.3 ± 0.7 B 6.6 ± 0.6 B 7.3 ± 0.5 B 
a Winter harvesting season in Texas: February-March. 
b Samples from 2 different fields (a and b) harvested by commodity. 
c RH: Relative humidity (RH), in %. 
d Environmental temperature in ºC. 
e Mean log CFU/g ± Standard deviation for bacterial counts on selective media. MS: Mesophiles, LAB: Lactic acid bacteria, CL: Coliforms, and PY: 

Psychrotrophs, n=25. 
f Within columns, and commodity, values followed by same letter are not significantly different (P > 0.05). 
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FIGURE 6. Bacterial content of endives, parsley and spinach, and environmental conditions at harvesting.  

All leafy greens were collected from two fields (a and b) during the winter harvesting season in Texas. 

Mean log CFU/g by bacterial groups (value within thin bar sections) for MS are shown for: Mesophiles, 

LAB: Lactic acid bacteria, CL: Coliforms, and PY: Psychrotrophs. Temperature in ºC were plotted to left 

axis, and relative humidity (RH) in % (thick bars) were plotted to left axis during sample collection. 

 

 

 

The effect of the temperature and humidity over the microbiological content of 

plants has been previously described. During a study involving Mediterranean plants, 

water on the plant surface was one of the first descriptors of the epiphytic bacteria 

variation, accounting for 55% of the variance changes (302). Medina-Martinez et al. (186) 

reported a rapid change in the proliferation of epiphytic coliforms in baby lettuce toward 

the end of the winter that was not observed during the first days of the same season. These 

differences in bacterial loads, which were related to season temperature changes, could 

explain the differences found between the two spinach fields studied. In the case of parsley 

and endives, the two fields were harvested with a difference of three days. In contrast, the 
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time gap between harvesting the first and second field of spinach was 15 days. Thus, 

spinach samples collected in the second field were exposed to more days with warmer 

temperatures than the first one, since they were getting closer to the spring season. Marine 

et al. (180) have reported this behavior in bacterial loads from leafy greens. In their study, 

a significant difference was found between samples harvested on different days for 

spinach, lettuce, and other leafy greens and the rise in the bacterial numbers became 

progressively larger as the warmer season approached (180). 

Using the averaged historical weather data for Weslaco TX, the minimum and 

maximum temperature in February was is 12.4–26.6 ºC from the 8th (24 h after first 

samples of the spinach field were collected) to the 22nd (when the second spinach field 

was collected), and this range was significantly higher (P < 0.05) than that from the 

previous two weeks (Jan 24th to Feb 7th) with a temperature range of 10.1–22.3 ºC. Then, 

it is noticeable that the harvested samples from field b were exposed to warmer days than 

field a, since this was harvested 15 days later. 

Other factors not measured during this study include soil conditions, wildlife 

presence, temperature variation, and RH during the entire pre-harvest production of these 

commodities. All of these factors could have also influenced the presence and variability 

of the bacterial groups considered and caused the differences found between commodities, 

but the extent of their effect would remain undetermined. 

The environmental conditions and the intrinsic plant characteristics possibly 

allowed the proliferation of epiphytic bacteria and variation by bacterial species. However, 

the extent of their influence requires more studies that include different varieties within 
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plant species. Further studies should also include measurements of leaf surface 

physicochemical characteristics including wettability, thickness of the waxy cuticle, 

roughness, number of trichomes and stomata, and nutritional content or organic matter 

presence to determine which of the aforementioned factors are of higher impact in the 

variation of the microbiological content of leafy greens within and between commodities. 

Fruits 

Differences by commodity 

The bacterial content of the fruits collected by the bacterial group is presented in 

Table 10. The differences in the microbiological content by bacterial group were analyzed 

for each season since there were differences in the bacterial group content of similar 

commodities, which varied according to season. When the epiphytic bacterial counts of 

fruit commodities were compared, cantaloupe presented the highest bacterial content for 

all bacteria groups analyzed, while tomato and pepper counts were similar (P > 0.05), but 

significantly lower than those from cantaloupe (P < 0.05).  

The comparison of the present study to other studies is difficult to analyze due to 

the differences found in the methodology used by the different studies. Some studies 

reported the enumeration of bacteria from fruit surfaces as total content by fruit pieces, ml 

of diluent, g of peel, etc. (144, 245). Only a few studies calculated the bacterial content by 

cm2 of pericarp, rind, or peel of the commodities tested, as calculated in the present study. 

Furthermore, the methodology utilized for the procurement of these counts is different. 

Other studies present the counts of bacterial groups after inoculation with particular 
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pathogens, since their objective was to detect the pathogen and its behavior and not to 

assess the original microbiota content (299). 

Tomás-Callejas et al. (273) reported MS, and CL counts of 4.1 and 6.5 log 

CFU/fruits, and although these were higher than those counts for tomatoes ads found in 

the present study, the sample size was not comparable since in the referred study, the 

researchers rinsed the whole fruit, and did not provide information about the area or size 

of the sampled tomatoes. Johnston et al. (144) reported APC, coliforms, and E. coli counts 

of 6.6 ± 1.0, 3.0 ± 1.3, and 1.5 ± 1.1 log/g on cantaloupes. Although these counts seem 

similar to the present study, they are expressed in g of pericarp, and not in cm2. Thus, the 

comparison of the current data to previous reports would be inaccurate unless some 

conversion system is employed, and even then, the variation in the methodologies should 

be considered for these comparisons. One study published by Ukuku et al. (275) reported 

the APC of cantaloupes in units comparable to those used in the present study. In their 

study, the cantaloupe APC was 6.5 log CFU/cm2. This is in agreement with the results 

found in the present study. Aguiló-Aguayo et al. (9) reported APC counts of 

approximately 4.7 log CFU/cm2 on tomatoes var. Climberley. The tomato samples in this 

study presented 1 log CFU/cm2 of difference from those reported in that study.
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TABLE 10. Bacterial content of fruit surfaces by harvesting season in Texas 

  Mean ± SD a  Mean ± SD a 

Commodity Seasonb    

  MS c LAB CL PY  All bacteriaf 

Cantaloupes Summer 6.1 ± 0.5 Ad ae 4.1 ± 0.7 A a 4.3 ± 0.7 A a 5.2 ± 0.6 A a  4.9 ± 0.9 A 

 Fall 5.5 ± 0.7 B a 4.9 ± 0.7 B a 5.1 ± 0.7 B a 4.3 ± 0.8 B a  

Tomatoes Summer 3.3 ± 0.8 A b 0.7 ± 0.7 A b 1.0 ± 1.0 A b 1.6 ± 0.9 A b  2.0 ± 1.4 B 

 Fall 3.6 ± 0.9 A b 2.6 ± 1.6 B b 1.2 ± 0.9 A b 1.6 ± 1.0 A b  

Peppers  Summer 3.6 ± 1.3 A b 0.6 ± 0.6 A b 1.1 ± 0.9 A b 1.6 ± 0.7 A b  2.1 ± 1.5 B 

 Fall 3.7 ± 0.6 A b 2.6 ± 1.5 B b 2.1 ± 1.1 B c 1.1 ± 0.7 B b  

All 

commodities 

Summer 4.3 ± 1.6 A 3.3 ±  1.8 A 2.2 ± 1.8 A 2.8 ± 1.9 A  2.8 ± 2.0 A 

Fall 4.3 ± 1.1 A 1.8 ± 1.7 B 2.8 ± 1.9 B 2.4 ± 1.6 B  3.2 ± 1.8 B 
a Mean log CFU/cm2 ± standard deviation of bacterial counts of 50 samples (two harvested fields, 25 samples each), n = 50 for bacterial 

groups, n = 100 for commodity 
b Summer season: May-June, Fall season: October-December 
c MS: Mesophiles, LAB: Lactic acid bacteria, CL: Coliforms, PY: Psychrotrophs 
d Within column, within commodity, values followed by the same uppercase letter are not significantly different (P > 0.05) 
e Within column, within season, values followed by the same lowercase letter are not significantly different (P > 0.05) 
f Within column, values followed by the same letter are not significantly different (P > 0.05) 
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When comparing the bacterial content between cantaloupe, tomatoes, and peppers, 

the high content of bacteria from cantaloupes was evident. These high counts in 

cantaloupes have been previously reported. In a study published by Ailes et al. (10) 

cantaloupes presented higher APC counts than cabbage, arugula, celery, collards, dill, 

kale, parsley, spinach, Swiss chard, and turnip greens, with a mean of 6.7 log CFU/g. In 

the same study, coliforms, E. coli and Enterococcus spp. were also more frequently found 

in cantaloupes, than in the other commodities tested (144).  

The marked differences between the cantaloupes with respect to tomatoes and 

peppers bacterial content might have several origins. The cantaloupe proximity to soil can 

cause transference of bacteria from the soil to the fruit, principally during heavy raining 

episodes, and flooding. This phenomenon has been reported by Lopez-Velasco et al. (171) 

while trying to demonstrate the contamination of cantaloupes with an non-virulent strain 

of Salmonella spp. These researchers could not replicate the contamination of cantaloupes 

through the irrigation water, yet the Salmonella reached the fruit during a heavy raining 

episode that flooded the field. Also, under normal environmental conditions, bacteria 

might be transferred from the soil to the plant, since cantaloupes will lay on the ground. 

Regardless of the application of materials to separate the fruit from the soil, such as plastic 

or fabric, and the raise in the cultivar beds, cantaloupe are likely to have contact with soil 

particles more often than aerial fruits. On the contrary, peppers and tomatoes, are naturally 

kept away from the ground, since the plant conformation grows as bushes, not as trailing 

vines, as in cantaloupes, and when needed, vine tomatoes are kept from the ground using 

trellising or staking. 
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Other important factor that separate tomatoes and peppers from cantaloupes, are the 

roughness of their skin, their cell hydrophobicity and the electrical charges between the 

bacteria and the surface (276). Cantaloupe rind presents crests and indentations on its 

surface. This surface might increase bacterial proliferation by different means including a 

greater area surface for bacterial attachment and more crevices for bacteria to allocate and 

be protected from external environmental conditions. The netting on the cantaloupe rind 

has been suggested to be one of the main factors limiting the effect of antimicrobial 

solutions used to reduce pathogens and spoilage bacteria (223, 282). Wang et al. (289) 

studied the roughness and hydrophobicity of apples, avocados, oranges, and cantaloupe 

and determined that the strength of attachment of pathogenic E. coli on the surface of these 

commodities depended principally on the surface roughness and secondarily, on the 

surface hydrophobicity. In their study, cantaloupe rind had the roughest and least 

hydrophobic surface, and also showed the highest bacterial counts (after removing loosely 

attached bacteria). Consequently, the calculated adhesion rate was highest in comparison 

to other commodities. Furthermore, rind netting might allow entrapment of organic matter, 

nutrients, and soil particles that could contribute to the rise in the bacterial content of the 

cantaloupe surface.  

Effect of the harvesting season  

The bacterial counts on fruits affected by the harvesting season and bacterial groups, 

are shown in Table 10. When compared by bacterial group and season, cantaloupes 

remained as the most populated for MS, CL, PY, and LAB when compared to tomatoes 

and peppers (P < 0.05) in both seasons. Tomatoes and peppers showed no significant 
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difference (P > 0.05) in their bacterial content for each bacterial group, except in the case 

of CL, since tomatoes presented lower CL counts. However, this was only seen in the 

samples collected in the fall. When comparing the bacterial groups to determine the effect 

of the seasons, the MS content was not different for the fall and summer samples, while 

LAB and PY were more numerous in the summer, and CL were more numerous in the 

fall. To better understand this effect, counts were compared within each commodity. 

In the case of cantaloupe, the bacterial populations were affected by season (P < 

0.05). MS and PY counts in the summer were 6.1 ± 0.5 and 5.2 ± 0.6 log CFU/cm2, and 

significantly higher (P<0.05) than those harvested in the fall, of 5.5 ± 0.7 and 4.3 ± 0.8 

log CFU/cm2, respectively. In contrast, LAB and CL counts were lower in the summer 

samples, with 4.1 ± 0.7 and 4.3 ± 0.7 log CFU/cm2 than in the fall, being these 4.9 ± 0.7 

and 5.1 ± 0.7 log CFU/cm2, respectively (P < 0.05). 

In the case of tomatoes, all the bacterial groups presented similar counts (P > 0.05) 

except for the LAB. This group was more numerous in the fall samples, with counts of 2.6 

± 1.6 log CFU/cm2, than in the summer, being of 0.7 ± 0.7 log CFU/cm2.  

In the case of peppers, LAB, CL, and PY were affected by season (P < 0.05). LAB 

and CL counts were more numerous in the fall season, being 2.6 ± 1.5 and 2.1 ± 1.1 log 

CFU/cm2 than those found in the summer samples of 0.6 ± 0.6 and 1.1 ± 0.9 log CFU/cm2 

respectively. The opposite behavior was seen for PY, since the counts were more 

numerous in the summer with 1.6 ± 0.7 log CFU/cm2 while the summer samples presented 

less PY, with a mean of 1.1 ± 0.7 CFU log/cm2. 
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Analyzing the results by bacterial group, the MS were similar in tomatoes and 

peppers, but not in cantaloupes, because cantaloupes collected in summer were more 

populated. Similarly, PY were more numerous in the summer, at least in cantaloupes and 

peppers, while CL and LAB were less numerous in the summer. The LAB content was 

noticeably changed by seasons with a fall reading of 0.9–2.0 log CFU/cm2 showing more 

numerous LAB than that collected in the summer.  

The effect of the cultivating season in the microbiological content of produce has 

been previously reported. Medina-Martinez et al. (186) reported a rapid decrease in the 

epiphytic coliforms from baby lettuce toward the end of the winter that was not observed 

during the first days of the same season. Ailes et al. (10) collected different produce 

commodities from 15 U.S. and Mexican farms (north of Mexico, and south of U.S.) to 

assess the influence of different factors influencing the variation in the microbiological 

content of produce. They reported a marked effect due to production season when 

comparing different commodities, which was show in their multivariate regression model. 

Ailes et al. (9) also found a greater content of APC, coliforms, E. coli, and Enterococcus 

spp. on cilantro and parsley samples collected in the fall, while samples collected in the 

spring and winter were less populated. Similarly, collards and spinach presented greater 

APC content in the fall than in the winter, although the APC content was not different for 

samples collected in the spring.  

The season effect over the microbiological content of produce can be an indication 

of other factors influencing the bacteria loads in the produce. Other factors influencing 

produce bacteria loads include differences in climate conditions such as variations in 
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temperature and relative humidity, frost days, extreme cold or hot days (e.g., frost, and 

heatwaves), wind speed, etc. Microbiological content of produce can also be related to 

differences in irrigation water content disturbed by heavy raining or changes in the 

bacterial composition of the soils as reported by Won et al. (298) and Bing Zhang, et al. 

(306), respectively. Even agricultural practices can vary with respect to soil as when an 

increased use of soil amendments are necessary due to a rapid depletion of soil nutrients 

in warmer seasons (169). Furthermore, the migratory and seasonal birds, pests, and insects 

entering the fields can vary by season.  

To further investigate the possible effect on the microbiological content of fruits and 

vegetables caused by variations in temperature and RH due to the cultivating season, the 

samples were analyzed separately according to the conditions of each harvested field, and 

utilizing temperature and RH of the harvesting days as benchmarks to measure variation. 

Effect of the environmental conditions 

To investigate the effect of temperature and humidity at harvest, statistical analyses 

were carried out for each bacterial group and field. Although the overall weather 

conditions during the cultivar development from seeds to harvesting is not included in this 

study, the harvesting weather conditions offer valuable information to complement the 

analysis of the variation of counts by season while illustrating the possible variation in 

bacterial numbers between fields, and permits determination of certain trends in the 

bacterial proliferation due to environment. The environmental conditions for fruits 

samples during each collection time and the comparison of bacterial content by field and 
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commodity are listed in Table 11. Furthermore, the environmental temperature, RH, and 

bacterial group counts are plotted in Fig. 7.  

During the summer, the weather on harvest days at cantaloupe farms a and b 

presented temperatures and RH of 32.2 ºC and 37.8 ºC and 42% and 62%, respectively. 

During the fall, the temperature and RH at harvest were 25.6 ºC and 26.1 ºC and 65%, and 

79% for fields a and b, respectively. Cantaloupes presented significant differences in their 

microbiological content during different seasons, although not in all bacterial groups. The 

MS of one field (fall-a) was less populated in 0.8–1.2 log CFU/cm2 than the other fields. 

In general, LAB and PY content of cantaloupes from the two fields collected in the 

summer were different than those collected in the fall with LAB counts lower in the 

summer and PY counts higher in the same season (P < 0.05). 
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TABLE 11. Bacterial content of fruit surfaces, and environmental conditions at harvesting, by seasona 

Seasonb 
Commodity-

Field 

Harvest 

date 

Environ. 

conditionsc 

 

Mean ± SDd 

   RH Temp 
 

MSe LAB CL PY 

Summer Cantaloupe-a 06/12/12 42 32.2 
 

5.9 ± 0.6 Af 3.8 ± 0.4 A 4.3 ± 0.8 A 5.3 ± 0.6 A 

 Cantaloupe-b 06/25/12 62 37.8 
 

6.3 ± 0.4 A 4.3 ± 0.8 A 4.4 ± 0.6 AB 5.2 ± 0.7 A 

Fall Cantaloupe-a 10/04/12 65 25.6 
 

5.1 ± 0.5 B 4.8 ± 0.8 B 5.2 ± 0.9 C 4.5 ± 0.7 B 

 Cantaloupe-b 10/10/12 79 26.1 
 

5.9 ± 0.6 A 4.9 ± 0.7 B 4.9 ± 0.6 BC 4.2 ± 0.9 B 

Summer Tomato-a 05/21/12 49 30.0 
 

3.0 ± 0.8 A 0.9 ± 0.8 A 0.6 ± 0.6 A 1.4 ± 0.8 A 

 Tomato-b 05/24/12 45 37.2 
 

3.6 ± 0.8 AB 0.7 ± 0.6 A 1.5 ± 1.0 B 1.9 ± 0.9 B 

Fall Tomato-a 11/26/12 86 21.1 
 

3.9 ± 1.1 B 3.4 ± 1.7 B 0.9 ± 0.8 AB 0.8 ± 0.6 C 

 Tomato-b 12/04/12 77 22.2 
 

3.4 ± 0.6 AB 1.8 ± 0.9 C 1.5 ± 1.0 B 2.5 ± 0.6 B 

Summer Pepper-a 06/07/12 62 28.9 
 

2.5 ± 0.8 A 0.5 ± 0.4 A 0.8 ± 0.7 A 1.7 ± 0.7 A 

 Pepper-b 06/11/12 60 36.1 
 

4.7 ± 0.4 B 0.7 ± 0.8 A 1.5 ± 0.9 B 1.6 ± 0.7 A 

Fall Pepper-a 11/27/12 43 22.1 
 

3.7 ± 0.8 C 3.1 ± 1.7 B 1.7 ± 1.2 B 0.9 ± 0.6 B 

 Pepper-b 12/03/12 78 22.2 
 

3.6 ± 0.4 C 2.1 ± 1.1 C 2.5 ± 0.7 C 1.3 ± 0.7 AB 
a Harvesting seasons: Summer, May-June, and fall, October-December.  

b Two separate fields collected per commodity, (a and b) and season (Summer or fall). 
c RH: Relative humidity in %, Temp: Temperature in ºC. 
d Mean log CFU/cm2 ± Standard deviation by bacterial groups, n=25. 
e MS: Mesophiles, LAB: Lactic acid bacteria, CL: Coliforms, PY: Psychrotrophs 
f Within columns and commodity, values followed by the same letter are not significantly different (P > 0.05) 
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FIGURE 7. Bacterial content of  cantaloupes, tomatoes, and peppers by season and field. Fruit samples collected during two 

seasons, from two fields each. Horizontal axis: Commodity, field (a or b) and season (summer or fall). Mean (log CFU/cm2) 

for each field sampled by bacterial group (divided thin bars) for MS: mesophiles, LAB: Lactic acid bacteria, CL: Coliforms, 

and PY: Psychrotrophs. Environmental temperature in ºC is plotted to the left vertical axis, and relative humidity (RH) in % 

(thick bars) is plotted to the right vertical axis. 
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The temperature, and RH during the collection of tomatoes in the summer were 30 

and 37 ºC, and 49 and 45% for fields a, and b, respectively. For fields a and b collected in 

the fall, the temperature and RH were 21.1 and 22.2 ºC, and 88 and 77%, respectively. 

There were differences also found by field within and between seasons in the MS, CL, 

and PY counts. In the case of LAB, it was evident that both fields collected in the summer 

had less LAB when compared to summer samples. The samples collected in the summer 

had almost no detectable LAB, being 0.8 and 0.6 log CFU/cm2, while those collected in 

the fall were higher at 3.4 and 1.8 log CFU/cm2 (P < 0.05). An interesting finding was 

seen in the fall-a field where samples with the lowest PY content (0.8 CFU/cm2) presented 

the highest LAB population (3.4 log CFU/cm2) when compared with the other fields (P < 

0.05). 

For peppers, the temperature and RH in the summer harvesting days were 29 and 

36 ºC, and 62 and 60%, for fields a and b, respectively. In the fall, the temperature and 

RH during the harvesting days were 22.1 and 22.2 ºC, and 43 and 78% for fields a and b, 

respectively. When bacterial groups were compared, LAB presented a trend similar to 

tomatoes where the samples collected in the summer presented a reduced LAB count of 

0.5 and 0.7 log CFU/cm2, while those collected in the fall, obtained counts significantly 

larger of 2.1, and 3.1 log CFU/cm2 (P < 0.05). Similar to tomatoes, the field that presented 

the highest LAB counts, (3.4 log CFU/cm2) was one of the fields that presented the lowest 

PY content (0.9 ± 0.7 log CFU/cm2). This field was collected during the fall season.  

The variation in the microbiological content of produce commodities has been 

related to the environmental humidity and temperature in diverse studies. Yadav et al. 
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(302) described water on the leaves, as the first descriptor to determine the variation on 

the epiphytic bacteria of diverse Mediterranean plants. Marine et al. (180) also found 

significant differences between sampling dates while studying epiphytic bacteria on 

spinach, lettuce and other leafy greens samples and related these results to differences in 

the humidity and temperature on harvesting days. In this study, the trends were more 

evident with the variation of temperature than humidity, yet the variation in the different 

bacterial groups demonstrate that the epiphytic community is likely adapting to different 

environmental conditions. Further studies determining the extent of the effect of all other 

environmental factors not included in this study, along with temperature and relative 

humidity would possibly confirm the marked effect of these two environmental factors.  

Effect of the irrigation method 

The irrigation factor effect in the variation of the microbiological content of fruits 

was investigated. To analyze the effect of the irrigation system, the counts of tomatoes 

and peppers from fall cultivars were compared since these cultivars where produced 

during the same season with one cultivar of each commodity using each irrigation system. 

Drip and flood irrigation comparison analyses for tomatoes, peppers and overall 

differences by irrigation method used are shown in Table 12. 

 For CL and PY, the populations found in the samples collected from drip irrigated 

fields were significantly lower than in samples from flood irrigated fields. On the contrary, 

samples from drip-irrigated fields presented higher LAB content than those from flood 

irrigated fields (P < 0.05). Such a tendency was similar in the MS counts; however, the 

differences between drip and flood irrigated samples were less than 1 log/cm2. 
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TABLE 12. Number of epiphytic bacteria in peppers and tomatoes using two different 

irrigation systems 
Commodity Irrigationa Mean ± DSb 

  MSc LAB CL PY 

Tomatoes Drip 3.9 ± 1.1 A 3.4 ± 1.7 A 0.9 ± 0.8 A 0.8 ± 0.6 A 

Flood 3.4 ± 0.6 B 1.8 ± 0.9 B 1.5 ± 1.0 B 2.5 ± 0.6 B 

Peppers  Drip 3.7 ± 0.8 A 3.1 ±  1.7 A 1.7 ± 1.2 A 0.9 ± 0.6 A 

Flood 3.6 ± 0.4 A 2.1 ± 1.1 B 2.5 ± 0.7 B 1.3 ± 0.7 B 

Both 

commodities 

Drip 3.8 ± 0.9 A 3.3 ± 1.7 A 1.3 ± 1.1 A 0.9 ± 0.6 A 

Flood 3.5 ± 0.5 B 1.9 ± 1.0 B 2.0 ± 1.0 B 1.9 ± 0.9 B 

a Irrigation system reported by the producer 
b Mean log CFU/cm2 ± standard deviation of bacterial counts averaged n = 25 or n =50 for both 

commodities.  
c Bacterial groups, MS: Mesophiles, LAB: Lactic acid bacteria, CL: Coliforms, PY: 

Psychrotrophs. Within each column, within each commodity, values followed by the same letter 

are not significantly different (P > 0.05) 

 

 

 

The variation in the content of different groups of bacteria might be influenced by 

the source of bacteria being affected by irrigation. For example, plants irrigated by flood 

might have a higher chance of contacting water from irrigation than those drip irrigated. 

Thus, bacteria in flood samples might be more related to soil epiphytes than drip irrigated 

plants. Splashed irrigation water can reach peppers and tomatoes that grow above the 

ground. If epiphytic bacteria populations shift according to predominant groups present, 

then it is possible that the higher content of LAB limited the population of CL on the 

samples. Yet, for the CL source, it is likely that the cultivating soil served as a supplier of 

CL to the fruits based on flood samples. One more cause for the variation given by 

irrigation is the use of different agricultural practices in these fields. Drip irrigation is 

considered an improved irrigation method, but it requires a higher investment for its 

application. Thus, it is possible that those fields irrigated by drip might also have access 
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to newer technologies besides irrigation, possibly due to higher investments from 

producers. The health state of the plant, due to these implemented technologies might 

promote the growth of certain bacteria, in this case LAB. Further studies that determine 

the extent of all the possible causes influencing the epiphytic bacteria variation should 

include all practices during production, temperature and humidity, rain, flood episodes, 

and other environmental factors, as well as include different varieties of the same species 

of tomatoes, peppers, and melons. A study evaluating the influence of the level of netting, 

possibly using different hybrids of cantaloupes, could help to elucidate the actual impact 

of the netting level over the microbiological content of cantaloupe rinds. 

In vitro antagonistic effect of epiphytic bacteria against enteric pathogens 

 Effect of leafy green-epiphytic bacteria on E. coli O157:H7 and S. Saintpaul  

The number of epiphytic isolates originally selected, recovered, tested, and found 

antagonistic toward one or both pathogens by leafy green commodity, bacterial group 

isolated, and by pathogen inhibited are shown in Table 13. In total, from 3,426 leafy green 

isolates tested, 397 (11.6%) tested antagonistic toward E. coli O57:H7, Salmonella or 

toward both pathogens. One-hundred-ninety isolates were antagonistic toward both 

pathogens; 174 was antagonistic only towards E. coli O157:H7, and 32 was antagonistic 

only towards S. Saintpaul. The different leafy green commodities presented similar 

proportions of antagonistic bacteria (P>0.05). Overall, 13.8% (134) of the 971 spinach-

isolated bacteria, 10% (109) of 1,088 endive-isolated bacteria, and 11.2% (153) of 1,367 

parsley-isolated bacteria tested as antagonistic toward one or both pathogens. The isolates 

considered LAB (recovered from MRS) from parsley and endives were antagonistic more 
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frequently than other bacterial groups within each commodity for parsley and endives. 

The number of antagonistic LAB was similar to that of PY in the spinach isolates. 

From 89 endive LAB-isolates tested, and from 109 parsley LAB-isolates, 58.4%, 

and 33.9% gave antagonistic results toward one or both pathogens. From the 264 spinach-

LAB isolates, 16.3% (43) were antagonistic. Similarly, from 495 spinach PY isolates, 

18.4% (91) tested antagonistic. Antagonistic isolates from CL and MS were infrequently 

detected in all commodities. Only five out of 144 CL isolates from endives and seven out 

of 407 CL isolates from parsley tested antagonistic toward one or both pathogens. 

Furthermore, none of the 84 CL spinach isolates tested antagonistic. For MS, three out of 

355, and three out of 368 isolates were positive for antagonism, while none of the 128 MS 

isolates from spinach tested antagonistic to any of the pathogens.  
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TABLE 13. Number of epiphytic isolates from leafy greens, total and antagonistic toward E. coli O157:H7, and/or S. 

Saintpaul 

Commoditya  Isolated Tested 
Epiphytic bacteria antagonistic toward b: Total antagonistic (%) 

c E. coli O157:H7  S. Saintpaul both pathogens 

Spinach       

MSd 500 128 - - - 0 

LAB 489 264 5 3 35 43  (16.3) ae 

CL 500 84 - - - 0 

PY 500 495 67 5 19 91  (18.4) a 

Total 1,989 971 72 8 54 134 (13.8) Af 

Endives       

MS 500 355 1 - 2 3    (0.8) a 

LAB 498 89 - - 52 52 (58.4) b 

CL 500 144 1 1 3 5    (3.5) c 

PY 500 500 37 6 6 49   (9.8) d 

Total 1,998 1,088 39 7 63 109 (10.0) A 

Parsley       

MS 500 368 - 1 5 6    (1.6) a 

LAB 473 109 1 1 36 38 (34.9) b 

CL 424 407 - 1 6 7   (1.7) a 

PY 483 483 62 15 26 103 (21.3) c 

Total 1,880 1,367 63 17 73 153 (11.2) A 

Grand total 5,867 3,426 174 32 190 397 (11.6) 

a Produce samples collected during the winter (February-March) from two fields per commodity in Texas. 
b Isolates resulting antagonistic during in vitro spot agar test. 
c Counts and percentages (%) of antagonistic bacteria from isolates tested. 
d Bacterial groups, MS: Mesophiles, LAB: Lactic acid bacteria, CL: Coliforms, PY: Psychrotrophs. 
e Within columns within commodity, values showing same lowercase letter are not significantly different (P > 0.05). 
f Within columns between commodities, values showing same uppercase letter are not significantly different (P > 0.05). 
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TABLE 14. Number of epiphytic isolates from leafy greens, antagonistic toward E. coli O157:H7, and/or S. Saintpaul by 

bacterial group, and commodity 

Bacterial groupa Number of antagonistic isolates per commodity 
 

 

 Spinach Endives Parsley  Grand total (%) 

 ECb SS Bo Tot EC SS Bo Tot EC SS Bo Tot 
 

 

MS - - - - 1 - 2 3 - 1 5 6 
 

9    (2.3)  Ac 

LAB 5 3 35 43 - - 52 52 1 1 36 38 
 

133 (33.5) B 

CL - - - - 1 1 3 5 - 1 6 7 
 

12    (3.1) A 

PY 67 5 19 91 37 6 6 49 62 15 26 103 
 

243 (61.2) C 

Total 72 8 54 134 39 7 63 109 63 18 73 154  397 (100) 
a MS: Mesophiles, LAB: Lactic acid bacteria, CL: Coliforms, PY: Psychrotrophs. 
b Isolates antagonistic toward E. coli O157:H7 (EC), toward S. Saintpaul (SS), toward both pathogens (Bo), and total antagonistic isolates 

(Tot). 
c Within columns, percentage values showing same letter are not significantly different (P > 0.05). 
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The number of antagonistic isolates from leafy greens of each bacterial group are 

shown in Table 14. From the 397 isolates testing antagonistic, 61.2% (243) were isolated 

from the PY group, and this was the group which presented the greatest proportion of 

antagonistic isolates (P <0.05). The second largest percentage was 33.5% (133) from 

isolates that belonged to the LAB group (P < 0.05). Fewer antagonistic isolates came from 

the MS, and CL groups (P < 0.05). Only 2.3% (9), and 3.1% (12) of the antagonistic 

isolates originated from MS and CL, respectively. Further biochemical identification of 

the isolates allowed comparison of the frequency of each species by commodity and 

season. The different antagonistic isolates were biochemically identified and their 

percentages of occurrence by bacterial species are shown in Table 15. 

From spinach, 26 PY, and six presumptive LAB antagonistic isolates were 

biochemically identified, while 19 PY, and three MS isolates were not identified by the 

VITEK-2 system. From endives, 39 presumptive LAB, four presumptive CL, 15 PY, and 

three MS antagonistic isolates were biochemically identified, while it was not possible to 

identify 14 presumptive LAB isolates. From parsley, 16 presumptive LAB, seven 

presumptive CL, 44 PY and five MS antagonistic isolates were biochemically identified, 

while three isolates of PY, one of MS, and three presumptive LAB isolates could not be 

identified. 

The most frequently identified species from the PY group was Alcaligenes faecalis 

sbsp. faecalis. This species represented 50%, 24.6%, and 47.4% of the total antagonistic 

isolates identified from spinach, endives, and parsley, respectively. This species was 

mainly isolated from the PY group. However, one strain was isolated from a VRBA plate. 
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TABLE 15. Number of leafy green-epiphytic isolates antagonistic toward E. coli 

O157:H7 and/or S. Saintpaul and frequency of identification 

Isolation mediuma Bacterial species Isolates % 

Spinach    

TSA (PY) Alcaligenes faecalis sbsp. faecalis 16 50.0 A 

TSA (PY) Enterococcus casseliflavus 4 12.5 B 

TSA (PY) Cupriavidus pauculus 2 6.3 B 

TSA (PY) Kocuria kristinae 2 6.3 B 

TSA (PY) Pseudomonas stutzeri 1 3.1 B 

TSA (PY) Pseudomonas pseudoalcaligenes 1 3.1 B 

MRS Enterococcus casseliflavus 1 3.1 B 

MRS Enterococcus cecorum 1 3.1 B 

MRS Enterobacter cloacae sbsp. dissolvens 1 3.1 B 

Total  32 100 

Endives    

TSA (PY) Alcaligenes faecalis sbsp. faecalis 14 23.0 A 

TSA (PY) Myroides ssp. 1 1.6 C 

MRS Streptococcus alactolyticus 9 14.8 AB 

MRS Enterococcus gallinarum 8 13.1 ABC 

MRS Pediococcus pentosaceus 4 6.6 BC 

MRS Lactobacillus plantarum 3 4.9 BC 

MRS Streptococcus equinus 3 4.9 BC 

MRS Streptococcus mutans 3 4.9 BC 

MRS Streptococcus sanguini 3 4.9 BC 

MRS Aerococcus viridans 1 1.6 C 

MRS Lactobacillus rhamnosus 1 1.6 C 

MRS Vagococcus fluvialis 1 1.6 C 

MRS Leuconostoc mesenteroides sbsp. dextranicum 1 1.6 C 

MRS Listeria grayi 1 1.6 C 

MRS Gemella bergeri 1 1.6 C 

TSA (MS) Bacillus licheniformis 1 1.6 C 

TSA (MS) Bacillus pumilus 1 1.6 C 

TSA (MS) Staphylococcus lentus 1 1.6 C 

VRBA Alcaligenes faecalis sbsp. faecalis 1 1.6 C 

VRBA Pantoea ssp. 1 1.6 C 

VRBA Staphylococcus lentus 1 1.6 C 

VRBA Staphylococcus sciuri 1 1.6 C 

Total  61 100 
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TABLE 15. Continued. 

Isolation mediuma Bacterial species Isolates % 

Parsley    

TSA (PY) Alcaligenes faecalis sbsp. faecalis 36 47.4 A 

TSA (PY) Myroides ssp. 5 6.6 BC 

TSA (PY) Enterococcus casseliflavus 1 1.3 C 

TSA (PY) Providencia rettgeri 1 1.3 C 

TSA (PY) Serratia plymuthica 1 1.3 C 

MRS Enterococcus casseliflavus 5 6.6 BC 

MRS Enterococcus gallinarum 3 3.9 BC 

MRS Aerococcus viridans 1 1.3 C 

MRS Lactobacillus plantarum 1 1.3 C 

MRS Staphylococcus gallinarum 4 5.3 BC 

MRS Staphylococcus intermedius 3 3.9 BC 

MRS Staphylococcus lentus 2 2.6 BC 

MRS Gemella morbillorum 1 1.3 C 

TSA (MS) Bacillus ssp. 3 3.9 BC 

TSA (MS) Bacillus mycoides 1 1.3 C 

TSA (MS) Sphingomonas paucimobilis 1 1.3 C 

VRBA Bacillus ssp. 7 9.2 B 

Total  76 100 
a TSA (PY): Tryptic soy agar, incubated at 7 ºC for 7 d. TSA (MS). Tryptic soy agar, incubated at 37 ºC for 

48 h. MRS: De Man, Rogosa, and Sharpe, VRBA: violet red bile agar. 

 

 

 

Other antagonistic isolates identified and included in the PY group were 

Cupriavidus pauculus, Kocuria kristinae, Pseudomonas stutzeri, and Pseudomonas 

pseudoalcaligenes from spinach, Enterococcus casseliflavus from spinach and parsley, 

Myroides spp. from endives and parsley, and Providencia rettgeri and Serratia plymuthica 

from parsley. 
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The presumptive LAB group of antagonistic isolates contained similar proportions 

of Aerococcus viridans, Enterococcus cecorum, and E. casseliflavus. One isolate of 

Enterobacter cloacae sbsp. dissolvens was also isolated from MRS. 

In the case of endives, the antagonistic LAB identified included isolates of 

Streptococcus alactolyticus, Enterococcus gallinarum, Pediococcus pentosaceus, 

Lactobacillus plantarum, and Streptococcus equinus, and one isolate of A. viridans, 

Lactobacillus rhamnosus, Vagococcus fluvialis and Leuconostoc mesenteroides sbsp 

dextranicum. Non LAB isolates obtained from MRS included one Listeria grayi and one 

Gemella bergeri. 

From parsley, antagonistic LAB included several isolates of E. casseliflavus, and 

Enterococcus gallinarum, and one isolate of A. viridans and L. plantarum. Antagonistic 

isolates of Staphylococcus species were also obtained from MRS, including four isolates 

of S. gallinarum, three of S. intermedius, and two of Staphylococcus lentus. Also from 

MRS, one isolate of Gemella morbillorum was also identified.  

The MS strains isolated from endives were identified as Bacillus licheniformis, 

Bacillus pumilus, and Staphylococcus lentus. In the case of those MS antagonistic isolates 

obtained from parsley, three isolates were identified as Bacillus spp., one as Bacillus 

mycoides, and one as Sphingomonas paucimobilis. 

Although only a few isolates were identified from the total of antagonistic isolates 

obtained from leafy greens, those identified might be considerable constituents of the total 

population of antagonistic epiphytic bacteria found on each commodity. The 

determination of the actual occurrence of these species using selective conditions adapted 
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to each species or genera could allow a more precise determination of their occurrence in 

the leafy greens surfaces. 

Effect of fruit-epiphytic bacteria on E. coli O157:H7 and S. Saintpaul  

The total number of epiphytic isolates originally selected, recovered, tested, and 

deemed positive (antagonistic) by commodity, isolated bacterial group, and inhibited 

pathogens from fruits are shown in Tables 16.  

From a total of 5,881 fruit isolates tested, 499 (8.5 %) tested antagonistic toward E. 

coli O57:H7, Salmonella Saintpaul or toward both pathogens. In total, 402 fruit isolates 

resulted antagonistic to both pathogens, 33 only toward S. Saintpaul, and 64 only toward 

E. coli O157:H7. Most of the antagonistic isolates originated from cantaloupes (312), 

while tomatoes and peppers presented fewer antagonistic isolates (133), and peppers 

presented the lesser amount of antagonistic bacteria (54) (P<0.05).  

The LAB group had the largest percentages of antagonistic isolates among the 

bacterial groups within commodity, being 43.2% out of 658, 47.9% out of 58, and 38.8% 

out of 103 LAB isolates from cantaloupe, tomatoes, and peppers, all testing antagonistic 

toward one or both pathogens. The PY antagonistic isolates were also significantly large, 

after LAB, in peppers and tomatoes, being 9.5% and 12.4% antagonistic to the pathogens 

tested, respectively. From the MS and CL groups, only a few tested antagonistic. For 

example, 0.7% and 0.9% of the MS from cantaloupe, and tomatoes were antagonistic and 

none of the 653 MS isolates from peppers were antagonistic toward any of the pathogens. 

Similarly, 2.5% and 1.2% of the CL from cantaloupes and tomatoes were antagonistic, 

and none of the 179 CL isolates tested tested positive for antagonistic effect. 
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TABLE 16. Number of epiphytic isolates from fruits, total testing antagonistic toward E. coli O157:H7, and/or S. Saintpaul 

Commoditya Isolated Tested 
Epiphytic bacteria antagonistic toward b: Total antagonistic 

(%)c E. coli O157:H7 S. Saintpaul Both pathogens 

Cantaloupe       

MSd 1,000 737 3 1 1 5 (0.7) ad e 

LAB 1,000 655 7 15 261 283 (43.2) b 

CL 1,000 568 7 - 7 14 (2.5)   c 

PY 997 769 2 - 8 10 (1.3) cd 

Total 3,997 2,729 19 16 277 312 (11.4) Af 

Pepper       

MS 932 653 - - - 0 

LAB 557 58 1 - 21 22 (37.9) a 

CL 757 179 - - - 0 

PY 696 338 11 3 18 32 (9.5)  b 

Total 2,942 1,228 12 3 39 54 (4.4)   B 

Tomato       

MS 999 919 4 - 4 8  (0.9) a 

LAB 563 103 - 1 39 40 (38.8) b 

CL 580 243 1 - 2 3 (1.2) a 

PY 794 659 28 13 41 82 (12.4) c 

Total 2,936 1,924 33 14 86 133 (6.9) C 

Grand total 9,875 5,881 64 33 402 499 (8.5) 
a Three commodities sampled during two harvesting seasons from two fields in Texas. 
b Isolates resulting antagonistic during in vitro spot agar test. 
c Counts and percentages (%) of antagonistic bacteria from isolates tested. 
d Bacterial groups, MS: Mesophiles, LAB: Lactic acid bacteria, CL: Coliforms, PY: Psychrotrophs. 
e Within columns within commodity, values showing same lowercase letter are not significantly different (P > 0.05). 
f Within columns between commodities, values showing same uppercase letter are not significantly different (P > 0.05). 
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The total number of antagonistic isolates by commodity and bacterial group are 

shown in Table 17. When the overall percentages of antagonistic isolates per bacterial 

groups were compared, LAB isolates represent the group with the highest number of 

antagonistic isolates (345 isolates) followed by PY (124 isolates). The CL and MS isolates 

were represented by only 17 and 13 of the 499 total isolates identified as antagonistic. To 

further examine the differences found by commodity and bacterial groups, the biochemical 

identification of some antagonistic isolates is included.  

The different antagonistic isolates were biochemically identified, and their 

percentages of occurrence by bacterial species are shown in Table 18. From cantaloupes, 

176 presumptive LAB, 10 presumptive CL, and 1 MS isolate were biochemically 

identified, while 39 LAB isolates were not identified. 

From tomatoes, 11 PY, 23 presumptive LAB, 5 MS, and 4 presumptive CL isolates 

were biochemically identified, although it was not possible to identify two presumptive 

LAB, one MS, and one PY antagonistic isolate. From peppers, 6 PY and 17 presumptive 

LAB isolates were identified, although it was not possible to identify one LAB isolate. 

.
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TABLE 17. Number of epiphytic isolates from fruits antagonistic toward E. coli O157:H7 and/or S. Saintpaul by bacterial 

group, and commodity 

Bacterial 

groupa 
Number of antagonistic isolates per commodity   

 Cantaloupes Peppers Tomatoes  Grand total (%) 

 ECb SS Bo Tot EC SS Bo Tot EC SS Bo Tot   

MS 3 1 1 5 - - - - 4 - 4 8  13   (3.6)  Cc 

LAB 7 15 261 283 1 - 21 22 - 1 39 40  345 (69.1) A 

CL 7 - 7 14 - - - - 1 - 2 3  17   (3.4)  C 

PY 2 - 8 10 11 3 18 32 28 13 41 82  124 (24.8) B 

Total 19 16 277 312 12 3 39 54 33 14 86 133  499 (100) 

a MS: Mesophiles, LAB: Lactic acid bacteria, CL: Coliforms, PY: Psychrotrophs. 
b Isolates antagonistic toward E. coli O157:H7 (EC), toward S. Saintpaul (SS), toward both pathogens (Bo), and total antagonistic isolates 

(Tot). 
c Within columns, percentage values showing same letter are not significantly different (P > 0.05). 
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TABLE 18. Number of fruit-epiphytic isolates antagonistic toward E. coli O157:H7 

and/or S. Saintpaul and frequency of identification 
Isolation mediuma Bacterial species Isolates % 

Cantaloupe    

MRS Leuconostoc mesenteroides sbsp. dextranicum 32 17.4 A 

MRS Leuconostoc pseudomesenteroides 30 16.3 A 

MRS Enterococcus faecalis 16 8.7 B 

MRS Enterococcus gallinarum 12 6.5 BC 

MRS Enterococcus casseliflavus 9 4.9 BCD 

MRS Leuconostoc citreum 8 4.3 BCDE 

MRS Aerococcus viridans 6 3.3 CDEF 

MRS Streptococcus thoraltensis 5 2.7 CDEF 

MRS Lactobacillus plantarum 4 2.2 DEF 

MRS Lactococcus garvieae 4 2.2 DEF 

MRS Lactococcus lactis sbsp. lactis 3 1.6 DEF 

MRS Pediococcus pentosaceus 2 1.1 E F 

MRS Enterococcus cecorum 1 0.5 F 

MRS Enterococcus spp. 1 0.5 F 

MRS Lactococcus pentosaceus 1 0.5 F 

MRS Streptococcus ssp. 1 0.5 F 

MRS Leuconostoc mesenteroides sbsp. cremoris 1 0.5 F 

MRS Leuconostoc mesenteroides sbsp. mesenteroides 1 0.5 F 

MRS Staphylococcus gallinarum 8 4.3 BCDE 

MRS Staphylococcus lentus 4 2.2 DEF 

MRS Staphylococcus epidermidis 2 1.1 EF 

MRS Staphylococcus sciuri 2 1.1 EF 

MRS Staphylococcus vitulinus 2 1.1 EF 

MRS Staphylococcus warneri 2 1.1 EF 

MRS Staphylococcus cohnii sbsp. urealyticus 1 0.5 F 

MRS Staphylococcus xylosus 1 0.5 F 

MRS Citrobacter sedlakii 3 1.6 DEF 

MRS Enterobacter hormaechei 3 1.6 DEF 

MRS Enterobacter kobei 2 1.1 EF 

MRS Enterobacter cloacae sbsp. dissolvens 1 0.5 F 

MRS Enterobacter ludwigii 1 0.5 F 

MRS Klebsiella pneumoniae sbsp. pneumoniae 2 1.1 EF 

MRS Kocuria kristinae 1 0.5 F 

MRS Kocuria rosea 1 0.5 F 

TSA (MS) Bacillus vallismortis 1 0.5 F 

VRBA Enterobacter ludwigii 4 2.2 DEF 

VRBA Klebsiella pneumoniae sbsp. pneumoniae 4 2.2 DEF 

VRBA Enterobacter aerogenes 1 0.5 F 

VRBA Enterobacter hormaechei 1 0.5 F 

Total  187 100 
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TABLE 18. Continued. 
Isolation mediuma Bacterial species Isolates % 

Tomato    

TSA (PY) Alcaligenes faecalis faecalis 5 11.6 AB 

TSA (PY) Kitococcus sedentarius 5 11.6 AB 

TSA (PY) Enterococcus casseliflavus 1 2.3 B 

MRS Lactococcus lactis sbsp. lactis 2 4.7 B 

MRS Enterococcus gallinarum 1 2.3 B 

MRS Kocuria kristinae 8 18.6 A 

MRS Staphylococcus epidermidis 8 18.6 A 

MRS Staphylococcus hominis sbsp. hominis 1 2.3 B 

MRS Staphylococcus hominis sbsp. novobiosepticus 1 2.3 B 

MRS Staphylococcus lentus 1 2.3 B 

MRS Bacillus mycoides 1 2.3 B 

TSA (MS) Bacillus licheniformis 2 4.7 B 

TSA (MS) Bacillus polymyxa 1 2.3 B 

TSA (MS) Bacillus pumilus 1 2.3 B 

TSA (MS) Bacillus ssp. 1 2.3 B 

VRBA Pantoea ssp. 3 7.0 B 

VRBA Alcaligenes faecalis faecalis 1 2.3 B 

Total  43 100 

Peppers    

TSA (PY) Alcaligenes faecalis faecalis 5  21.7 AB 

TSA (PY) Cronobacter ssp. 1  4.3 B 

MRS Enterococcus faecium 4  17.4 AB 

MRS Enterococcus faecalis 1  4.3 B 

MRS Staphylococcus epidermidis 6  26.1 A 

MRS Staphylococcus lugdunensis 2  8.7 AB 

MRS Staphylococcus warneri 2  8.7 AB 

MRS Staphylococcus hominis sbsp. hominis 1  4.3 B 

MRS Staphylococcus saprophyticus 1  4.3 B 

Total  23 100 
a TSA (PY): Tryptic soy agar, incubated at 7 ºC for 7 d. TSA (MS). Tryptic soy agar, incubated at 37 ºC 

for 48 h. MRS: De Man, Rogosa, and Sharpe, VRBA: violet red bile agar. 

 

 

 

From those antagonistic isolates found in cantaloupe, the most frequently identified 

species were from the LAB group including Leuconostoc mesenteroides sbsp. 

dextranicum and Leuconostoc pseudomesenteroides representing 32 and 30% of the total 

antagonistic isolates identified from cantaloupes. Several other isolates from the LAB 

group were identified as Enterococcus faecalis (16 isolates), E. gallinarum (12 isolates), 
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Leuconostoc citreum (eight isolates) and E. casseliflavus (nine isolates) while other 12 

LAB species were represented by fewer identified isolates. 

Other species were recovered from MRS, although they do not belong to LAB, 

including eight species of Staphylococcus spp., species belonging to the 

Enterobacteriaceae family, such as Citrobacter sedlakii and Klebsiella pneumoniae, and 

one each of Kocuria kristinae, and Kocuria rosea. From the MS group, only one isolate 

was identified, corresponding to Bacillus vallismortis. From the CL group, four isolates 

were identified as Enterobacter ludwigii, one as Enterobacter aerogenes, one as 

Enterobacter hormaechei, and one as Klebsiella pneumoniae. 

From the antagonistic isolates derived from tomatoes, the PY group included five 

isolates identified as A. faecalis, five as Kytococcus sedentarius, and one isolate of E. 

casseliflavus. Most of the tomato antagonistic isolates recovered from MRS were not 

LAB. In the case of the isolates recovered from MRS, the only definite LAB were two 

isolates of Lactococcus lactis sbsp. lactis, and one isolate of Streptococcus gallinarum. 

Other non-LAB bacterial isolates, recovered from MRS plates of tomato samples included 

eight isolates of Kocuria kristinae, eight of Staphylococcus epidermidis, and one each of 

Staphylococcus hominis sbsp. hominis, Staphylococcus hominis sbsp. novobiosepticus, 

Staphylococcus lentus, and Bacillus mycoides were recovered from MRS. Antagonistic 

isolates from the tomato MS group consisted of four different species of Bacillus spp. 

From the CL isolates, three strains of Pantoea spp. and one isolate of A. faecalis was 

identified. 
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In the case of pepper-isolated antagonistic bacteria, the PY group contained five 

isolates of A. faecalis, and one isolate of Cronobacter ssp. From the isolates recovered 

from MRS, five were LAB, and consisted of four isolates of Enterococcus faecium and 

one of Enterococcus faecalis, while 12 isolates were different Staphylococcus species, 

including S. epidermidis, S. lugdunensis, S. warneri, S. hominis sbsp. hominis, and S. 

saprophyticus.  

The isolates of the same species were possibly the same strain isolated several times, 

although this was not determined. The broad distribution, or a large amount of a particular 

species, could also influence the likelihood of isolation. Further assessment studies that 

determine the presence of a particular species and their population could help clarify their 

distribution in the surfaces of different commodities. 

Effect of season in the occurrence of antagonistic bacteria  

The total number of antagonistic isolates by season, field collected, commodity, and 

bacterial group are shown in Table 19. The occurrence of antagonistic epiphytic bacteria 

was influenced by the harvesting season (P < 0.05). In total, 180 of the 499 antagonistic 

isolate toward one or both pathogens derived from fruit samples collected during the 

summer harvesting season, while 319 were isolated from those coming from the fall 

harvested fields.  A probable explanation of the variation in the antagonistic population 

by season is the population variation in number, wherein the more populated the fruit 

surfaces are, the higher the probability of finding antagonistic bacteria. However, this 

trend is not observable when analyzing the data obtained in the present study, as shown in 

Table 20. For example, the mean LAB population of cantaloupes in the summer was 0.8 
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log CFU/cm2 fewer than the LAB population in the fall, while the proportion of 

antagonistic LAB was almost seven times smaller in the summer than in the fall. The 

population of PY for tomatoes from the summer was similar (P > 0.05) for both seasons, 

while the antagonistic isolated bacteria was much different. Only two antagonistic isolates 

resulted from the PY group in the fall as opposed to 80 isolates recovered in the summer. 

The causes of the variation in the occurrence of antagonistic bacteria in different seasons 

would remain undetermined. Further analysis of the behavior of particular populations of 

potential antagonistic species, as those identified in the present study, during the 

production and harvesting of these fruits, could help determine the possible reasons for 

this marked variation in the content of antagonistic bacteria, and the extent of the season 

as a causative effect of this variation. 
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TABLE 19. Number of epiphytic isolates from fruits antagonistic toward E. coli O157:H7 and/or S. Saintpaul by bacterial 

group, season, and commodity 

Bacterial groupa Seasonb Antagonistic isolates by commodity    

  Cantaloupes Peppers Tomatoes  Grand total (%)d 

  ECc SS Bo Tot EC SS Bo Tot EC SS Bo Tot   

MS Summer 2 - - 2 - - - - 4 - 3 7  9  (1.8)  BC 

 Fall 1 1 1 3 - - - - - - 1 1  4  (0.8)  AB 

LAB Summer - 1 35 36 1 - 4 5 - - 7 7  48 (9.6)  D 

 Fall 7 14 226 247 - - 17 17 - 1 32 33  297 (49.5) F 

CL Summer - - 1 1 - - - - 1 - - 1  2   (0.4)  A 

 Fall 7 - 6 13 - - - - - - 2 2  15  (3.0)  C 

PY Summer 2 - 8 10 11 3 17 31 28 13 39 80  121  (24.2) E 

 Fall - - - - - - 1 1 - - 2 2  3  (0.6)  AB 

Total Summer 4 1 44 49 12 3 21 36 33 13 49 95 
 

180 (36.1) ae 

 Fall 15 15 233 263 0 0 18 18 0 1 37 38 
 

319 (63.9) b 

 Both seasons 19 16 277 312 12 3 39 54 33 14 86 133  499   (100) 

a MS: Mesophiles, LAB: Lactic acid bacteria, CL: Coliforms, PY: Psychrotrophs. 
b Summer season: May-June, Fall Season: October-December  
c Isolates antagonistic toward E. coli O157:H7 (EC), toward S. Saintpaul (SS), toward both pathogens (Bo), and total antagonistic isolates 

(Tot). 
d Percentage values showing same uppercase letter are not significantly different (P > 0.05). 
e Percentage values showing same lowercase letter are not significantly different (P > 0.05) 

.
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TABLE 20. Microbiological content of fruits and antagonistic bacteria isolates by bacterial group, commodity and season 

  Bacterial groupb 

Commodity Seasona MS LAB CL PY 

  Mean ± SDc Isolatesd Mean ± SD Isolates Mean ± SD Isolates Mean ± SD Isolates 

Cantaloupes Summer 6.1 ± 0.5 Ae af 2 4.1 ± 0.7 A a 36 4.3 ± 0.7 A a 1 5.2 ± 0.6 A a 10 

 
Fall 5.5 ± 0.7 B a 3 4.9 ± 0.7 B a 247 5.1 ± 0.7 B a 6 4.3 ± 0.8 B a 0 

Tomatoes Summer 3.3 ± 0.8 A b 7 0.7 ± 0.7 A b 7 1.0 ± 1.0 A b 1 1.6 ± 0.9 A b 80 

 Fall 3.6 ± 0.9 A b 1 2.6 ± 1.6 B b 33 1.2 ± 0.9 A b 2 1.6 ± 1.0 A b 2 

Peppers Summer 3.6 ± 1.3 A b 0 0.6 ± 0.6 A b 5 1.1 ± 0.9 A b 0 1.6 ± 0.7 A b 31 

 Fall 3.7 ± 0.6 A b 0 2.6 ± 1.5 B b 17 2.1 ± 1.1 B c 0 1.1 ± 0.7 B b 1 
a Summer: May-June, Fall: October-December 
b MS: Mesophiles, LAB: lactic acid bacteria, CL: coliforms, PY: Psychrotrophs 
c Mean and standard deviation (log CFU/cm2) of bacterial counts averaged from 25 samples collected in two fields per season, 

n=50 
d Number of isolates recovered, resulting antagonistic in vitro (Inhibition area > 1 mm2 in spot agar test) toward E. coli 

O157:H7 and/or S. Saintpaul 
e Within column within commodity, values followed by the same uppercase letter are not significantly different (P > 0.05) 
f Within column within season, values followed by the same lowercase letter are not significantly different (P > 0.05) 
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Variation in the antagonistic effect toward one or two enteric pathogens 

Although most of the antagonistic bacteria from fruits were inhibitory toward both 

pathogens (402, out of 499) and about 50% of leafy greens were also antagonistic to both 

pathogens (190 out of 397), in those cases where the inhibitory action of an isolate was 

only effective toward one of the pathogens, more frequently, isolates were antagonistic 

toward E.coli O157:H7. For example, 174 isolates from leafy greens were antagonistic 

toward E. coli O157:H7, but Salmonella was not inhibited by those isolates. On the other 

hand, only 33 isolates were antagonistic to S. Saintpaul and had no effect toward E. coli 

O157:H7. Similarly, 27 isolates could inhibit S. Saintpaul and could not inhibit E. coli 

O157:H7, while 64 isolates from fruits presented antagonistic activity toward E. coli 

O157:H7, and S. Saintpaul was not sensitive to this activity. This higher susceptibility to 

the inhibitory action of native microbiota by E. coli O157:H7 when compared to 

Salmonella has been previously described in fresh manure (244). In their study, E. coli 

O157:H7 and S. Typhimurium showed similar survival rates when inoculated in sterile 

manure. However, when these pathogens were separately inoculated in fresh, non-sterile 

manure, E. coli O157:H7 counts declined more rapidly than S. Typhimurium. Although 

some nutrients and the pH slightly varied between raw and sterile manure, their effect was 

not significant, and it was determined that the decrease of E. coli O157:H7 was due to the 

presence and possible inhibitory action of the native microbiota contained by the non-

sterile manure (244). 
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Biochemical identification of antagonistic epiphytic bacteria 

In total, from the 896 isolates classified as antagonistic toward one or two pathogens, 

519 isolates were randomly selected and processed for their biochemical identification. 

The VITEK system did not identify 16.8% (87) of the isolates. Furthermore, 13 selected 

isolates did not proliferate on propagation media for further studies; thus, their 

identification was not possible. In total, 419 isolates were identified, 24 of them by genera, 

and 395 by genera and species. The taxonomical classification of the antagonistic species 

was identified. Their commodity source, the total number of antagonistic isolates from 

each species, and their averaged in vitro IA inhibited by pathogen are shown in Table 21. 

Overall, A. faecalis sbsp. faecalis was the most frequently identified antagonistic 

bacteria, recognized on 78 occasions. The second largest proportion of identified isolates 

were L. mesenteroides dextranicum, with 33 isolates identified, and L. 

pseudomesenteroides with 30 isolates identified, both in cantaloupes isolated from 

cantaloupe rinds. Also numerous bacteria were isolates of Enterococcus gallinarum, E. 

casseliflavus, E. faecalis, S. epidermidis and Bacillus licheniformis, which led to the 

identification of more than 10 isolates at the very least. 
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TABLE 21. Taxonomical identification and isolation frequency of antagonistic epiphytic isolates toward E. coli O157:H7 

and/or S. Saintpaul isolated from different leafy greens and fruits  
 Number of isolates by source a Number of isolates by pathogen inhibited b 

Taxonomical classification Leafy greens Fruits Totalc 

ECd 

IA Mean ± 

SDe SSf 

IA Mean ± 

SDg  SP EN PA CA TO PE  

Gram positive bacteria            

Phylum: Actinobacteria            

Class: Actinobacteridae            

Order: Actinomycetales            

Family: Intrasporangiaceae            

Species: Kytococcus sedentarius - - - - 5 - 5  GHIJ 4 47.8 ± 3.9 3 48.1 ± 18.5 

Family:Micrococcaceae            

Species: Kocuria kristinae 2 - - 1 8 - 11  EFGH 11 79.4 ± 91.0 10 43.3 ± 91.0 

Family:Micrococcaceae            

Species: Kocuria rosea - - - 1 - - 1 J 1 4.6 1 6.7 

Phylum: Firmicutes            

Class: Bacilli            

Order: Bacillales            

Family: Bacillaceae            

Species: Bacillus ssp. - - 10 - 1  11 EFGH 9 50.1 ± 15.8 10 48.3 ± 20.0 

Bacillus licheniformis - 1 - - 2  3 IJ 3 64.7 ± 26.5 1 51.1 

Bacillus mycoides - - 1 - 1  2 IJ 1 114.3 2 104.8 ± 2.7 

Bacillus polymyxa - - - - 1  1 J 1 151.1 1 101.6 

Bacillus pumilus - 1 - - 1  2 IJ 2 83 ± 0.6 1 42.0 

Bacillus vallismortis - - - 1 - - 1 J 1 42.2 0  

Family: Listeriaceae            

Species: Listeria grayi - 1 - - - - 1 J 1 167.1 1 210.2 

Family: Not assigned            

Species: Gemella bergeri - 1 - - - - 1 J 1 35.8 1 44.9 

Gemella morbillorum - - 1 - - - 1 J 1 4.6 1 4.9 

Order: Lactobacillales            

Family: Aerococcaceae            

Species: Aerococcus viridans 3 1 1 6 - - 11 EFGH 11 59.6 ± 28.0 11 69.1 ± 29.4 

Family: Enterococaceae            
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TABLE 21. Continued. 

 Number of isolates by source a Number of isolates by pathogen inhibited b 

Taxonomical classification Leafy greens Fruits Totalc 

ECd 

IA Mean ± 

SDe SSf 

IA Mean ± 

SDg  SP EN PA CA TO PE  

Species: Enterococcus ssp. - - - 1 - - 1 J 1 71.6 1 54.2 

Enterococcus 

casseliflavus 
5 - 6 9 1 - 21BCDE 21 77.6 ± 20.6 17 59.5 ± 42.9 

Enterococcus cecorum 1 - - 1 - - 2 IJ 2 73.7 ± 6.6 2 118.0 ± 39.0 

Enterococcus faecalis - - - 16 - 1 17 CDEF 17 120.4 ± 71.5 17 120.4 ± 46.6 

Enterococcus faecium - - - 4 - - 4 HJI 4 123.8 ± 73.5 4 142.1 ± 30.5 

Enterococcus gallinarum - 8 3 12 1 - 24 BCD 24 72.8 ± 35.9 23 79.2 ± 30.6 

Vagococcus fluvialis - 1 - - - - 1 J 1 68.0 1 143.6 

Family: Lactobacillaceae            

Species: Lactobacillus plantarum - 3 1 4 - - 8 FGHI 7 54.5 ± 37.5 8 64.0 ± 45.7 

Lactobacillus rhamnosus - 1 - - - - 1 J 1 13.4 1 9.3 

Pediococcus pentosaceus - 4 - 2 - - 6 GHIJ 6 104.6 ± 61.8 6 118.4 ± 66.9 

Family: Leuconostocaceae            

Species: Leuconostoc citreum - - - 8 - - 8 FGHI 8 181.1 ± 62.3 8 198.0 ± 80.0 

Leuconostoc 

mesenteroides sbsp. 

cremoris 

- - - 1 - - 1 J 1 132.3 1 89.1 

Leuconostoc 

mesenteroides sbsp. 

dextranicum 

- 1 - 32 - - 33 B 33 109.0 ± 73.2 33 93.6 ± 55.3 

Leuconostoc 

mesenteroides  

sbsp. mesenteroides 

- - - 1 - - 1 J 1 12.8 0  

Leuconostoc 

pseudomesenteroides 
- - - 30 - - 30 BC 28 68.4 ± 34.6 28 55.1 ± 36.4 

Family: Staphylococcaceae            

Species: Staphylococcus cohnii 

sbsp. urealyticus 
- - - 1 - - 1 J 1 36.7 1 67.9 

Staphylococcus 

epidermidis 
- - - 2 6 8 16 DEF 16 90.2 ± 53.6 16 82.4 ± 52.2 
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TABLE 21. Continued. 

 Number of isolates by source a Number of isolates by pathogen inhibited b 

Taxonomical classification Leafy greens Fruits Totalc 

ECd 

IA Mean ± 

SDe SSf 

IA Mean ± 

SDg  SP EN PA CA TO PE  

Staphylococcus 

gallinarum 
- - 4 8 - - 12 DEFG 11 33.7 ± 20.3 12 40.9 ± 38.8 

Staphylococcus hominis 

sbsp. hominis 
- - - - 1 1 2 IJ 2 78.3 ± 59.6 2 129.1 ± 19.3 

Staphylococcus hominis 

sbsp. novobiosepticus 
- - - - 1 - 1 J 1 20.1 1 23.6 

Staphylococcus 

intermedius 
- - 3 - - - 3 IJ 3 75.1 ± 53.2 3 37.6 ± 17.2 

Staphylococcus lentus - 2 2 4 1 - 9 FGHI 7 48.2 ± 40.5 7 40.1 ± 24.3 

Staphylococcus 

lugdunensis 
- - - - - 2 2 IJ 2 116.7 ± 34.3 2 86.0 ± 16.9 

Staphylococcus 

saprophyticus 
- - - - 1 - 1 J 1 8.7 1 12.2 

Staphylococcus sciuri - 1 - 2 - - 3 IJ 2 65.6 ± 14.5 2 40.6 ± 37.0 

Staphylococcus vitulinus - - - 2 - - 2 IJ 1 112.2 2 79.6 ± 50.1 

Staphylococcus warneri - - - 2 - 2 4 HJI 4 45.4 27.3 4 40.8 16.4 

Staphylococcus xylosus - - - 1 - - 1 J 1 15.0 1 19.5 

Family: Streptococcaceae            

Species: Streptococcus ssp. - - - 1 - - 1 J 1 91.1 1 112.0 

Streptococcus alactolyticus - 9 - - - - 9 FGHI 9 
134.0 ± 

148.8 
9 

128.7 ± 

122.7 

Streptococcus equinus - 3 - - - - 3 IJ 3 156.4 19.3 3 229.6 103.4 

Streptococcus mutans - 3 - - - - 3 IJ 3 94.2 ± 27.8 3 148.2 ± 77.2 

Streptococcus sanguini - 3 - - - - 3 IJ 3 14.6 ± 8.4 3 21.7 ± 10.5 

Streptococcus thoraltensis - - - 5 - - 5 GHIJ 5 80.4 ± 54.4 5 104.1 ± 61.2 

Lactococcus garvieae - - - 4 - - 4 HJI 4 81.5 ± 17.1 4 121.5 ± 53.8 

Lactococcus lactis - - - 3 2 - 5 GHIJ 5 65.2 ± 34.3 5 59.2 ± 21.6 

Lactococcus pentosaceus - - - 1 - - 1 J 1 54.9 1 53.1 
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TABLE 21. Continued. 

 Number of isolates by source a Number of isolates by pathogen inhibited b 

Taxonomical classification Leafy greens Fruits Totalc 

ECd 

IA Mean ± 

SDe SSf 

IA Mean ± 

SDg  SP EN PA CA TO PE  

Gram negative bacteria            

Phylum: Bacteroidetes            

Class: Flavobacteria            

Order: Flavobacteriales            

Family: Flavobacterium odotatum            

Species: Myroides ssp. - 1 5 - - - 6 GHIJ 5 35.7 ± 12.0 5 66.8 ± 60.8 

Phylum: Proteobacteria            

Class: Alphaproteobacteria            

Order: Sphingomonadales            

Family: Sphingomonadaceae            

Species: Sphingomonas paucimobilis - - 1 - - - 1 J 1 169.8 1 103.6 

Class: Betaproteobacteria            

Order: Burkholderiales            

Family: Alcaligenaceae            

Species: Alcaligenes faecalis sbsp. 

faecalis 
16 15 36 - 6 5 78 A 73 41.8 ± 19.3 28 45.2 ± 27.5 

Family: Burkholderiaceae            

Species: Cupriavidus pauculus 2 - - - - - 2 IJ 2 35.5 ± 1.3 0  

Class: Gammaproteobacteria            

Order: Enterobacteriales            

Family: Enterobacteriaceae            

Species:  Citrobacter sedlakii - - - 3 - - 3 IJ 3 9.6 ± 3.2 3 11.5 ± 1.3 

Cronobacter ssp. - - - - - 1 1 J 1 19.8 1 29.0 

Enterobacter aerogenes - - - 1 - - 1 J 1 212.1 1 119.4 

Enterobacter cloacae 

sbsp. dissolvens 
1 - - 1 - - 2 IJ 1 57.7 2 27.8 ± 20 

Enterobacter hormaechei - - - 4 - - 4 HIJ 3 120.3 ± 55.8 3 86.7 ± 35.9 

Enterobacter kobei - - - 2 - - 2 IJ 2 106 ± 19.0 2 132.1 ± 8.7 

Enterobacter ludwigii - - - 5 - - 5 GHIJ 5 83.9 44.4 5 72.7 ± 44.4 
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TABLE 21. Continued. 

 Number of isolates by source a Number of isolates by pathogen inhibited b 

Taxonomical classification Leafy greens Fruits Totalc 

ECd 

IA Mean ± 

SDe SSf 

IA Mean ± 

SDg  SP EN PA CA TO PE  

Klebsiella pneumoniae 

sbsp. pneumoniae 
- - - 6 - - 6 GHIJ 5 17.5 ± 2.7 2 26.1 ± 21 

Pantoea ssp. - 1 - - 3 - 4 HIJ 3 31.9 ± 10.4 4 44.2 ± 21.1 

Providencia rettgeri - - 1 - - - 1 J 1 181.5 1 177.1 

Serratia plymuthica - - 1 - - - 1 J 1 73.0 0  

Order: Pseudomonadales            

Family: Pseudomonadaceae            

Species: Pseudomonas stutzeri - 1 - - - - 1 J 1 28.7 0  

Pseudomonas 

pseudoalcaligenes 
- 1 - - - - 1 J 1 23.7 0  

a Leafy greens include isolates from spinach (SP), endives (EN), and parsley (PA). Fruits include isolates from cantaloupes (CA), tomatoes (TO), and 

peppers (PE). 
b Bacterial antagonistic isolates with inhibition area (IA) > 1.0 mm2 against E. coli O157 and/or S. Saintpaul during in vitro test 
c Total isolates by each species identified. Numbers followed by the same letter are not proportionately different (P > 0.05) 
d Number of isolates antagonistic toward E. coli O157:H7 in vitro 
e Mean ± Standard deviation of inhibition area (IA, mm2) averaged for all positive results by isolate species towards E. coli O157:H7 
f Number of isolates antagonistic toward S. Saintpaul in vitro 
g Mean ± Standard deviation of inhibition area (IA, mm2) averaged for all positive results by isolate species towards S. Saintpaul 
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Other studies have analyzed the occurrence of different bacterial species in produce 

surfaces. Al Kharousi et al. (11) reported the occurrence of different bacterial genera in 

105 samples of fruits including watermelons, mangoes, bananas, dates, papayas, 

pomegranates, and tomatoes; and vegetables including cabbage, carrots, peppers, 

cucumbers, lettuce, and radishes. In their study they found Enterobacteriaceae species in 

60% of the fruits and 91% of the vegetables. Species of the genera Enterococcus were 

isolated in 20% and 42% of the fruit and vegetables, and they also identified several 

isolates of Klebsiella pneumoniae, E. casseliflavus, and E. cloacae. Some of the species 

identified were also found in the present study and include E. cloacae, E. hormaechei, E. 

ludwigii E. casseliflavus, E. faecium, E. faecalis, E. raffinose, K. pneumoniae, and 

Pantoea agglomerans. Interestingly in this study, they paired the identification of isolates 

using VITEK-2 to PCR and found some discrepancies. For example, isolates not identified 

by VITEK-2 were found as isolates of E. mundii, E. sulfureus, and E. gilvus. Furthermore, 

samples identified as K. pneumoniae, were found as K. oxytoca in PCR, and Pantoea ssp. 

in VITEK resulting in Erwinia aphidicola on PCR. These discrepancies can also be 

present in this study, although they cannot be recognized until further studies are 

completed. 

Scientific evidence of antagonistic activity by identified bacteria 

Gram positive antagonistic bacteria 

The species Kytococcus sedentarius is known for the production of oligoketide 

antibiotics monensin a and b, and has been reported as an opportunistic pathogen causing 

valve endocarditis, hemorrhagic pneumonia, and pitted keratolysis (227, 254).  
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The species Kocuria kristinae and Kocuria rosea have been previously identified as 

an antagonistic bacteria capable of restricting the growth of plant root nematodes (190, 

261). Kocuria kristinae has also been studied and recognized as antagonistic toward 

pathogenic bacteria from the cow reproductive system, including Arcanobacterium 

pyogenes, Fusobacterium necrophorum, Streptococcus equi, and Gardnerella vaginalis. 

Kocuria kristinae antagonistic action has been related to its ability to form different 

organic acids including acetic, acetoacetic, acetic, propionic, formic, and succinic acid 

(262). 

In the case of Bacillus spp., their antagonistic activity has been attributed to the 

production of antibiotic substances. Several species have been studied for their biocontrol 

activity toward plant pathogens Bacillus spp has also been documented as able to compete 

with pathogens for nutrients and space and can induce the plant defense response (257). 

Multiple species from the Lactobacillales order have been described as antagonistic 

towards human pathogens. The antibacterial effect of this family has been attributed to 

their organic acid production and consecutive pH drop, and competition for nutrients. 

They also have been related to the production of antibacterial proteins known as 

bacteriocins (12, 26, 158, 167, 222, 300). The antagonistic activity of Leuconostoc 

mesenteroides has been recognized in the past. Several subspecies are able to produce 

bacteriocins known as mesenterocins. These proteins are synthetized during the 

exponential growth phase of the bacteria and can inhibit a broad variety of 

microorganisms, including L. monocytogenes and E. coli O157:H7 (300). Species of 

Enterococcus have also been studied due to their antagonistic effect in previous 
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investigations. In a study published by Line et al. (167), E. durans, E. faecium, and E. 

hirae demonstrated the production of bacteriocins known as enterocins, and were able to 

antagonize multiple pathogens including Campylobacter jejuni, S. enterica, E. coli 

O157:H7, Yersinia enterocolitica, Citrobacter freundii, Klebsiella pneumoniae, Shigella 

dysenteriae, Pseudomonas aeruginosa, Proteus mirabilis, Morganella morganii, 

Staphylococcus aureus, Staphylococcus epidermidis, and Listeria monocytogenes.  

The antagonistic effect and potential use as biocontrol agents of nonpathogenic 

Staphylococcus species have been previously identified. Their antagonistic activity 

towards other bacteria has been related to their ability to produce siderophores, known as 

staphyloferrins, which chelate the iron required by other bacteria for their proliferation 

(232). 

Gram negative antagonistic bacteria 

In a previous study, one isolate of Myroides odoratimimus, demonstrated 

antagonistic activity toward a soil borne pathogen of tobacco plants; however, the 

mechanism of action was not determined (143). This species is particularly resistant to 

antimicrobials, although the causative agents are unknown. Dharne et al. (101) 

demonstrated the antagonistic activity of Mycoides spp. toward Aeromonas hydrophila, A. 

culicicola, Morganella morganii subsp. sibonii, Ochrobactrum anthropi, Escherichia coli, 

Ochrobactrum spp., Serratia spp., Kestersia spp., Ignatzschineria spp., and Bacillus spp.  

The psychrotrophs Sphingomonas spp. were previously studied to determine their 

antagonistic activity toward S. aureus, B. subtilis, E. faecium, Citricoccus sp. and Candida 
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albicans (238). They are believed to produce argimicin and other antimicrobial 

compounds including the terpene astaxanthin (177). 

The importance of Alcaligenes faecalis as an antagonistic toward other 

microorganisms has been previously reported. Strains of this species have been identified 

as antagonistic toward plant fungi, plant pathogens, human pathogens, and insects (230, 

305). Its antagonistic activity has been attributed to different compounds produced 

including ammonia, and hydroxylamine (304).  Xu et at.(301) studied six bioactive 

compounds produced by one strain of A. faecalis and indicated that at least three of six 

bioactive compounds produced by this strain inhibited E. coli and S. aureus proliferation 

in agar, similar to the results found in the present study.  

Effect of antagonistic epiphytic bacteria over the growth of E. coli O157:H7 on 

leafy greens and of S. Saintpaul on fruits  

Leafy greens 

From the leafy greens isolates, 17 from endives, nine from parsley, and five isolates 

from spinach were used to determine their inhibitory effect against E. coli O157:H7 on 

their respective commodities of origin. The isolates selected for this test corresponded to 

one isolate of the different species identified by commodity, which obtained the largest IA 

from their species during the antagonistic in vitro test toward E. coli O157:H7. 

Spinach 

Growth curves were constructed using the averaged counts of E. coli O157:H7 on 

spinach leaf circles, in the presence of each selected antagonistic isolate (Fig. 8). The 
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growth parameters calculated from the E. coli O157:H7 by treatment are shown in Table 

22. 

The growth rate, doubling time, and overall growth of E. coli O157:H7 on the 

spinach leaf surface were 0.021 ± 0.017 h-1, 333 ± 160 min, and 1.0 ± 0.6 log CFU/cm2, 

with the initial counts at 0 h of 4.0 log CFU/10 cm2.  

When E. coli O157:H7 was inoculated on spinach containing the epiphytic isolates, 

no growth inhibition effect was observed. On the contrary, on samples treated with 

Aerococcus viridans and Enterococcus cecorum, the pathogen presented a higher overall 

growth of 2.9 ± 0.4 log and 2.5 ± 0.5, and CFU/10cm2, respectively (P < 0.05).  
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FIGURE 8. Growth curves of E. coli O157:H7 in the presence of antagonistic bacteria in spinach leaf samples 
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TABLE 22. Growth parameters of E. coli O57:H7 on spinach inoculated with antagonistic epiphytic bacteria 

ID code Treatmenta Mean ± SDb 

  µmax
c d-td Overall growthe 

Control EC + sterile PBS 0.021 ± 0.017 333 ± 160 1.0 ± 0.6 

Sp 1637 EC + Aerococcus viridans 0.025 ± 0.010 161 ± 56 2.9 ± 0.4 * 

Sp 1650 EC + Cupriavidus pauculus 0.020 ± 0.02 185 ± 36 2.2 ± 0.8  

Sp 0358 EC + Enterococcus casseliflavus 0.020 ± 0.008 209 ± 68 1.6 ± 0.5 

Sp 1552 EC + Enterococcus cecorum 0.026 ± 0.010 147 ± 63 2.5 ± 0.5 * 

Sp 1610 EC + Kocuria kristinae 0.030 ± 0.018 165 ± 60 2.0 ± 0.7 
a E. coli O157:H7 (EC) inoculation in previously inoculated (2 h before) leaf circles (10 cm2) with epiphytic isolate. 
b Mean ± Standard deviation of three replicates by treatment, n = 3.  
c µmax: Growth rate ( in h-1). 
d d-t: Doubling time (or generation time, in min). 
e Overall growth, in log CFU/10 cm2 = Growth at tmax (24 h) – Growth at t0 (0 h).  
f  * Indicates significant difference (P < 0.05) with respect to control. 
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Endives 

In the case of endives, the growth curves presented by E. coli O157:H7 in presence 

of antagonistic epiphytic bacteria and control are shown in Figure 9. The growth 

parameters calculated from the E. coli O157:H7 by treatment (antagonistic isolate) are 

shown in Table 23. 

The growth rate, doubling time, and overall growth of E. coli O157:H7 on the endive 

without any treatment were 0.025 ± 0.009 h-1, 184 ± 66 min, and 1.6 ± 0.2 log CFU/10 

cm2, being the initial counts (at 0 h) of 3.8 ± 0.5 log CFU/10 cm2. The results of the treated 

samples were not different from the control (P > 0.05) except for one treatment and one 

parameter. In the samples inoculated with Aerococcus viridans, the overall growth of E. 

coli O157:H7 was 0.9 log CFU/10 cm2 greater than the control (P < 0.05).
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FIGURE 9. Growth curves of E. coli O157:H7 in the presence of antagonistic bacteria in endive leaf samples 
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TABLE 23. Growth parameters of E. coli O57:H7 on endives inoculated with antagonistic epiphytic bacteria 

ID code Treatmenta Mean ± SDb 

  µmax d-td Overall growthe 

Control EC + sterile PBS 0.025 ± 0.009 184 ± 66 1.6 ± 0.2 

Le 3552 EC + Aerococcus viridans 0.034 ± 0.005 139  ± 10 2.5 ± 0.2 * 

Le 3251 EC + Bacillus licheniformis 0.018 ± 0.013 334 ± 161 1.6 ± 1.2 

Le 2900 EC + Bacillus pumilus 0.021 ± 0.008 229 ± 57 1.6 ± 0.3 

Le 3756 EC + Enterococcus gallinarum 0.022 ± 0.014 263 ± 133 1.9 ± 0.7 

Le 3277 EC + Gemella bergeri 0.017 ± 0.009 290 ± 120 1.2 ± 0.5 

Le 3953 EC + Lactobacillus plantarum 0.027 ± 0.008 150 ± 31 2.0 ± 0.5 

Le 3915 EC + Lactobacillus rhamnosus 0.039 ± 0.008 121 ± 35 2.3 ± 0.6 

Le 3554 

EC + Leuconostoc mesenteroides sbsp. 

dextranicum 0.028 ± 0.015 216 ± 75 2.1 ± 0.5 

Le 3200 EC + Listeria grayi 0.028 ± 0.006 147 ± 22 1.8 ± 0.6 

Le 3622 EC + Staphylococcus lentus 0.016 ± 0.009 315 ± 133 1.0 ± 0.7 

Le 3302 EC + Staphylococcus sciuri 0.021 ± 0.015 314 ± 163 1.2 ± 0.2 

Le 3075 EC + Streptococcus alactolyticus 0.025 ± 0.008 166 ± 45 1.4 ± 0.2 

Le 3152 EC + Streptococcus equinus 0.030 ± 0.012 150 ± 30 2.1 ± 0.3 

Le 3154 EC + Streptococcus equinus 0.028 ± 0.006 151 ± 14 2.0 ± 0.5 

Le 3955 EC + Streptococcus mutans 0.016 ± 0.008 352 ± 225 1.6 ± 0.5 

Le 3597 EC + Streptococcus sanguini 0.027 ± 0.017 224 ± 139 2.2 ± 0.6 

Le 3874 EC + Vagococcus fluvialis 0.029 ± 0.012 165 ± 78 2.2 ± 0.6 
a E. coli O157:H7 (EC) inoculation in previously inoculated (2 h before) leaf circles (10 cm2) with epiphytic isolate  

b Mean ± Standard deviation of three replicates by treatment, n = 3.  
c µmax: Growth rate ( in h-1). 
d d-t: Doubling time (or generation time, in min). 
e Overall growth, in log CFU/10 cm2 = Growth at tmax (24 h) – Growth at t0 (0 h). 
f  * Indicates significant difference (P < 0.05) with respect to control.
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Parsley 

For parsley samples, the growth curves presented by E. coli O157:H7 in presence 

of antagonistic epiphytic bacteria, and control are shown in Figure 10. The growth 

parameters calculated from the E. coli O157:H7 by treatment (antagonistic isolate) are 

shown in Table 24. 

The mean growth rate, doubling time, and overall growth of E. coli O157:H7 on the 

control samples of parsley were 0.033 ± 0.004 h-1, 134 ± 14 min, and 1.6 ± 0.2 log 

CFU/leaflet. The initial count at 0 h was 3.4 ± 0.6 log CFU/leaflet. Four isolates affected 

the growth behavior of E. coli O157:H7 on parsley leaflets. The E. coli O57:H7 from 

samples inoculated with B. mycoides, E. gallinarum, and G. morbillorum presented a 

slower growth rate than the control (P < 0.05) of 0.008 ± 0.002, 0.014 ± 0.008, and 0.014 

± 0.007 h-1, respectively. Moreover, E. coli O157:H7 inoculated with Bacillus mycoides 

presented an extended doubling time of 439 ± 97 min, which is greater than the control (P 

< 0.05). On the contrary, in the samples inoculated with Aeromonas viridans, E. coli 

O157:H7 presented a significantly larger overall growth of 2.5 log CFU/10 cm2, which 

was 1.1 log CFU/10 cm2 larger than the control (P < 0.05). 
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FIGURE 10. Growth curves of E. coli O157:H7 in the presence of antagonistic bacteria in parsley leaves 
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TABLE 24. Growth parameters of E. coli O57:H7 on parsley inoculated with antagonistic epiphytic bacteria. 

ID code Treatmenta Mean ± SDb 

  µmax
c d-td Overall growthe 

Control EC + sterile PBS 0.033 ± 0.004 134 ± 14 1.6 ± 0.2 

Pa 5438 EC + Aerococcus viridans 0.019 ± 0.010 262 ± 167 2.7 ± 0.5* 

Pa 5897 EC + Bacillus mycoides 0.008 ± 0.002* 439 ± 97* 1.3 ± 0.2 

Pa 4145 EC + Bacillus ssp. 0.019 ± 0.009 308 ± 188 2.0 ± 0.6 

Pa 4197 EC + Enterococcus casseliflavus 0.023 ± 0.006 162 ± 40 2.5 ± 0.7 

Pa 4111 EC + Enterococcus gallinarum 0.014 ± 0.008* 450 ± 395 1.8 ± 0.7 

Pa 4075 EC + Gemella morbillorum 0.014 ± 0.007* 317 ± 161 1.4 ± 0.2 

Pa 4094 EC + Sphingomonas paucimobilis 0.022 ±0.008 178 ± 56 1.3 ± 0.4 

Pa 4876 EC + Staphylococcus intermedius 0.017 ± 0.015 390 ± 192 1.3 ± 0.1 

Pa 5432 EC + Staphylococcus lentus 0.025 ± 0.016 224 ± 112 1.5 ± 0.2 

a E. coli O157:H7 (EC) inoculation in previously inoculated (2h before) leaflets with epiphytic isolate. 
b Mean ± Standard deviation of three replicates by treatment, n = 3.  
c µmax: Growth rate (in h-1). 
d d-t: Doubling time (or generation time, in min). 
e Overall growth, in log CFU/leaflet = Growth at tmax (24 h) – Growth at t0 (0 h).  

* Indicates significant difference (P < 0.05) with respect to control. 
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Fruits 

In total, 24 antagonistic isolates from cantaloupe, six from peppers, and eight 

isolates from tomatoes were studied to determine their inhibitory effect toward S. 

Saintpaul on the surface of corresponding fruits skin/rind. The isolates selected for this 

test corresponded to one isolate of each different species identified, which obtained the 

largest IA from their species during the antagonistic in vitro test toward S. Saintpaul. 

Cantaloupes 

The growth curves presented by E. coli O157:H7 on cantaloupe rind, pre-inoculated 

with different antagonistic epiphytic bacteria are shown in Figure 11 and 12. The growth 

parameters calculated from S. Saintpaul by treatment (antagonistic isolate) are shown in 

Table 25.  

The mean growth rate, doubling time, and overall growth of S. Saintpaul in the 

control samples were 0.17 ± 0.07 h-1, 73 ± 22 min, and 3.9 ± 0.7 log CFU/10 cm2.   

The initial count at 0 h, was 2.7 ± 0.4 log CFU/10 cm2. From the 24 isolates tested, 

only Enterococcus kobei, and Enterococcus casseliflavus had a significant effect over the 

growth of S. Saintpaul. The overall growth of S. Saintpaul was significantly lesser than 

the control, with values of 2.2 ± 0.2, and 2.0 ± 0.3 log CFU/10 cm2, respectively. 
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FIGURE 11. Growth curves of S. Saintpaul in the presence of antagonistic bacteria in cantaloupe rind (Part a) 
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FIGURE 12. Growth curves of S. Saintpaul in the presence of antagonistic bacteria in cantaloupe rind (Part b) 
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TABLE 25. Growth parameters of S. Saintpaul on cantaloupe rind inoculated with antagonistic epiphytic bacteria  

ID code Treatmenta Mean ± SDb 

  µmax
c d-td Overall growthe 

Control S.S. + sterile PBS 0.17 ± 0.07 73 ±22 3.9 ±  0.7 

Ca 13598 S.S. + Citrobacter sedlakii 0.065 ± 0.044 219 ± 236 2.3 ± 0.7 

Ca 13172 S.S. + Enterobacter cloacae sbsp. cloacae 0.050 ± 0.027 155 ± 139 2.4 ± 1.8 

Ca 12194 S.S. + Enterobacter kobei 0.111 ± 0.043 58 ± 14    2.2 ± 0.2 * 

Ca 13510 S.S. + Enterobacter lugdwigii 0.015  ± 0.084 21 ± 49 1.6  ± 1.5 

Ca 13119 S.S. + Klebsiella pneumoniae sbsp. pneumoniae 0.089  ± 0.040 119 ± 108 2.7 ± 1.2 

Ca 12115 S.S. + Enterococcus casseliflavus 0.107  ± 0.113 227 ± 193    2.0 ± 0.3 * 

Ca 13271 S.S. + Enterococcus cecorum 0.115  ± 0.158 29 ± 7 2.5 ± 1.1 

Ca 13713 S.S. + Enterococcus faecalis 0.064  ± 0.040 192 ± 189 3.0 ± 0.9 

Ca 10191 S.S. + Enterococcus faecium 0.110 ± 0.043 74 ± 22 2.8  ± 0.6 

Ca 10352 S.S. + Enterococcus gallinarum 0.098 ± 0.079 49 ± 1 3.1 ± 0.2 

Ca 10473 S.S. + Kocuria kristinae 0.186 ± 0.054 35 ± 6 3.2 ± 0.5 

Ca 10199 S.S. + Lactococcus garviae 0.080  ± 0.043 158 ± 126 2.9 ± 0.2 

Ca 12871 S.S. + Lactococcus lactis sbsp. lactis 0.135  ± 0.116 168 ± 143 2.7 ± 0.5 

13957 S.S. + Leuconostoc mesenteroides sbsp. dextranicum 0.231 ± 0.055 25 ± 2 3.4 ± 1.6 

12196 S.S. + Leuconostoc mesenteroides sbsp. cremoris 0.078 ± 0.033 101 ± 34 2.6 ± 0.4 

10039 S.S. + Leuconostoc  pentosaceus 0.057 ± 0.048 75 ± 2 3.2 ± 0.2 

12795 S.S. + Staphylococcus cohii sbsp. urealyticus 0.137 ± 0.072 68 ± 30 2.9 ± 1.4 

13755 S.S. + Staphylococcus epidermidis 0.056  ± 0.018 126 ± 104 3.2 ± 0.4 
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TABLE 25. Continued. 

ID code Treatmenta Mean ± SDb 

  µmax
c d-td Overall growthe 

10074 S.S. + Staphylococcus gallinarum 0.064 ± 0.034 103 ± 46 2.8 ± 0.5 

12032 S.S. + Staphylococcus lentus 0.077  ± 0.078 294 ± 192 2.8 ± 0.6 

10040 S.S. + Staphylococcus thoraltensis 0.093 ± 0.053 130 ± 115 3.4 ± 0.1 

10240 S.S. + Staphylococcus vitulinus 0.056 ± 0.045 1178 ± 37 3.0 ± 0.7 

12712 S.S. + Staphylococcus warneri 0.026  ± 0.099 35 ± 86 2.5 ± 1.1 

13632 S.S. + Staphylococcus xylosus 0.223 ± 0.080 30 ± 6 2.1 ± 1.8 

a Salmonella Saintpaul (S.S.) inoculation in previously inoculated (2 h before) intact cantaloupe rind (10 cm2) with epiphytic 

isolate. 
b Mean ± Standard deviation of three replicates by treatment, n = 3.  
c µmax: Growth rate (h-1). 
d DT: Doubling time (min). 
e Overall growth, in log CFU/10 cm2 = Growth at tmax (24 h) – Growth at t0 (0 h). 

* Indicates significant difference (P < 0.05) with respect to control. 
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Peppers 

The growth curves constructed based on the growth of S. Saintpaul on pepper intact 

skin are shown in Figure 13. The growth parameters calculated for S. Saintpaul   growth 

per treatment are included in Table 26.  

The growth rate, doubling time, and overall growth of the control (non-treated) S. 

Saintpaul on peppers were 0.21 ± 0.05 h-1, 144 ± 33 min, and 1.4 ± 0.6 log CFU/10 cm2. 

From the isolates tested, three had some effect on the growth parameters of S. Saintpaul. 

In samples inoculated with E. faecalis sbsp. faecalis, S. Saintpaul showed a significantly 

smaller growth rate of 0.002 ± 0.10 h-1 compared to the control (P < 0.05). On the contrary, 

when S. Saintpaul was inoculated in samples previously inoculated with S. epidermidis, 

and S. warneri, the growth rate significantly increased to 0.042 ± 0.007 and 0.033 ± 003 

h-1, respectively. 
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FIGURE 13. Growth curves of S. Saintpaul in the presence of antagonistic bacteria in peppers skin 
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TABLE 26. Growth parameters of S. Saintpaul on pepper intact skin inoculated with antagonistic epiphytic bacteria 

ID code Treatmenta Mean ± SDb 

  µmax
c d-td Overall growthe 

Control S.S. + sterile PBS 0.21 ± 0.05 144 ± 33 1.4 ± 0.6 

Pe 16759 S.S. + Staphylococcus lugdunensis 0.033 ± 0.002 79  ± 18 3.0 ± 0.6 

Pe 17038 S.S. + Staphylococcus epidermidis 0.042 ± 0.007* 76 ± 8* 2.0 ± 0.6 

Pe 17600 S.S. + Staphylococcus warneri 0.033 ± 0.003* 88 ± 9 2.4 ± 0.6 

Pe 9072 S.S. + Enterococcus faecalis 0.002 ± 0.010* 233 ± 58 0.9 ± 0.2 

Pe 9191 
S.S. + Staphylococcus hominis sbsp. 

hominis 
0.026 ± 0.05 89 ± 6 2.0 ± 0.3 

a Salmonella Saintpaul (S.S.) inoculation in previously inoculated (2h before) intact pepper skin (10 cm2) with epiphytic 

isolate 
b Mean ± Standard deviation of three replicates by treatment, n = 3. 
c 

µmax: Growth rate ( in h-1) 
d d-t: Doubling time (or generation time, in min). 
e Overall growth, in log CFU/10 cm2 = Growth at tmax (24 h) – Growth at t0 (0 h)  
f  * Indicates significant difference (P < 0.05) with respect to control 
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Tomatoes 

The growth of S. Saintpaul for the different treatments (isolates) are illustrated in 

Figure 14 . The growth parameters calculated for S. Saintpaul for each treatment, are 

shown on Table 27. The growth rate mean of S. Saintpaul on tomatoes was 0.125 ± 0.034 

h-1. The mean doubling time was 61 ±7 min, and the overall growth was 2.3 ± 0.2 log 

CFU/10 cm2. 

Three of the tested bacterial epiphytic isolates affected the growth of S. Saintpaul 

on the tomatoes surface. S. Saintpaul on samples inoculated with S. hominis had a slower 

growth rate than the control, of 0.042 ± 0.010 (P < 0.05). On the other hand, S. Saintpaul 

inoculated on samples containing B. polymyxa and S. epidermidis demonstrated a greater 

overall growth than the control, of 3.4 ± 0.5, and 2.8 ± 0.1 log CFU/10 cm2 (P < 0.05). 

The growth parameters calculated for all other treatments were not different than the 

control (P > 0.05). 
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FIGURE 14. Growth curves of S. Saintpaul in the presence of antagonistic bacteria on tomatoes skin 
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TABLE 27. Growth parameters of S. Saintpaul in tomatoes intact skin inoculated with antagonistic epiphytic bacteria 

ID code Treatmenta Mean ± SDb 

  µmax
c d-td Overall growthe 

Control None 0.125 ± 0.034 61 ±7 2.3 ± 0.2 

To 14594 S.S. + Staphylococcus saprophyticus 0.062 ± 0.019 64 ±16 2.9 ± 0.3 

To 14596 S.S. + Staphylococcus hominis sbsp. novobiosepticus 0.052 ± 0.014 64 ±28 2.4 ± 0.8 

To 14599 S.S. + Staphylococcus lentus 0.055 ± 0.010 63 ± 13 2.9 ± 0.3 

To 15318 S.S. + Lactococcus lactis sbsp. lactis 0.066 ± 0.08 63 ± 99 2.3 ± 0.7 

To 15651 S.S. + Bacillus polymyxa 0.195 ± 0.105 51 ± 8 3.4 ± 0.5* 

To 6031 S.S. + Staphylococcus epidermidis 0.054 ± 0.026 60 ± 47 2.8 ± 0.1* 

To 6034 S.S. + Kocuria kristinae 0.033 ± 0.045 50 ± 178 2.6 ± 0.4 

To 6392 S.S. + Staphylococcus hominis sbsp. hominis 0.042 ± 0.010* 94 ± 30 2.6 ± 0.2 
a Salmonella Saintpaul (S.S.) inoculation in previously inoculated (2h before) intact tomato skin (10 cm2) with epiphytic 

isolate. 
b Mean ± Standard deviation of three replicates by treatment, n = 3.  
c µmax: Growth rate ( in h-1). 
d d-t: Doubling time (or generation time, in min). 
e Overall growth, in log CFU/10 cm2 = Growth at tmax (24 h) – Growth at t0 (0 h). 
f  * Indicates significant difference (P < 0.05) with respect to control. 
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Overall, the antagonistic effect of the studied epiphytic bacteria on fruits and leafy 

green leaves was not as easily reproduced as with the in vitro tests. This is not surprising 

since the experiment settings are controlled during in vitro tests.  The researcher sets all 

the parameters including the nutrients and environment provided to the bacteria for 

proliferation. Furthermore, all materials are sterile; thus, no other bacteria is involved in 

these studies. However, when the study involves the use of actual living organisms, in this 

cases, leaves and fruits, many other factors come into play. Factors associated with the 

fruits and vegetables as well as the native microbiota of the surfaces can interfere with the 

inhibition action of some epiphytes. The nutritional conditions of the surfaces as well as 

the quality and quantity of epiphytic bacteria interacting with the pathogen and the 

epiphytic isolate is unknown. Although a reduction in the MS count of 1-2 log CFU/cm2 

was achieved using water washing and 95% alcohol to remove some bacteria that would 

interfere the experiment, a considerable amount of bacteria remained in the surface and 

was likely present when both the epiphytic isolate and the pathogen were inoculated.  

Disinfection treatments of the leaves represent a modification since it significantly 

decreased the availability of surface nutrients giving the epiphytic bacteria less 

opportunity to synthetize substances and thereby inhibit the pathogens. Under normal 

conditions these bacteria can easily counteract the growth of pathogens in highly nutritious 

media such as TSA and MRS. 

Even when the moisture was kept semi-controlled by keeping the fruits and leaf 

pieces inside capped containers possessing water for easy supply of vapor to the 

surrounding atmosphere, this water availability for metabolic functions of the bacteria is 
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not comparable to the high Aw present on the semisolid media. Therefore, even the 

moisture control could have affected the metabolism of antagonistic bacteria preventing 

their adaptation to and establishment on the surfaces of the produce. Considering all the 

factors that were likely negatively affecting the inhibition activity of the epiphytic bacteria 

on the produce surface, it is remarkable that some isolates still demonstrated a reasonable 

antagonistic action toward E. coli and S. Saintpaul. 

On the other hand, some epiphytic bacteria do not produce in vitro inhibitory action, 

and even appear to benefit from the pathogen growth on the produce surface. One 

important species that fits this profile is Aerococcus viridans. Ramírez-Chavarin et al. 

(233) studied thermotolerant LAB as potential probiotics and described A. viridans as an 

easily aggregating species. This characteristic was related to their ability to form biofilms 

that could prevent pathogens from attaching to epithelial cells. Furthermore, the strain 

easily tolerated bile and gastric juices, maintained a relatively low pH (of 3–5), and did 

not easily co-aggregate with E. coli and Salmonella. Thus, it is unlikely that the isolates 

tested here were helping the pathogens attach to the surface. However, those isolates 

representing the epiphytic microorganisms on endive might have developed mechanisms 

that forced the plant to release nutrients or that inhibited the antibacterial activity of the 

endive, as some plant pathogens do. The actual causes of these agonistic interactions will 

remain undetermined until further studies determine the variables involved in pathogen-

epiphyte interactions at the plant surface level. The use of sterile or gnotobiotic plants can 

control possible confounding factors involved. 

 



 

185 

 

Evaluation of E. coli O157:H7 growth and stomata invasion on endives in the 

presence of antagonistic epiphytic bacteria 

The effect of epiphytic bacteria toward the growth of E. coli O157:H7 was studied 

using 10 micrographs taken after 12 h and 3 d of incubation to evaluate the possible growth 

effect of the antagonistic bacteria. Samples of each treatment were simultaneously 

processed to enumerate E. coli O157:H7 onto TSA-Amp at 0, 12 h, and 60 h.  

The growth behavior of E. coli O157:H7 in the presence of the epiphytic isolates on 

endive leaf surface is shown in Figure 15. When the growth of the E. coli O157:H7 GFP 

was evaluated by time point, the mean counts of the treated samples were similar to those 

of the control (untreated) samples (P > 0.05). In the case of samples not treated with 

antagonistic bacteria, E. coli O157:H7 GFP counts at 0, 12, and 60 h of incubation were 

4.2 ± 0.0, 3.8 ± 0.4, and 4.0 ± 0.1 log CFU/cm2. The treated samples mean values were 

4.3 ± 0.1, 4.2 ± 0.4, and 4.5 ± 0.2 log CFU/cm2 at the same incubation times as control 

samples. The calculation of growth parameters was not possible since E. coli O157:H7 

GFP growth was minimal during the 60 h of incubation. 

The determination of the stomata presence and open/close stoma status, the degree 

of invasion by E. coli O157:H7 in open stomata, and the observed growth degree of E. 

coli O157:H7 (in 10 microscopic images of 45 mm2) are shown on Table 28 . Samples of 

the images evaluated at 1 and 3 d are included in Figure 16.  
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TABLE 28. Microscopic analysis of endive surface invasion of stomata and growth of E. coli O157:H7 in the presence of 

antagonistic epiphytic isolates using confocal images 
Treatmenta Incubationb Number of stomatac Invasion Dege Growth Deg.d 

  Open (%) Closed Total  

EC + Streptococcus alactolyticus 12 h 10 (71.4) Af  4 14 0.2 ± 0.4 A  0.8 ±0.4 A h 

60 h  13 (100) B  0  13 0.4 ± 0.5 A h 2.5 ±0.5 B 

EC + Bacillus licheniformis 12 h  12 (52.2) A  11 23 0.2 ± 0.4 A 1.1 ±0.3 A h 

60 h   9  (75.0) A  3 12  0.1 ± 0.3 A 2.3 ±0.5 B 

EC + Gemella bergeri 12 h    3 (25.0) A g h 9 12 0.1 ± 0.3 A 1.1 ±0.3 A h 

60 h 14 (63.6) B g 8  22 0.9 ± 0.9 B h 2.3 ±0.5 B 

EC + Staphylococcus sciuri 12 h   7 (58.3) A  5  12            0  A h 0.8 ±0.6 A h 

60 h   3 (100)  B  0 3  0.7± 0.8 B h 2.4 ±0.5 B 

EC + Enterococcus gallinarum 12 h   6 (28.6) A g h 15  21 0.3 ± 0.5 A 1.1 ±0.3 A h 

60 h 19 (67.9) B g 9 28  1.0 ± 0.9 A h 2.3 ±0.5 B 

EC + sterile PBS 12 h 10 (71.4) A  4 14 0.4 ± 0.5 A 1.7 ±0.6 A 

60 h 16 (84.2) A  3 19            0  B 2.2 ±0.6 A 

Neg. control  12 h 13 (68.4) A  6 19   

12 h   8 (100)  B 0 8   
a E. coli O157:H7 (EC) inoculation in previously inoculated (2 h before) endive pieces (1 cm2) with epiphytic isolate.  
b Incubation at 20 ºC in closed petri dishes with moisten filter paper. 
c Number of stomata open, closed, and total observed in 2.125 mm of leave surfaces under the confocal microscope.  
d Mean and standard deviation of degree of invasion in opens stomata, according to visual evaluation categories where 0 = no invasion, 

1= low,  2= moderate, and 3 = high invasion, n = 10. 
e Mean and standard deviation of the growth in observed leaf surface according to visual evaluation categories where 0=no growth, 1=low 

growth, 2=moderate growth, 3=high growth.  
f Within column within treatment values followed by the same uppercase letter are not significantly different (P > 0.05). 
g Indicates significant difference between measured value and corresponding value of the negative control (not inoculated) (P<0.05).  
h Within column indicates significant difference between measured value and corresponding value of the EC control (not treated) 

(P<0.05). 
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FIGURE 15. Growth of fluorescent E. coli O157:H7 GFP in the presence of epiphytic bacteria on endive leaf samples 
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FIGURE 16. Confocal images of endive surface inoculated with fluorescent E. coli O157:H7 GFP (EC) and epiphytic isolates 

at 12 h (day 1), and 60 h (3 d) of incubation. Images observed using red and green laser excitation wavelength. Total size:  

212.5 x 212.5 µm. Treatments include EC + Streptococcus alactolyticus (A), EC + Bacillus licheniformis (B), EC + Gemella 

bergeri (C), EC + Staphylococcus sciuri (D), and EC + Enterococcus gallinarum (E). 
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During the analysis of confocal micrographs, the number of stomata observed were 

highly variable, and ranged from 3 to 22 stomata in the total area surveyed per treatment 

and incubation time (4.51 cm2, corresponding to 10 images of 45.156 mm2 each). There 

was a significant difference in the number of open stomata by incubation period for the 

negative control and for four of the five treatments. 

When the differences were significant, the number of open stomata were higher in 

the samples observed after 60 h of incubation (P < 0.05). Moreover, all stomata observed 

in the negative control at 60 h of incubation were open. When comparing stomata numbers 

between the treated samples and the negative control, Gemella bergeri and Staphylococcus 

gallinarum treated samples presented less open stomata for both incubation times, 

compared to the negative control (P < 0.05). Furthermore, these samples also presented 

less open stomata than the positive (untreated) control at 24 h. 

When the images were captured, the stomata structures were used as reference of 

depth in the image, to assure the image was from the surface of the leaf, and not from the 

interior. Thus, images were commonly taken when one or more stomata were observed.  

All treatments showed a significantly lower mean evaluation grade for the growth 

level of E. coli O157:H7 in the samples evaluated after 24 h of incubation.  The average 

grade obtained by the control was 1.7 ±0.6, while the treatment evaluation ranked between 

0.8 ± 0.4 and 1.1 ± 0.3 (P<0.05). Streptococcus alactolyticus and Staphylococcus sciuri 

obtained the lowest grades in the visual evaluation for the E. coli O157:H7 growth of 0.8 

± 0.4 and 0.8 ± 0.6, respectively. Interestingly, these isolates also presented the lowest 

counts when the samples were grown onto TSA-Amp, although in this last case, 
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differences between the control and treatments for their log CFU/cm2 values were not 

significantly different (P>0.05).  After 3 d of incubation, no significant difference was 

observed in the visual evaluation of the E. coli O157:H7 growth with respect to the control 

(untreated) (P > 0.05). 

The internalization of enterica pathogens in fruits and vegetables has been 

considered an important factor contributing to their survival and resistance to 

antimicrobial treatments (121, 187, 269). Kroupitski et al. (159) reported the 

internalization of S. enterica on lettuce stomata, and related this invasion to the ability of 

the pathogen to locate nutrients produced during the photosynthesis, being located on the 

stomata opening.  

The evaluation of stomata invasion by E. coli O157:H7 was given a low to null 

status; however, it was observed at least one time per sample. It is interesting to notice 

that E. coli O157:H7 control (untreated with epiphytic bacteria) experienced no invasion 

of stomata, while some treated samples did. Thus, it is possible that the epiphytic bacteria 

presence stimulated E. coli O157:H7 to move into the stomata by unknown mechanisms.  

While qualitatively measured, it was possible to evaluate the effect of some isolates 

over the colonization of E. coli O157:H7. Furthermore, the observation of invasion of 

stomata in all treatments confirmed the results obtained by previous studies. E. coli 

O157:H7 was capable of invading the stomata openings, and these could probably serve 

to protect the bacteria from external exposure and/or provide nutrients. Hence, open 

stomata in the plant represents a risk for the internalization of bacteria. One isolate of G. 

bergeri and one of S. sciuri will likely stimulate the leaf to close its stoma pores. This 
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phenomenon has been triggered in plants by some plant pathogens (277). Further studies 

that elucidate the plant response to the presence of the epiphytic bacteria can lead to a 

better understanding of the interactions given between plant-epiphyte-enteric pathogen 

interactions. 
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CONCLUSIONS 

 

The microbiological content of different fruits and leafy greens presented variable 

content of epiphytic bacteria, and this variation was influenced by external conditions, 

including agricultural practices such as irrigation, and environmental factors such as 

temperature and humidity. Furthermore, the harvesting season played an important role in 

the variation of epiphytic and antagonistic bacteria. The influence extent of environmental 

conditions and the intrinsic plant characteristics require more studies that include different 

varieties within plant species. It is also necessary to determine and include measurements 

of leaf surface physicochemical characteristics including wettability, thickness of the 

waxy cuticle, roughness, number of trichomes and stomata, and nutritional content or 

organic matter presence to determine which of these factors are of higher impact in the 

variation of the microbiological content of leafy greens within and between commodities. 

Similarly in fruits, further studies should consider the epiphytic bacteria variation due to 

season, temperature and humidity, rain, flood episodes, and other environmental factors, 

as well as include different varieties of the same species of tomatoes, peppers, and melons. 

A study evaluating the influence of the level of netting, possibly using different cultivars 

of cantaloupes, could help to elucidate the actual impact of the netting level over the 

microbiological content of cantaloupe rinds. 

The epiphytic community of fruits and vegetables was found to comprehend a vast 

variety of bacterial species capable of counteracting the proliferation of enteric pathogens, 

and their occurrence was variable by production season and commodity of isolation. 
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Although numerous isolates were determined antagonistic toward E. coli O157:H7 and S. 

Saintpaul, their inhibitory action in the leaves and fruits surfaces was not straightforwardly 

determinable as it was in the in vitro experiments. Although only some isolates were 

biochemically identified from the total of antagonistic isolates obtained from all 

commodities, those identified might be considerable constituents of the total population 

of antagonistic epiphytic bacteria found on each commodity. The determination of the 

actual occurrence of these species using selective conditions adapted to each species or 

genera could allow a more precise determination of their occurrence in fruits and 

vegetables. The isolates of the same species were possibly the same strain isolated several 

times, although this was not determined. The broad distribution, or a large amount of a 

particular species, could also influence the likelihood of isolation. Further assessment 

studies that determine the presence of a particular species and their population could help 

clarify their distribution in the surfaces of different commodities. The possible 

discrepancies between the biochemical identification and results using other methods of 

identification should be obtained to ensure clear identification of the antagonistic bacteria 

with potential use as biocontrol agents. 

Confocal microscopy allowed a closer study of the epiphytic bacteria and the 

pathogen interaction directly in the surface of the leaves. However, the evaluation of the 

biofilm formation by the pathogen and the antagonistic bacteria would require further 

investigation, possibly using florescent markers to detect specific biofilm matrix 

components such as amyloids. Although improbable, the agonistic interaction between 

pathogens and epiphytic isolates previously recognized as antagonistic to the same 
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pathogens might be occurring. Thus, these interaction modifications should be further 

analyzed to determine the causes at the plant surface level. The use of sterile or gnotobiotic 

plants can control possible confounding factors involved. Furthermore, microorganisms 

genetically modified, suppressing synthesis of particular acids, bacteriocins or other 

substances, might allow the determination of the factors involved in the antagonistic effect 

toward the enteric pathogens. 

The objectives of the study were achieved since the microbiological content of fruits 

and vegetables was assessed, and it was demonstrated that epiphytic microbial 

communities of fruit and leafy greens contain numerous species with promising 

characteristics as biocontrol agents to counteract the colonization of important enteric 

pathogens such as E. coli O157:H7 and S. enterica on produce surfaces. 

 



 

195 

 

REFERENCES 

 

1. Abadias, M., J. Usall, M. Anguera, C. Solsona, and I. Viñas. 2008. Microbiological 

quality of fresh, minimally-processed fruit and vegetables, and sprouts from retail 

establishments. Int. J. Food Microbiol. 123:121-129. 

2. Abedon, S. T. 2015. Ecology of anti-biofilm agents I: Antibiotics versus 

baceriophages. Pharmaceuticals. 8:525-558. 

3. Adamczewska-Sowińska, K., and C. Miłowana Uklańska. 2009. Effect of nitrogen 

fertilization on yield and quality of endive. Veg. Crops Res. Bull. 70:193-201. 

4. Adams, M. R., A. D. Hartley, and L. J. Cox. 1989. Factors affecting the efficacy 

of washing procedures used in the production of prepared salads. Food Microbiol. 

6:69-77. 

5. Adams, M. R., and M. O. Moss. 2008. Food microbiology. The royal society of 

chemistry, Cambridge, UK. 

6. Adobe Developers Association. 1992. TIFF (TM) Revision 6.0. Available at: 

http://partners.adobe.com/public/developer/en/tiff/TIFF6.pdf. Accessed April 8, 

2016. 

7. Agle, M. E. 2007. Biofilms in the food industry. p. 3-18. In, Biofilms in the food 

environment. Blackwell Publishing Ltd. 

8. Agle, M. E., and H. P. Blaschek. 2007. Shigella: Survival on produce and biofilm 

formation. p. 19-46. In, Biofilms in the food environment. Blackwell Publishing 

Ltd. 

9. Aguiló-Aguayo, I., F. Charles, C. M. G. C. Renard, D. Page, and F. Carlin. 2013. 

Pulsed light effects on surface decontamination, physical qualities and nutritional 

composition of tomato fruit. Postharv. Bio. Technol. 86:29-36. 

10. Ailes, E. C., D. G. Kleinbaum, S. Blanding, C. L. Moe, L. C. Backer, L.-A. Jaykus, 

J. S. Leon, H. A. Clayton, and L. M. Johnston. 2008. Microbial concentrations on 

fresh produce are affected by postharvest processing, importation, and season. J. 

Food Prot. 71:2389-2397. 

11. Al-Kharousi, Z. S., N. Guizani, A. M. Al-Sadi, I. M. Al-Bulushi, and B. 

Shaharoona. 2016. Hiding in fresh fruits and vegetables: Opportunistic pathogens 

may cross geographical barriers. Int. J. Food Microbiol. 2016:1-14. 



 

196 

 

12. Amézquita, A., and M. M. Brashears. 2002. Competitive inhibition of Listeria 

monocytogenes in ready-to-eat meat products by lactic acid bacteria. J. Food Prot. 

65:316-325. 

13. Agricultural Research Service, USDA. 2014. Pepper. Prepared by G.A. Gonzalez-

Aguilar, and G. Adolfo. [electronic resource]. Available at: 

http://www.ba.ars.usda.gov/hb66/pepper.pdf. Accessed April 20, 2016. 

14. Avery, L. M., A. P. Williams, K. Killham, and D. L. Jones. 2008. Survival of 

Escherichia coli O157:H7 in waters from lakes, rivers, puddles and animal-

drinking troughs. Sci. Total Environ. 389:378-385. 

15. Babic, I., S. Roy, A. E. Watada, and W. P. Wergin. 1996. Changes in microbial 

populations on fresh cut spinach. Int. J. Food Microbiol. 31:107-119. 

16. Bahar, A. A., and D. Ren. 2013. Antimicrobial peptides. Pharmaceuticals. 6:1543-

1575. 

17. Barak, J. D., C. E. Jahn, D. L. Gibson, and A. O. Charkowski. 2007. The role of 

cellulose and O-antigen capsule in the colonization of plants by Salmonella 

enterica. Mol. Plant-Microbe Interact. 20:1083-1091. 

18. Baranyi, J., and T. A. Roberts. 1994. A dynamic approach to predicting bacterial 

growth in food. Int. J. Food Microbiol. 23:277-294. 

19. Barker-Reid, F., D. Harapas, S. Engleitner, S. Kreidl, R. Holmes, and R. Faggian. 

2009. Persistence of Escherichia coli on injured iceberg lettuce in the field, 

overhead irrigated with contaminated water. J. Food Prot. 72:458-464. 

20. Barkocy-Gallagher, G. A., T. M. Arthur, M. Rivera-Betancourt, X. W. Nou, S. D. 

Shackelford, T. L. Wheeler, and M. Koohmaraie. 2003. Seasonal prevalence of 

shiga toxin-producing Escherichia coli, including O157:H7 and non-O157 

serotypes, and Salmonella in commercial beef processing plants. J. Food Prot. 

66:1978-1986. 

21. Barth, M., T. R. Hankinson, H. Zhuang, and F. Breidt. 2010. Microbiological 

spoilage of fruits and vegetables. In W.H. Sperber, and M.P. Doyle (ed.), 

Compendium of microbiological spoilage of foods and beverages. Food 

microbiology and food safety. Springer, New York. 

22. Barton Behravesh, C., R. K. Mody, J. Jungk, L. Gaul, J. T. Redd, S. Chen, S. 

Cosgrove, E. Hedican, D. Sweat, L. Chávez-Hauser, S. L. Snow, H. Hanson, T. A. 

Nguyen, S. V. Sodha, A. L. Boore, E. Russo, M. Mikoleit, L. Theobald, P. Gerner-

Smidt, and R. M. Hoekstra. 2011. 2008 outbreak of Salmonella Saintpaul 

infections associated with raw produce. N. Engl. J. Med. 364:918-927. 



 

197 

 

23. Baudart, J., J. Grabulos, J. P. Barusseau, and P. Lebaron. 2000. Salmonella spp. 

and fecal coliform loads in coastal waters from a point vs. nonpoint source of 

pollution. J. Environ. Qual. 29:241-250. 

24. BD-Bioscience. 2009. Becton, Dickinson and Co. Difco (TM) & BBL (TM) 

Manual of microbiological culture media. p. 700 p. In M.J. Zimbro, et al. (ed.) 

Becton, Dickinson, and Company, Sparks, MD. 

25. Beal, C., J. Skokanova, E. Latrille, N. Martin, and G. Corrieu. 1999. Combined 

effects of culture conditions and storage time on cidification and viscosity of 

stirred yogurt. J. Dairy Sci. 82:673-681. 

26. Belguesmia, Y., Y. Choiset, H. Rabesona, M. Baudy-Floc'h, G. Le Blay, T. 

Haertlé, and J. M. Chobert. 2013. Antifungal properties of durancins isolated from 

Enterococcus durans A5-11 and of its synthetic fragments. Letters Appl. 

Microbiol. 56:237-244. 

27. Ben-Chaim, A., Y. Borovsky, M. Falise, M. Mazourek, B.-C. Kang, I. Paran, and 

M. Jahn. 2006. QTL analysis for capsaicinoid content in Capsicum. Theor. Appl. 

Gen. 113:1481-1490. 

28. Berke, T, L.L. Black, N.S. Talekar, J.F. Wang, P. Gniffke, S.K. Green, T.C. Wang, 

and R. Morris. 2005. Suggested cultural practices for chili pepper. [electronic 

resource]. Available at: http://203.64.245.61/web_crops/pepper/chili_pepper.pdf. 

Accessed April 2, 1016. 

29. Berry, E. D., J. E. Wells, J. L. Bono, B. L. Woodbury, N. Kalchayanand, K. N. 

Norman, T. V. Suslow, G. López-Velasco, and P. D. Millner. 2015. Effect of 

proximity to a cattle feedlot on Escherichia coli O157:H7 contamination of leafy 

greens and evaluation of the potential for airborne transmission. Appl. Environ. 

Microbiol. 81:1101–1110. 

30. Beuchat, L. R. 1996. Pathogenic microorganisms associated with fresh produce. J. 

Food Prot. 59:204-216. 

31. Beuchat, L. R. 2002. Ecological factors influencing survival and growth of human 

pathogens on raw fruits and vegetables. Microb. Infect. 4:413-423. 

32. Beuchat, L. R., and J.-H. Ryu. 1997. Produce handling and processing practices. 

Emerg Infect Dis. 3:459-465. 

33. Bosland, P. W., and E. J. Votava. 2012. Peppers: Vegetable and spice capsicums. 

CABI, Wallingford, Oxfordshire, UK. 



 

198 

 

34. Bowen, A., A. Fry, G. Richards, and L. Beauchat. 2006. Infections associated with 

cantaloupe consumption: a public health concern. Epidemiol. Infect. 134:675-685. 

35. Brandl, M. T., and R. E. Mandrell. 2002. Fitness of Salmonella enterica serovar 

Thompson in the cilantro phyllosphere. Appl Environ Microbiol. 68:3614. 

36. Brashears, M. M., A. Amezquita, and J. Stratton. 2001. Validation of methods used 

to recover Escherichia coli O157:H7 and Salmonella spp. subjected to stress 

conditions. J. Food Prot. 64:1466-1471. 

37. Brashears, M. M., and W. A. Durre. 1999. Antagonistic action of Lactobacillus 

lactis toward Salmonella spp. and Escherichia coli O157:H7 during growth and 

refrigerated storage. J. Food Prot. 62:1336-1340. 

38. Brashears, M. M., and D. Jaroni. 2008. Lactic acid bacteria cultures that inhibit 

food-borne pathogens. U.S. Patent 7,323,166 B2. 

39. Brashears, M. M., D. Jaroni, and J. Trimble. 2003. Isolation, selection, and 

characterization of lactic acid bacteria for a competitive exclusion product to 

reduce shedding of Escherichia coli O157:H7 in cattle. J. Food Prot. 66:355-363. 

40. Bren, L. 2007. Bacteria-eating virus approved as food additive. FDA Consum. 

41:20-22. 

41. Brenner, F. W., R. G. Villar, F. J. Angulo, R. Tauxe, and B. Swaminathan. 2000. 

Salmonella nomenclature. J. Clin. Microbiol. 38:2465-2467. 

42. Bruhn, C., J. R. Gorny, A. A. Kader, and E. J. Mitcham. 2008. Produce irradiation: 

Recommendations for maintaining produce postharvest quality, safety & 

marketability. [electronic resource]. Available at: 

http://ucanr.edu/sites/Postharvest_Technology_Center_/Library/Publications/?uid

=839&ds=807. Accessed February 2, 2016. 

43. Çadirci, B. H., and S. Çitak. 2005. A comparison of two methods used for 

measuring antagonistic activity of lactic acid bacteria. Pakistan J. of Nutr. 4:237. 

44. Caprioli, A., S. Morabito, H. Brugère, and E. Oswald. 2005. Enterohaemorrhagic 

Escherichia coli: Emerging issues on virulence and modes of transmission. Vet. 

Res. 36:289-311. 

45. Cardenas, C., K. Molina, N. Heredia, and S. Garcia. 2013. Evaluation of microbial 

contamination of tomatoes and peppers at retail markets in Monterrey, Mexico. J. 

Food Prot. 76:1475-1479. 



 

199 

 

46. Carlin, F., C. Nguyen-the, and A. Abreu da Silva. 1995. Factors affecting the 

growth of Listeria monocytogenes on minimally processed fresh endive. J. Appl. 

Bacteriol. 78:636-646. 

47. Carlin, F., C. Nguyen-The, and C. E. Morris. 1996. Influence of background 

microflora on Listeria monocytogenes on minimally processed fresh broad-leaved 

endive (Cichorium endivia var. latifolia). J. Food Prot. 59:698-703. 

48. Carlin, F., C. Nguyen-the, A. A. D. Silva, and C. Cochet. 1996. Effects of carbon 

dioxide on the fate of Listeria monocytogenes, of aerobic bacteria and on the 

development of spoilage in minimally processed fresh endive. Int. J. Food 

Microbiol:159. 

49. CAST. 2009. Food safety and fresh produce: An update. CAST Commentary 

QTA2009-1. In  Council Agr. Sci. Tech, Ames, Iowa. 

50. Castillo, A., I. Mercado, L. M. Lucia, Y. Martínez-Ruiz, J. Ponce de León, E. A. 

Murano, and G. R. Acuff. 2004. Salmonella contamination during production of 

cantaloupe: A binational study. J. Food Prot. 67:713-720. 

51. Castro-Ibáñez, I., M. I. Gil, J. A. Tudela, and A. Allende. 2015. Microbial safety 

considerations of flooding in primary production of leafy greens: a case study. 

Food Res. Int. 68:62-69. 

52. Centers for Disease Control and Prevention. 2005. 5 a day works! Atlanta: U.S. 

Department of Health and Human Services. Available at: 

http://www.cdc.gov/nccdphp/dnpa/nutrition/health_professionals/programs/5ada

y_works.pdf. Accessed March 30, 2016. 

53. Centers for Disease Control and Prevention. 2006. Multistate outbreak of E. coli 

O157:H7 infections linked to fresh spinach (Final update). Available at: 

http://www.cdc.gov/ecoli/2006/spinach-10-2006.html. Accessed February 8, 

2016. 

54. Centers for Disease Control and Prevention. 2006. Multistate outbreak of 

Salmonella Typhimurium infections linked to tomatoes (Final update). Available 

at: http://www.cdc.gov/salmonella/2006/tomatoes-11-2006.html. Accessed 

February 8, 2016. 

55. Centers for Disease Control and Prevention. 2006. Surveillance for foodborne 

disease outbreaks, United States. Available at: 

http://www.cdc.gov/mmwr/preview/mmwrhtml/mm5822a1.htm. Accessed 31 

May 2010. 



 

200 

 

56. Centers for Disease Control and Prevention. 2008. Multistate outbreak of 

Salmonella Litchfield infections linked to cantaloupes (Final update). Available 

at: http://www.cdc.gov/salmonella/2008/cantaloupes-4-2-2008.html. Accessed 

February 8, 2016. 

57. Centers for Disease Control and Prevention. 2008. Multistate outbreak of 

Salmonella Saintpaul infections linked to raw produce (Final update). Available 

at: http://www.cdc.gov/salmonella/2008/raw-produce-8-28-2008.html. Accessed 

February 8, 2016. 

58. Centers for Disease Control and Prevention. 2010. Multistate outbreak of human 

E. coli O145 infections linked to shredded romaine lettuce from a single processing 

facility (Final update). Available at: http://www.cdc.gov/ecoli/2010/shredded-

romaine-5-21-10.html. Accessed February 8, 2016. 

59. Centers for Disease Control and Prevention. 2010. Multistate outbreak of human 

typhoid fever infections associated with frozen mamey fruit pulp (Final update). 

Available at: http://www.cdc.gov/salmonella/2010/frozen-fruit-pulp-8-25-

10.html. Accessed February 8, 2016. 

60. Centers for Disease Control and Prevention. 2010. Salmonella, General 

Information. Available at: 

http://www.cdc.gov/nczved/divisions/dfbmd/diseases/salmonellosis/. Accessed 

April 9, 2010. 

61. Centers for Disease Control and Prevention. 2011. CDC estimates of foodborne 

illness in the United States. Data and metodological differences, 2011 and 1999. 

Available at: 

http://www.cdc.gov/foodborneburden/pdfs/factsheet_d_differences.pdf. Accessed 

February 8, 2016. 

62. Centers for Disease Control and Prevention. 2011. Multistate outbreak of human 

Salmonella Agona infections linked to whole, fresh imported papayas (Final 

update). Available at: http://www.cdc.gov/salmonella/2011/papayas-8-29-

2011.html. Accessed February 8, 2016. 

63. Centers for Disease Control and Prevention. 2011. Multistate outbreak of 

Salmonella Panama infections linked to cantaloupe (Final update). Available at: 

http://www.cdc.gov/salmonella/2011/cantaloupes-6-23-2011.html. Accessed 

February 8, 2016. 

64. Centers for Disease Control and Prevention. 2012. FoodNet 2012 Surveillance 

Report. Available at: www.cdc.gov. Accessed May 4, 2015. 



 

201 

 

65. Centers for Disease Control and Prevention. 2012. Multistate outbreak of E. coli 

O157:H7 infections linked to romaine lettuce (Final update). Available at: 

http://www.cdc.gov/ecoli/2011/romaine-lettace-3-23-12.html. Accessed February 

8, 2016. 

66. Centers for Disease Control and Prevention. 2012. Multistate outbreak of 

listeriosis linked to whole cantaloupes from Jensen Farms, Colorado (Final 

update). Available at: http://www.cdc.gov/listeria/outbreaks/cantaloupes-jensen-

farms/index.html. Accessed April 20, 2016. 

67. Centers for Disease Control and Prevention. 2012. Multistate outbreak of 

Salmonella Braenderup infections associated with mangoes (Final update). 

Available at: http://www.cdc.gov/salmonella/braenderup-08-12/index.html. 

Accessed February 8, 2016, 8 February 2016. 

68. Centers for Disease Control and Prevention. 2012. Multistate outbreak of 

Salmonella Typhimurium and Salmonella Newport infections linked to cantaloupe 

(Final update). Available at: http://www.cdc.gov/salmonella/typhimurium-

cantaloupe-08-12/index.html. Accessed February 8, 2016. 

69. Centers for Disease Control and Prevention. 2012. Multistate outbreak of shiga 

toxin-producing Escherichia coli O157:H7 infections linked to organic spinach 

and spring mix blend (Final update). Available at: 

http://www.cdc.gov/ecoli/2012/O157H7-11-12/index.html. Accessed February 8, 

2016. 

70. Centers for Disease Control and Prevention. 2013. Cyclosporiasis outbreak 

investigations — United States, 2013 (Final update). Available at: 

http://www.cdc.gov/parasites/cyclosporiasis/outbreaks/investigation-2013.html. 

Accessed February 8, 2016. 

71. Centers for Disease Control and Prevention. 2013. Multistate outbreak of 

Salmonella Saintpaul infections linked to imported cucumbers (Final update). 

Available at: http://www.cdc.gov/salmonella/saintpaul-04-13/index.html. 

Accessed February 8, 2016. 

72. Centers for Disease Control and Prevention. 2013. Multistate outbreak of Shiga 

toxin-producing Escherichia coli O157:H7 infections linked to ready to eat salads 

(Final update). Available at: http://www.cdc.gov/ecoli/2013/O157H7-11-

13/index.html. Accessed February 8, 2016. 

73. Centers for Disease Control and Prevention. 2014. Foodborne Diseases Active 

Surveillance Network (FoodNet): FoodNet Survillance Report for 2012 (Final 

report). Available at: 



 

202 

 

http://www.cdc.gov/foodnet/PDFs/2012_annual_report_508c.pdf. Accessed April 

7, 2016. 

74. Centers for Disease Control and Prevention. 2014. Multistate outbreak of 

Salmonella Braenderup infections linked to nut butter manufactured by nSpired 

Natural Foods, Inc. Available at: http://www.cdc.gov/salmonella/braenderup-08-

14/index.html. Accessed February 8, 2016. 

75. Centers for Disease Control and Prevention. 2014. Table 5 FoodNet–number and 

incidence of Salmonella infections by serotype 2013. Available at: 

http://www.cdc.gov/foodnet/data/trends/tables/2013/table5.html. Accessed April 

12, 2016. 

76. Centers for Disease Control and Prevention. 2015. Cyclosporiasis outbreaks 

investigations-United States, 2015. Available at: 

http://www.cdc.gov/parasites/cyclosporiasis/outbreaks/2015/index.html. 

Accessed February 8, 2016. 

77. Centers for Disease Control and Prevention. 2015. Cycosporiasis outbreak 

investigations - United States, 2014. Available at: 

http://www.cdc.gov/parasites/cyclosporiasis/outbreaks/2014/index.html. 

Accessed February 8, 2016. 

78. Centers for Disease Control and Prevention. 2015. Norovirus. U.S. trends, and 

outbreaks. Available at: http://www.cdc.gov/norovirus/trends-outbreaks.html. 

Accessed April 10, 2016. 

79. Centers for Disease Control and Prevention. 2016. Multistate ourbreak of Listeria 

monocytogenes linked to frozen vegetables. Available at: 

http://www.cdc.gov/listeria/outbreaks/frozen-vegetables-05-16/index.html. 

Accessed May 12, 2016. 

80. Centers for Disease Control and Prevention. 2016. Multistate outbreak of 

listeriosis linked to packaged salads produced at Springfield, Ohio Dole processing 

facility (Final update). Available at: 

http://www.cdc.gov/listeria/outbreaks/bagged-salads-01-16/. Accessed May 12, 

2016. 

81. Centers for Disease Control and Prevention. 2016. Multistate outbreak of 

Salmonella Poona infections linked to imported cucumbers. Available at: 

http://www.cdc.gov/salmonella/poona-09-15/index.html. Accessed February 28, 

2016. 

82. Centers for Disease Control and Prevention. 2016. Multistate outbreak of 

Salmonella Virchow infections linked to Garden of Life RAW Meal organic shake 



 

203 

 

& meal products. Available at: http://www.cdc.gov/salmonella/virchow-02-

16/index.html. Accessed April 14, 2016. 

83. Cevallos-Cevallos, J. M., M. D. Danyluk, G. Gu, G. E. Vallad, and A. H. C. van-

Bruggen. 2012. Dispersal of Salmonella Typhimurium by rain splash onto tomato 

plants. J. Food Prot. 75 472–479. 

84. Cevallos-Cevallos, J. M., G. Gu, M. D. Danyluk, N. S. Dufault, and A. H. C. van 

Bruggen. 2012. Salmonella can reach tomato fruits on plants exposed to aerosols 

formed by rain. Int. J. Food Microbiol. 158:140-146. 

85. Center for Food Safety and Applied Nutrition. Food and Drug Administration. 

1998. Guide to minimize microbial food safety hazards for fresh fruits and 

vegetables. Available at: http://www.fda.gov. Accessed March 10, 2016. 

86. Chapman, P. A., Siddons, C.A., Wright, D.J., Norman, P., Fox, J., Crick, E. 1993. 

Cattle as a possible source of verocytotoxin-producing Escherichia coli O157. 

Epidemiol. Infect. 111:439-448. 

87. Chmielewski, R. A. N., and J. F. Frank. 2007. Inactivation of Listeria 

monocytogenes biofilms using chemical sanitizers and heat. p. 73-104. In, 

Biofilms in the food environment. Blackwell Publishing Ltd. 

88. Conte, A., G. Conversa, C. Scrocco, I. Brescia, J. Laverse, A. Elia, and M. A. Del 

Nobile. 2008. Influence of growing periods on the quality of baby spinach leaves 

at harvest and during storage as minimally processed produce. Postharv.  Biol. 

Tech. 50:190-196. 

89. Cookson, A. L., J. Bennett, F. Thomson-Carter, and G. T. Attwood. 2007. 

Molecular subtyping and genetic analysis of the enterohemolysin gene (ehxA) 

from shiga toxin-producing Escherichia coli and atypical enteropathogenic E. coli. 

Appl. Environ. Microbiol. 73:6360-6369. 

90. Cooley, M. B., D. Chao, and R. E. Mandrell. 2006. Escherichia coli O157:H7 

survival and growth on lettuce is altered by the presence of epiphytic bacteria. J. 

Food Prot. 69:2329-2335. 

91. Costa, J. M., Heuvelink, E. 2005. Introduction: The tomato crop and industry. p. 

1-20. In E. Heuvelink (ed.), Tomatoes. CABI, Wallingford, Oxfordshire, UK. 

92. Costerton, J. W., Z. Lewandowski, D. E. Caldwell, D. R. Korber, and H. M. 

Lappin-Scott. 1995. Microbial biofilms. Ann. Rev. Microbiol. 49:711-745. 

93. Csizinszky, A. A. 2005. Production in the open field. p. 237-256. In E. Heuvelink 

(ed.), Tomatoes. CABI, Wallingford, Oxfordshire, UK. 



 

204 

 

94. Cummings, K., E. Barrett, J. C. Mohle-Boetani, J. T. Brooks, J. Farrar, T. Hunt, 

A. Fiore, K. Komatsu, S. B. Werner, and L. Slutsker. 2001. A multistate outbreak 

of Salmonella enterica serotype Baildon associated with domestic raw tomatoes. 

Emerg. Infect. Dis. 7:1046-1048. 

95. Daş, E., G. C. Gürakan, and A. Bayındırlı. 2006. Effect of controlled atmosphere 

storage, modified atmosphere packaging and gaseous ozone treatment on the 

survival of Salmonella Enteritidis on cherry tomatoes. Food Microbiol. 23:430-

438. 

96. De Giusti, M., C. Aurigemma, L. Marinelli, D. Tufi, D. De Medici, S. Di Pasquale, 

C. De Vito, and A. Boccia. 2010. The evaluation of the microbial safety of fresh 

ready-to-eat vegetables produced by different technologies in Italy. J. Appl. 

Microbiol. 109:996-1006. 

97. De Man, J. C., M. Rogosa, and M. E. Sharpe. 1960. A medium for the cultivation 

of Lactobacilli. J. Appl. Bacteriol. 23:130-135. 

98. De Roever, C. 1998. Microbiological safety evaluations and recommendations on 

fresh produce. Food Control. 9:321-347. 

99. Delaquis, P., S. Bach, and L.-D. Dinu. 2007. Behavior of Escherichia coli 

O157:H7 in leafy vegetables. J. Food Prot. 70:1966-1974. 

100. Department of Health Services. County of Los Angeles. 1997. An outbreak of 

Samonella Sahpra associated with fresh cantaloupe. [electronic resource]. 

Available at: 

http://www.lapublichealth.org/acd/reports/spclrpts/spcrpt97/Salmonella%20Saph

ra%20&%20Cantaoupe97.pdf. Accessed April 14, 2016. 

101. Dharne, M. S., A. K. Gupta, A. Y. Rangrez, H. V. Ghate, M. S. Patole, and Y. S. 

Shouche. 2008. Antibacterial activities of multi drug resistant Myroides 

odoratimimus bacteria isolated from adult flesh flies (Diptera: sarcophagidae) are 

independent of metallo beta-lactamase gene. Braz. J. Microbiol. 39:397-404. 

102. Donnenberg, M. S., S. Tzipori, M. L. McKee, A. D. O'Brien, J. Alroy, and J. B. 

Kaper. 1993. The role of the eae gene of enterohemorrhagic Escherichia coli in 

intimate attachment in vitro and in a porcine model. J. Clin. Invest. 92:1418-1424. 

103. Doyle, M. P. 1991. Escherichia coli O157:H7 and its significance in foods. Int. J. 

Food Microbiol. 12:289-302. 

104. Doyle, M. P., and J. L. Schoeni. 1984. Survival and growth characteristics of 

Escherichia coli associated with hemorrhagic colitis. Appl. Environ. Microbiol. 

48:855-856. 



 

205 

 

105. Evans, J. B., and C. F. Niven. 1951. Nutrition of the heterofermentative lactobacilli 

that cause greening of cured meat products. J. Bacteriol. 62:599-603. 

106. Food and Agriculture Organization, WHO. 1994. Definition and classification of 

commodities. Vol. 8. Fruits and derived products. Available at: 

http://www.fao.org/es/faodef/fdef08e.htm#8.01. Accessed March 31, 2016. 

107. Food and Agriculture Organization, WHO. Ecocrop. 1999. Datasheet: Cucumis 

melo. Available at: http://ecocrop.fao.org/ecocrop/srv/en/cropView?id=815. 

Accessed March 31, 2016. 

108. Food and Agriculture Organization, Codex Alimentarius. 2003. Code of hygienic 

practice for fresh fruits and vegetables. Available at: 

http://www.fao.org/ag/agn/CDfruits_en/others/docs/alinorm03a.pdf. Accessed 

March 22, 2016. 

109. Food and Agriculture Organization, WHO. 2005. Spices, herbs and essential oils: 

Post-harvest operations in developing countries. Available at: 

https://www.unido.org/fileadmin/user_media/Publications/Pub_free/Herbs_spice

s_and_essential_oils.pdf. Accessed March 22, 2016. 

110.  Food and Agriculture Organization, WHO. 2008. Microbiological hazards in fresh 

leafy vegetables and herbs: Meeting report. Available at: http://www.fao.org/3/a-

i0452e.pdf. Accessed March 20, 2016. Rome, 151 pp. 

111. Food and Agriculture Organization, Statistics division, WHO. 2015. Production 

quantities by country Average 2013 - 2014. Available at: http://faostat3.fao.org. 

Accessed March 24, 2016. 

112. Fernández, V., D. Sancho-Knapik, P. Guzmán, J. J. Peguero-Pina, L. Gil, G. 

Karabourniotis, M. Khayet, C. Fasseas, J. A. Heredia-Guerrero, A. Heredia, and 

E. Gil-Pelegrín. 2014. Wettability, polarity, and water absorption of holm oak 

leaves: Effect of leaf side and age. Plant Physiol. 166:168-180. 

113. Fintrac Incorporated. Centro de desarrollo de agronegocios. 2002. Manual for chile 

jalapeño production (Manual de produccion de chile jalapeño). Prepared by R. 

Lardizabal. [electronic resource]. Available at: 

http://bvirtual.infoagro.hn/xmlui/bitstream/handle/123456789/64/CDA_Fintrac_

Manual_Produccion_Chile_Jalape%C3%B1o_10_02.pdf?sequence=1. Accessed 

April 20, 2016. 

114. Fleming, H., Etchells JL, Costilow, RN. 1975. Microbial inhibition by an isolate 

of Pediococcus from cucumber brines. Appl. Microbiol. 30:1040–1042. 



 

206 

 

115. Funke, G., D. Monnet, C. deBernardis, A. von Graevenitz, and J. Freney. 1998. 

Evaluation of the VITEK 2 System for rapid identification of medically relevant 

Gram-negative rods. J. Clin. Microbiol. 36:1948-1952. 

116. Garcia-Villanova Ruiz, B., R. Garcia-Villanova, and R. Galvez Vargas. 1987. 

Contamination on fresh vegetables during cultivation and marketing. Int. J. Food 

Microbiol. 4:285-291. 

117. García, P., B. Martínez, J. M. Obeso, and A. Rodríguez. 2008. Bacteriophages and 

their application in food safety. Lett. Appl. Microbiol. 47:479-485. 

118. Giangaspero, A., M. Marangi, A. V. Koehler, R. Papini, G. Normanno, V. 

Lacasella, A. Lonigro, and R. B. Gasser. 2015. Molecular detection of Cyclospora 

in water, soil, vegetables and humans in southern Italy signals a need for improved 

monitoring by health authorities. Int. J. Food Microbiol. 211:95-100. 

119. Giovannovi, J. J. 2004. Genetic regulation of fruit developnment and ripening. The 

Plant Cell. 16. Suppl:170-180. 

120. Goldfrank, W. L. 2005. Fresh demand: the consumption of Chilean produce in the 

United States. p. 42-53. In J.L. Watson, and M.L. Caldwell (ed.), The cultural 

polititcs of food and eating: a reader. John Wiley & Sons. 

121. Gomes, C., P. D. Silva, R. G. Moreira, E. Castell-Perez, E. A. Ellis, and M. 

Pendleton. 2009. Understanding E. coli internalization in lettuce leaves for 

optimization of irradiation treatment. Int. J. Food Microbiol. 135:238-247. 

122. Gómez-López, V. M., A.-S. Lannoo, M. I. Gil, and A. Allende. 2014. Minimum 

free chlorine residual level required for the inactivation of Escherichia coli 

O157:H7 and trihalomethane generation during dynamic washing of fresh-cut 

spinach. Food Control. 42:132-138. 

123. Griffin, P. M., S. M. Ostroff, R. V. Tauxe, K. D. Greene, J. G. Wells, J. H. Lewis, 

and P. A. Blake. 1988. Illness associated with Escherichia coli O157:H7 

infections: a broad spectrum. Ann. Intern. Med. . 109:705-712. 

124. Grimont, P. A. D., and F.-X. Weill. 2007. Antigenic forrmulae for the Salmonella 

serovars. WHO, Collaborating Center for Reference and Research on Salmonella, 

Institute Pasteur, France. 

125. Gunther IV, N. W., and C.-Y. Chen. 2009. The biofilm forming potential of 

bacterial species in the genus Campylobacter. Food Microbiol. 26:44-51. 



 

207 

 

126. Guo, X., J. Chen, R. E. Brackett, and L. R. Beuchat. 2002. Survival of Salmonella 

on tomatoes stored at high relative humidity, in soil, and on tomatoes in contact 

with soil. J. Food Prot. 65:274-279. 

127. Han, Y., D. M. Sherman, R. H. Linton, S. S. Nielsen, and P. E. Nelson. 2000. The 

effects of washing and chlorine dioxide gas on survival and attachment of 

Escherichia coli O157: H7 to green pepper surfaces. Food Microbiol. 17:521-533. 

128. Handley, L. W., D. M. Pharr, and R. F. McFeeters. 1983. Carbohydrate changes 

during maturation of cucumber fruit: Implications for sugar metabolism and 

transport. Plant Physiol. 73:498-502. 

129. Hanna, S. E., and H. H. Wang. 2007. Biofilm development by Listeria 

monocytogenes. p. 47-72. In, Biofilms in the food environment. Blackwell 

Publishing Ltd. 

130. Harrigan, W. F. 1998. Selection of microbial colonies for examination and 

identification. p. 532. In, Laboratory methods in food microbiology. Academic 

Press. 

131. Harris, L. J., J. N. Farber, L. R. Beuchat, M. E. Parish, T. V. Suslow, E. H. Garrett, 

and F. F. Busta. 2003. Outbreaks associated with fresh produce: Incidence, growth, 

and survival of pathogens in fresh and fresh-cut produce. Compr. Rev. Food Sci. 

Food Safety. 2:78-141. 

132. Harz, T., M. Cantwell, J. Mickler, S. Mueller, S. Stoddard, and T. Turini. 2008. 

Cantaloupe production in California. [electronic resource] 4 p.p. Available at: 

http://anrcatalog.ucanr.edu/pdf/7218.pdf. Accessed April 7, 2016. 

133. Hasnat, M. A., M. Pervin, L. Ji Hong, and L. Beong Ou. 2015. Apigenin attenuates 

melanoma cell migration by inducing anoikis through integrin and focal adhesion 

kinase inhibition. Molecules. 20:21157-21166. 

134. Head, N. E., and H. Yu. 2004. Cross-sectional analysis of clinical and 

environmental isolates of Pseudomonas aeruginosa: Biofilm formation, virulence, 

and genome diversity. Infect. Immun. 72:133-144. 

135. Heaton, J. C., and K. Jones. 2008. Microbial contamination of fruits and vegetables 

and the behavior of enteropathogens in the pyllosphere: A review. J. Appl. 

Microbiol. 104:613-626. 

136. Hedberg, C. W., F. J. Angulo, K. E. White, C. W. Langkop, W. L. Schell, M. G. 

Stobierski, A. Schuchat, J. M. Besser, S. Dietrich, L. Helsel, P. M. Griffin, J. W. 

McFarland, and M. T. Osterholm. 1999. Outbreaks of salmonellosis associated 



 

208 

 

with eating uncooked tomatoes: implications for public health. The Investigation 

Team. Epidemiol. Infect. 122:385-393. 

137. Hirano, S., and C. D. Upper. 1983. Ecology and epidemiology of foliar bacterial 

plant pathogens. Ann. Rev. Phytopathol. 21:243-270. 

138. Hoang Minh, S., E. Kimura, D. Hoang Minh, K.-i. Honjoh, and T. Miyamoto. 

2015. Virulence characteristics of Shiga toxin-producing Escherichia coli from 

raw meats and clinical samples. Microbiol. Immunol. 59:114-122. 

139. Ibarra, J. A., and O. Steele-Mortimer. 2009. Salmonella - The ultimate insider. 

Salmonella virulence factors that modulate intracellular survival. Cell. Microbiol. 

11:1579-1586. 

140. Jackson, B. R., P. M. Griffin, D. Cole, K. A. Walsh, and S. J. Chai. 2013. Outbreak-

associated Salmonella enterica serotypes and food commodities, United States, 

1998–2008. Emerg. Infect. Dis. 19. 

141. Jassim, S., and R. Limoges. 2014. Natural solution to antibiotic resistance: 

bacteriophages 'The Living Drugs'. World J. Microbiol. Biotechnol. 30:2153-2170. 

142. Jay, J. M., M. J. Loessner, and D. A. Golden. 2005. Modern food microbiology. 

Springer Science+Business Media, Inc., NY. 

143. Jin, F., Y. Ding, W. Ding, M. S. Reddy, W. G. D. Fernando, and B. Du. 2011. 

Genetic diversity and phylogeny of antagonistic bacteria against Phytophthora 

nicotianae isolated from tobacco rhizosphere. Int. J. Molecular Sci. 12:3055-3071. 

144. Johnston, L. M., L.-A. Jaykus, D. Moll, M. C. Martinez, J. Anciso, B. Mora, and 

C. L. Moe. 2005. A field study of the microbiological quality of fresh produce. J. 

Food Prot. 68:1840-1847. 

145. Johnston, M. A., M. A. Harrison, and R. A. Morrow. 2009. Microbial antagonists 

of Escherichia coli O157:H7 on fresh-cut lettuce and spinach. J. Food Prot. 

72:1569-1575. 

146. Kang, S., L. Zhang, X. Hu, Z. Li, and P. Jerie. 2001. An improved water use 

efficiency for hot pepper grown under controlled alternate drip irrigation on partial 

roots. Scient. Hortic. 89:257-267. 

147. Kaspar, C. W., and M. L. Tamplin. 1993. Effects of temperature and salinity on 

the survival of Vibrio vulnificus in seawater and shellfish. Appl. Environ. 

Microbiol. Rev. 59:2425-2429. 



 

209 

 

148. Katouli, M. 2010. Population structure of gut Escherichia coli and its role in 

development of extra-intestinal infections. Iran. J. Microbiol. 2:59-72. 

149. Kauffmann, F. 1947. The serology of the coli group. J. Immunol. 57:71-100. 

150. Kearney, J. 2010. Food consumption trends and drivers. Phil. Trans. Royal Soc. 

Belgium. 365:2793-2807. 

151. Keer, C. V., L. V. Melkebeke, W. Vertriest, G. Hoozee, and E. V. 

Schoonenberghe. 1983. Growth of Lactobacillus species on different media. J. 

Inst. Brew. 89:361-363. 

152. Kemble, J., and M. B. Musgrove. 2004. Harvesting and post-harvesting care of 

muskmelon (Cantaloupe)  [electronic resource]. Available at: 

http://www.aces.edu/pubs/docs/A/ANR-1064/ANR-1064.pdf. Accessed February 

20, 2016. 

153. Kenney, S. J., and L. R. Beuchat. 2002. Survival of Escherichia coli O157:H7 and 

Salmonella Muenchen on apples as affected by application of commercial fruit 

waxes. Int. J. Food Microbiol. 77:223-231. 

154. Khalil, R. K., and J. E. Frank. 2010. Behavior of Escherichia coli O157:H7 on 

damaged leaves of spinach, lettuce, cilantro, and parsley stored at abusive 

temperatures. J. Food Prot. 73:212-220. 

155. Klerks, M. M., M. van Gent-Pelzer, E. Franz, C. Zijlstra, and A. H. C. van 

Bruggen. 2007. Physiological and molecular responses of Lactuca sativa to 

colonization by Salmonella enterica serovar Dublin. Appl. Environ. Microbiol. 

73:4905-4914. 

156. Koch, K., and W. Barthlott. 2009. Superhydrophobic and superhydrophilic plant 

surfaces: an inspiration for biomimetic materials. Phil. Trans. Royal Soc. London. 

367:1487-1509. 

157. Koike, S. T., M. Cahn, M. Cantwell, S. Fennimore, M. Le Strange, E. Natwick, R. 

F. Smith, and E. Takele. 2011. Spinach production in California. [electronic 

resource] 6 p.p. Available at: http://anrcatalog.ucanr.edu/pdf/7212.pdf. Accessed 

March 24, 2016. 

158. Kormin, S., G. Rusul, S. Radu, and F. H. Ling. 2001. Bacteriocin-producing lactic 

acid bacteria Iisolated from traditional fermented food. Malays. J. Med. Sci. 8:63-

68. 

159. Kroupitski, Y., D. Golberg, E. Belausov, R. Pinto, D. Swartzberg, D. Granot, and 

S. Sela. 2009. Internalization of Salmonella enterica in leaves is induced by light 



 

210 

 

and involves chemotaxis and penetration through open stomata. J. Food Prot. 

75:6076-6086. 

160. Kroupitski, Y., R. Pinto, M. T. Brandl, E. Belausov, and S. Sela. 2009. Interactions 

of Salmonella enterica with lettuce leaves. J. Appl. Microbiol. 106:1876-1885. 

161. Laegreid, W. W., R. O. Elder, and J. E. Keen. 1999. Prevalence of Escherichia coli 

O157:H7 in range beef calves at weaning. Epidemiol. Infect. 123:291-298. 

162. Levine, M. M., and P. Vial. 1988. Escherichia coli that causes diarrhea. Indian J 

Pediatr. 55:183-190. 

163. Li, Y., R. E. Brackett, J. Chen, and L. R. Beuchat. 2001. Survival and growth of 

Escherichia coli O157:H7 inoculated onto cut lettuce before or after heating in 

chlorinated water, followed by storage at 5 or 15 degrees C. J. Food Prot. 64:305-

309. 

164. Liebana, E. 2002. Molecular tools for epidemiological investigations of S. enterica 

subspecies enterica infections. Res. Vet. Sci. 72:169-175. 

165. Lin, C., and C. Wei. 1997. Transfer of Salmonella Montevideo onto the interior 

surfaces of tomatoes by cutting. J. Food Prot. 60:858-862. 

166. Lindow, S. E., and M. T. Brandl. 2003. Microbiology of the phyllosphere. Appl 

Eviron Microbiol. 69:1875. 

167. Line, J. E., E. A. Svetoch, B. V. Eruslanov, V. V. Perelygin, E. V. Mitsevich, I. P. 

Mitsevich, V. P. Levchuk, O. E. Svetoch, B. S. Seal, G. R. Siragusa, and N. J. 

Stern. 2008. Isolation and purification of enterocin E-760 with broad antimicrobial 

activity against gram-positive and gram-negative bacteria. Antimicrob. Agents 

Chemother. 52:1094-1100. 

168. Lintas, C. 1992. Nutritional aspects of fruit and vegetable consumption. p. 79-87. 

In F. Lauret (ed.), Les fruits et légumes dans les économies méditerranéennes : 

actes du colloque de Chania CIHEAM, Montpellier. 

169. Liu, C., N. Hofstra, and E. Franz. 2013. Impacts of climate change on the microbial 

safety of pre-harvest leafy green vegetables as indicated by Escherichia coli O157 

and Salmonella spp. Int. J. Food Microbiol. 163:119-128. 

170. Lopez-Velasco, G., M. Davis, R. R. Boyer, R. C. Williams, and M. A. Ponder. 

2010. Alterations of the phylloepiphytic bacterial community associated with 

interactions of Escherichia coli O157:H7 during storage of packaged spinach at 

refrigeration temperatures. Food Microbiol. 27:476-486. 



 

211 

 

171. Lopez-Velasco, G., A. Sbodio, A. Tomás-Callejas, P. Wei, K. H. Tan, and T. V. 

Suslow. 2012. Assessment of root uptake and systemic vine-transport of 

Salmonella enterica sv. Typhimurium by melon (Cucumis melo) during field 

production. Int. J. Food Microbiol. 158:65-72. 

172. Lopez-Velasco, G., H. A. Tydings, R. R. Boyer, J. O. Falkinham Iii, and M. A. 

Ponder. 2012. Characterization of interactions between Escherichia coli O157:H7 

with epiphytic bacteria in vitro and on spinach leaf surfaces. Int. J. Food 

Microbiol. 153:351-357. 

173. Lopez-Velasco, G., G. E. Welbaum, R. R. Boyer, S. P. Mane, and M. A. Ponder. 

2011. Changes in spinach phylloepiphytic bacteria communities following 

minimal processing and refrigerated storage described using pyrosequencing of 

16S rRNA amplicons. J. Appl. Microbiol. 110:1203-1214. 

174. Lucchin, M., S. Varotto, G. Barcaccia, and P. Parrini. 2008. Chicory and endive. 

p. 3-48. In J. Prohens, Nuez, F. (ed.), Vegetables 1, vol. 1. Springer, New York. 

175. Luna-Gierke, R. E., P. M. Griffin, L. H. Gould, K. Herman, C. A. Bopp, N. 

Strockbine, and R. K. Mody. 2014. Outbreaks of non-O157 Shiga toxin-producing 

Escherichia coli infection: USA. Epidemiol. Infect. 142:2270-2280. 

176. MacFaddin, J. F. 2000. Biochemical tests for identification of medical bacteria. 

Lippincott Williams & Wilkins, Philadelphia, PA. 

177. Mageswari, A., P. Subramanian, R. Srinivasan, S. Karthikeyan, and K. M. 

Gothandam. 2015. Astaxanthin from psychrotrophic Sphingomonas faeni exhibits 

antagonism against food-spoilage bacteria at low temperatures. Microbiol. Res. 

179:38-44. 

178. Mansour, N. S. . 1993. Grow your own peppers. Oregon State Univ.  Ext. Serv. 

Available at: 

http://extension.oregonstate.edu/deschutes/sites/default/files/ec1227.pdf. 

Accessed April 20, 2016. 

179. Marcus, S. L., J. H. Brumell, C. G. Pfeifer, and B. B. Finlay. 2000. Salmonella 

pathogenicity islands: big virulence in small packages. Microbes and Infection. 

2:145-156. 

180. Marine, S. C., S. Pagadala, F. Wang, D. M. Pahl, M. V. Melendez, W. L. Kline, 

R. A. Oni, C. S. Walsh, K. L. Everts, R. L. Buchanan, and S. A. Micallef. 2015. 

The growing season, but not the farming system, is a food safety risk determinant 

for leafy greens in the mid-Atlantic region of the United States. Appl. Environ. 

Microbiol. 81:2395-2407. 



 

212 

 

181. Masabni, J., Lillard, P. 2015. Endive (Chicory and witloof chicory). Available at: 

http://aggie-horticulture.tamu.edu/vegetable/guides/specialty-vegetables/endive/. 

Accessed April 12, 2016. 

182. Mastroeni, P., A. Grant, O. Restif, and D. Maskell. 2009. A dynamic view of the 

spread and intracellular distribution of Salmonella enterica. Nat. Rev. Micro. 7:73-

80. 

183. Matthews, K. R. 2009. Leafy vegetables. In G.M. Sapers, Solomon, E.B., 

Matthews, K.R. (ed.), The produce contamination problem: Causes and solutions. 

Elsevier, Burlington, MA. 

184. Mayberry, K. S., and T. K. Hartz. 1992. Extension of muskmelon storage life 

through the use of hot water treatment and polyethylene wraps. Hortscience. 

27:324-326. 

185. McGlynn, W. G., L. P. Brandenberger, and A. Castillo. 2009. CAST commentary: 

Food Safety and fresh produce: An update. [electronic resource]. Available at: 

http://www.cast-

science.org/download.cfm?PublicationID=2946&File=1e30169db066e107d48a7

f6196b5b482b203TR. Accessed March 24, 2016. 

186. Medina-Martínez, M. S., A. Allende, G. G. Barberá, and M. I. Gil. 2015. Climatic 

variations influence the dynamic of epiphyte bacteria of baby lettuce. Food Res. 

Int. 68:54-61. 

187. Mendoca, A. 2005. Bacterial infiltration and internalization in fruits and 

vegetables. In O. Lamikanra, S. Imam, and D. Ukuku (ed.), Produce degradation: 

Pathways and prevention Taylor and Francis Group, Boca Raton, Florida. 

188. Mercado, A., Villarreal-Silva, M., Castillo A. 2012. Sobrevivencia de Salmonella 

Saintpaul y otras cepas de Salmonella serovars en extractos de pimiento verde y 

chile jalapeno. In, Proc. XIV Congreso Internacional de Inocuidad de Alimentos, 

vol. 1. Universidad de Guadalajara, Puerto Vallarta, Mexico. 

189. Messer, E. 1984. Anthropological perspectives on diet. Ann. Rev. Anthropol. 

13:205-249. 

190. Michaud, M., C. Martinez, R. R. Bélanger, R. J. Tweddell, and A. M. Simao-

Beaunoir. 2002. Selection of antagonist microorganisms against 

Helminthosporium solani, causal agent of potato silver scurf. Plant Dis. 86:717-

720. 

191. Michel-Briand, Y., and C. Baysee. 2002. The pyocins of Pseudomonas 

aeruginosa. Biochimie. 84:499-510. 



 

213 

 

192. Michele, T. J., C. Michael, C. Diana, W. W. Gerald, A. S. Richard, C.-M. Leta, A. 

F. Jeff, K. L. David, O. C. Janice, M. Anne, V. A. Roderick, R. A. Edward, and E. 

M. Robert. 2007. Escherichia coli O157:H7 in feral swine near spinach fields and 

cattle, central California coast. Emerg. Infect. Dis. 13:1908. 

193. Michino, H., K. Araki, S. Minami, S. Takaya, N. Sakai, M. Miyazaki, A. Ono, and 

H. Yanagawa. 1999. Massive outbreak of Escherichia coli O157: H7 infection in 

schoolchildren in Sakai city, Japan, associated with consumption of white radish 

sprouts. Am J Epidemiol. 150:787-796. 

194. Microsoft corporation. View and use your pictures in Windows Photo Viewer. 

Windows 7 Help & How-to. Available at: http://windows.microsoft.com/en-

US/windows7/View-and-use-your-pictures-in-Windows-Photo-Viewer. Accessed 

April 10, 2016. 

195. Minervinia, F., G. Celanoa, A. Lattanzia, L. Tedoneb, G. De Mastrob, M. 

Gobbettia, and M. De Angelis. 2015. Lactic acid bacteria in durum wheat flour are 

endophytic components of the plant during its entire life cycle. Appl. Environ. 

Microbiol. 81:6736-6748. 

196. Mitra, R., E. Cuesta-Alonso, A. Wayadande, J. Talley, S. Gilliland, and J. Fletcher. 

2009. Effect of route of introduction and host cultivar on the colonization, 

internalization, and movement of the human pathogen Escherichia coli O157:H7 

in spinach. J. Food Prot. 72:1521-1530. 

197. Morbidity and Mortality Weekly Report. CDC. 1991. Epidemiologic notes and 

reports multistate outbreak of Salmonella Poona infections. United States and 

Canada. Available at: 

http://www.cdc.gov/mmwr/preview/mmwrhtml/00014966.htm. Accessed March 

10, 2016. 

198. Morbility and Mortalitiy Weekly Report. CDC. 1999. Outbreaks of Shigella sonnei 

infection associated with eating fresh parsley, United States and Canada, July–

August 1998. Available at: http://www.cdc.gov/mmwr//PDF/wk/mm4814.pdf. 

Accessed April 20, 2016. 

199. Morbidity and Mortality Weekly Report. CDC. 2002. Multistate outbreaks of 

Salmonella serotype Poona infections associated with eating cantaloupe from 

Mexico. United States and Canada, 2000-2002. Available at: 

http://www.cdc.gov/mmwr/preview/mmwrhtml/mm5146a2.htm. Accessed April 

20, 2016, 46, 51. 

200. Morbility and Mortality Weekly Report. CDC. 2002. Outbreak of Salmonella 

serotype Javiana infections, Orlando, Florida, June 2002. Available at: 



 

214 

 

http://www.cdc.gov/mmwr/preview/mmwrhtml/mm5131a2.htm. Accessed April 

20, 2016. 

201. Morbility and Mortality Weekly report. CDC. 2005. Outbreaks of Salmonella 

infections associated with eating roma tomatoes. United States and Canada, 2004. 

Available at: http://www.cdc.gov/mmwr/preview/mmwrhtml/mm5413a1.htm. 

Accessed April 20, 2016. 

202. Morbility and Mortality Weekly Report. CDC. 2007. Multistate outbreaks of 

Salmonella infections associated with raw tomatoes eaten in restaurants.United 

States, 2005-2006. Available at: 

http://www.cdc.gov/mmwr/preview/mmwrhtml/mm5635a3.htm. Accessed April 

20, 2016. 

203. Morbility and Mortality Weekly Report, CDC. 2011. Multistate outbreak of 

listeriosis associated with Jensen Farms cantaloupe, United States, August-

September 2011. Available at: 

http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6039a5.htm. Accessed April 

12, 2016. 

204. Morbility and Mortality Weekly Report, CDC. 2015. Outbreak of Salmonella 

Newport infections linked to cucumbers- United States, 2014. Available at: 

http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6406a3.htm?s_cid=mm6406

a3_e. Accessed February, 8 2016. 

205. Mody, R. K., S. A. Greene, L. Gaul, A. Sever, S. Pichette, I. Zambrana, D. Thi, A. 

Gass, R. Wood, K. Herman, L. B. Cantwell, G. Falkenhorst, K. Wannemuehler, R. 

M. Hoekstra, I. McCullum, A. Cone, L. Franklin, J. Austin, K. Delea, and C. B. 

Behravesh. 2011. National outbreak of Salmonella Serotype Saintpaul infections: 

Importance of Texas restaurant investigations in implicating jalapeño peppers. 

PLoS ONE. 6:1-7. 

206. Mootian, G., W.-H. Wu, and K. R. Matthews. 2009. Transfer of Escherichia coli 

O157:H7 from soil, water, and manure contaminated with low numbers of the 

pathogen to lettuce plants. J. Food Prot. 72:2308-2312. 

207. Nakasone, I., T. Kinjo, N. Yamane, K. Kisanuki, and C. M. Shiohira. 2007. 

Laboratory-based evaluation of the colorimetric VITEK-2 Compact system for 

species identification and of the Advanced Expert System for detection of 

antimicrobial resistances: VITEK-2 Compact system identification and 

antimicrobial susceptibility testing. Diagnost. Microbiol. Infect. Dis. 58:191-198. 

208. Nastou, A., J. Rhoades, P. Smirniotis, I. Makri, M. Kontominas, and E. Likotrafiti. 

2012. Efficacy of household washing treatments for the control of Listeria 

monocytogenes on salad vegetables. Int. J. Food Microbiol. 159:247-253. 



 

215 

 

209. National Center for Appropiate Technology 2000. Postharvest handling of fruits 

and vegetables. Prepared by J. Bachmann and R. Earles. Available at: 

https://attra.ncat.org/attra-pub/viewhtml.php?id=378. Accessed April 16, 2016. 

210. Neal, J. A., E. Cabrera-Diaz, M. Márquez-González, J. E. Maxim, and A. Castillo. 

2008. Reduction of Escherichia coli O157:H7 and Salmonella on baby spinach, 

using electron beam radiation. J. Food Prot. 71:2415-2420. 

211. Neinhuis, C., and W. Barthlott. 1997. Characterization and distribution of water-

repellent, self-cleaning plant surfaces. Ann. Bot. 79:667-677. 

212. Neskovic, M., and L. Culafic. 1988. Spinach (Spinacia oleracea L.). In, 

Biotechnology in agriculture and forestry, vol. 6. Springer-Verlag, Berlin. 

213. Food Safety News. 2016. Jalapeno peppers. Available at: 

http://www.foodsafetynews.com/tag/jalapeno-peppers/#.Vxk7J_krKUk. 

Accessed April 14, 2016. 

214. Niemira, B. A., and P. H. Cooke. 2010. Escherichia coli O157:H7 biofilm 

formation on romaine lettuce and spinach leaf surfaces reduces efficacy of 

irradiation and sodium hypochlorite washes. J. Food Sci. 75:M270-M277. 

215. Nongkhlaw, F. M. W., and S. R. Joshi. 2014. Distribution pattern analysis of 

epiphytic bacteria on ethnomedicinal plant surfaces: A micrographical and 

molecular approach. J. Microsc. Ultrastr. 2:34-40. 

216. Nyberg, K. A., J. R. Ottoson, B. Vinneråsa, and A. Albihn. 2014. Fate and survival 

of Salmonella Typhimurium and Escherichia coli O157:H7 in repacked soil 

lysimeters after application of cattle slurry and human urine. J. Sci. Food Agric. 

94:2541-2546. 

217. Obrig, T. G. 2010. Escherichia coli shiga toxin mechanisms of action in renal 

disease. Toxins. 2:2769-2794. 

218. Oliveira, N. M., R. Niehus, and K. R. Foster. 2014. Evolutionary limits to 

cooperation in microbial communities. Proc. Natl. Acad. Sci. USA. 111:17941-

17946. 

219. Oliveira, R. B. P., A. de L. Oliveira, and M. B. A. Glória. 2008. Screening of lactic 

acid bacteria from vacuum packaged beef for antimicrobial activity. Braz. J. 

Microbiol. 39:368-374. 

220. Olkowski, W., S. Daar, and H. Olkowski. 1995. The gardener's guide to common-

sense pest control. The Taunton Press, Newtown, CT. 



 

216 

 

221. Painter, J. A., R. M. Hoekstra, T. Ayers, R. V. Tauxe, C. R. Braden, F. J. Angulo, 

and P. M. Griffin. 2013. Attribution of foodborne illnesses, hospitalizations, and 

deaths to food commodities by using outbreak data, United States, 1998–2008. 

Emerg. Infect. Dis. 19:407-415. 

222. Parente, E., C. Brienza, M. Moles, and A. Ricciardi. 1995. A comparison of 

methods for the measurement of bacteriocin activity. J. Microbiol. Methods. 

22:95-108. 

223. Parnell, T. L., L. J. Harris, and T. V. Suslow. 2005. Reducing Salmonella on 

cantaloupes and honeydew melons using wash practices applicable to postharvest 

handling, foodservice, and consumer preparation. Int. J. Food Microbiol. 99:59-

70. 

224. Produce for Better Health Foundation. 2015. State of the plate. 2015 Study on 

America's Consumption of fruits and vegetables. Available at: 

http://www.pbhfoundation.org. Accessed February 8, 2016. 

225. Perez, K. L., L. M. Lucia, L. Cisneros-Zevallos, A. Castillo, and T. M. Taylor. 

2012. Efficacy of antimicrobials for the disinfection of pathogen contaminated 

green bell pepper and of consumer cleaning methods for the decontamination of 

knives. Int. J. Food Microbiol. 156:76-82. 

226. Pollack, S. L. 2001. Consumer demand of fruits and vegetables: The U.S. example. 

In A. Regmi (ed.), Changing structure of global food consumption and trade 

Economic Research Service, USDA, Washington, D.C. 

227. Pospísil, S., O. Benada, O. Kofronova, M. Petricek, L. Janda, and V. Havlicek. 

1998. Kytococcus sedentarius (formerly Micrococcus sedentarius) and 

Dermacoccus nishinomiyaensis (formerly Micrococcus nishinomiyaensis) 

produce monensins, typical Streptomyces cinnamonensis metabolites. Can. J. 

Microbiol 44:1007-1011. 

228. Querol, A., M. T. Fernández-Espinar, M. l. del Olmo, and E. Barrio. 2003. 

Adaptive evolution of wine yeast. Int. J. Food Microbiol. 86:3-10. 

229. Quested, T. E., P. E. Cook, L. G. M. Gorris, and M. B. Cole. 2010. Trends in 

technology, trade and consumption likely to impact on microbial food safety. Int. 

J. Food Microbiol. 139, Supplement:S29-S42. 

230. Quiroz-Castañeda, R. E., A. Mendoza-Mejía, V. Obregón-Barboza, F. Martínez-

Ocampo, A. Hernández-Mendoza, F. Martínez-Garduño, G. Guillén-Solís, F. 

Sánchez-Rodríguez, G. Peña-Chora, L. Ortíz-Hernández, P. Gaytán-Colín, and E. 

Dantán-González. 2015. Identification of a new Alcaligenes faecalis strain 



 

217 

 

MOR02 and assessment of its toxicity and pathogenicity to insects. Biomed Res. 

Int. 2015:570243-570243. 

231. Quiroz-Santiago, C., O. R. Rodas-Suarez, R. V. Carlos, F. J. Fernandez, E. I. 

Quinones-Ramirez, and C. Vazquez-Salinas. 2009. Prevalence of Salmonella in 

vegetables from Mexico. J. Food Prot. 72:1279-1282. 

232. Raaska, L., H. L. Alakomi, M. Salkinoja-Salonen, and T. Mattila-Sandholm. 1999. 

Antagonistic activity of Staphylococcus siderophores and chemical biocides 

against Bacillus subtilis in a paper-machine environment. J. Industrial Microbiol. 

Biotechnol. 22:27. 

233. Ramirez-Chavarin, M. L., Wacher, C., Eslava-Campos, C.A., Perez-Chabela, M.L. 

2013. Probiotic potential of thermotolerant lactic acid bacteria strains isolated from 

cooked meat products. Int. Food Res. J. 20:991-1000. 

234. Rangel, J. M., P. H. Sparling, C. Crowe, P. M. Griffin, and D. L. Swerdlow. 2005. 

Epidemiology of Escherichia coli O157:H7 Outbreaks, United States, 1982–2002. 

Emerg. Infect. Dis. 73. 

235. Rediers, H., M. Claes, L. Peeters, and K. A. Willems. 2009. Evaluation of the cold 

chain of fresh-cut endive from farmer to plate. Postharv.  Biol. Tech. 51:257-262. 

236. Riley, L. W., R. S. Remis, S. D. Helgerson, H. B. McGee, J. G. Wells, B. R. Davis, 

R. J. Hebert, E. S. Olcott, L. M. Johnson, N. T. Hargrett, P. A. Blake, and M. L. 

Cohen. 1982. Hemorrhagic colitis associated with a rare Escherichia coli 

sereotype. N. Engl. J. Med. 308:681-685. 

237. Rodriguez, O., M. E. Castell-Perez, N. Ekpanyaskun, R. G. Moreira, and A. 

Castillo. 2006. Surrogates for validation of electron beam irradiation of foods. Int. 

J. Food Microbiol. 110:117-22. 

238. Romanenko, L. A., M. Uchino, N. I. Kalinovskaya, V. V. Mikhailov, and H. I. 

2008. Isolation, phylogenetic analysis and screening of marine mollusk-associated 

bacteria for antimicrobial, hemolytic and surface activities Microbiol. Res. 163  

633–644. 

239. Sa-ngunanwongwichit, P., C. Wongs-Aree, and S. Kanlayanarat. 2007. Effect of 

calcium chloride solution on physiological changes of 'sun lady' cantaloupe during 

storage. p. 467-470. In, Proc. IIIrd IS on curcubits. Acta Hort., Leuven, Belgium. 

240. SAGARPA, Corp. Desarrollo Agropecuario. 2009. Technnical manual for pepper 

cultivation in the open field (Manual tecnico del manejo de chiles en campo 

abierto). Prepared by Martinez de la Cerda, J., and E. Moreno Carbajal. [electronic 



 

218 

 

resource]. Available at: http://www.oeidrus-

nl.gob.mx/oeidrus/hortalizas/manualchiles.pdf. Accessed April 20, 2016. 

241. Saltveit, M. E. 2005. Fruit ripening and fruit quality. p. 145-170. In E. Heuvelink 

(ed.), Tomatoes. CABI, Wallingford, Oxfordshire, UK. 

242. SASR. Institute Inc. 2013. SASR ver. 9.4. Cary, NC. 

243. Scott, L., P. McGee, D. Minihan, J. J. Sheridan, B. Earley, and N. Leonard. 2006. 

The characterization of E. coli O157:H7 isolates from cattle faeces and feedlot 

environment using PFGE. Vet. Microbiol. 114:331-336. 

244. Semenov, A. V., A. H. C. van Bruggen, L. van Overbeek, A. J. Termorshuizen, 

and A. M. Semenov. 2007. Influence of temperature fluctuations on Escherichia 

coli O157:H7 and Salmonella enterica serovar Typhimurium in cow manure. 

FEMS Microbiol. Ecol. 60:419-428. 

245. Senter, S. D., N. A. Cox, J. S. Bailey, and J. W.R. Forbus. 1985. Microbiological 

changes in fresh market tomatoes during packing operations. J. Food Sci. 50:254-

255. 

246. Seo, K. H., and J. F. Frank. 1999. Attachment of Escherichia coli O157:H7 to 

lettuce leaf surface and bacterial viability in response to chlorine treatment as 

demonstrated by using confocal scanning laser microscopy. J. Food Prot. 62:3-9. 

247. Serna, M., Hernandez, F., Coll, F., Collc, Y., Amoros, A. 2013. Effects of 

brassinosteroid analogues on total phenols, antioxidant activity, sugars, organic 

acids and yield of field grown endive (Cichorium endivia L.). J. Sci. Food Agric. 

93:1765–1771. 

248. Shachar, D., and S. Yaron. 2006. Heat tolerance of Salmonella enterica serovars 

Agona, Enteritidis, and Typhimurium in peanut butter. J. Food Prot. 69:2687-

2691. 

249. Shen, C., Y. Luo, X. Nou, Q. Wang, and P. Millner. 2013. Dynamic effect of free 

chlorine concentration, organic load, and exposure time on the inactivation of 

Salmonella, Escherichia coli O157:H7, and non-O157 Shiga toxin-producing E. 

coli. J. Food Prot. 76:376-551. 

250. Shere, J. A., K. J. Bartlett, and C. W. Kaspar. 1998. Longitudinal study of 

Escherichia coli O157:H7 Dissemination on four dairy farms in Wisconsin. Appl. 

Environ. Microbiol. 64:1390-1399. 

251. Silagyi, K., S.-H. Kim, Y. Martin Lo, and C.-i. Wei. 2009. Production of biofilm 

and quorum sensing by Escherichia coli O157:H7 and its transfer from contact 



 

219 

 

surfaces to meat, poultry, ready-to-eat deli, and produce products. Food Microbiol. 

26:514-519. 

252. Simon, J. E. 1990. Essential oils and culinary herbs. p. 472-483. In J. Janick, and 

J.E. Simon (ed.), Advances in new crops. Timber Press, Portland, OR. 

253. Simon, J. E., Rabin, J., Clavio, L. 1988. Parsley: A production guide. [electronic 

resource]. Available at: https://www.extension.purdue.edu/extmedia/ho/ho-

202.html. Accessed March 24, 2016. 

254. Sims, D., T. Brettin, J. C. Detter, C. Han, A. Lapidus, A. Copeland, T. Glavina Del 

Rio, M. Nolan, F. Chen, S. Lucas, H. Tice, J.-F. Cheng, D. Bruce, L. Goodwin, S. 

Pitluck, G. Ovchinnikova, A. Pati, N. Ivanova, K. Mavrommatis, A. Chen, K. 

Palaniappan, P. D'Haeseleer, P. Chain, J. Bristow, J. A. Eisen, V. Markowitz, P. 

Hugenholtz, S. Schneider, M. Göker, R. Pukall, N. C. Kyrpides, and H.-P. Klenk. 

2009. Complete genome sequence of Kytococcus sedentarius type strain (541(T)). 

Stand. Genomic Sci. 1:12-20. 

255. Sivapalasingam, S., C. R. Friedman, L. Cohen, and R. V. Tauxe. 2004. Fresh 

Produce: A growing cause of outbreaks of foodborne illness in the United States, 

1973 through 1997. J. Food Prot. 67:2342-2353. 

256. Skálová, D., M. Dziechciarková, A. Lebeda, B. Navrátilová, and E. Křístková. 

2007. Inerspecific hybridization of C. anguria x C. zeyheri, C. sativus x C. melo, 

and C. sativus x C. metuliferus with the use of embryo cultures. p. 77-82. In  Int. 

Soc. Hortic. Sci., Leuven, Belgium. 

257. Solanki, M. K., R. K. Singh, S. Srivastava, S. Kumar, P. L. Kashyap, and A. K. 

Srivastava. 2015. Characterization of antagonistic-potential of two Bacillus strains 

and their biocontrol activity against Rhizoctonia solani in tomato. J. Basic 

Microbiol. 55:82-90. 

258. Solomon, E. B., S. Yaron, and K. R. Matthews. 2002. Transmission of Escherichia 

coli O157:H7 from contaminated manure and irrigation water to lettuce plant 

tissue and its subsequent internalization. Appl. Environ. Microbiol. 68:397-400. 

259. Spooner, D. M., I. E. Peralta, and S. Knapp. 2005. Comparison of AFLPs with 

other markers for phylogenetic inference in wild tomatoes [Solanum L. Section 

Lycopersicon (Mill.) Wettst.]. Taxon. 54:43-61. 

260. Sturino, J. M., M. Rajendran, and E. Altermann. 2013. Draft genome sequence of 

the pediocin-encoding biopreservative and biocontrol strain Pediococcus 

acidilactici D3. Genome Ann. 1:e00208-13. 



 

220 

 

261. Sturz, A. V., and J. Kimpinski. 2004. Endoroot bacteria derived from marigolds 

(Tagetes spp.) can decrease soil population densities of root-lesion nematodes in 

the potato root zone. Plant & Soil. 262:241-249. 

262. Styková, E., R. Nemcová, S. Gancarčíková, I. Valocký, and A. Lauková. 2016. 

Bovine vaginal strain Kocuria kristinae and its characterization. Folia Microbiol. 

61:243-248. 

263. Suoniemi, A., K. Björklöf, K. Haahtela, and M. Romantschuk. 1995. Pili of 

Pseudomonas syringae pathovar syringae enhance initiation of bacterial epiphytic 

colonization of bean. Microbiol. 141:497-503. 

264. Suslow, T. 2000. Chlorination in the production and postharvest handling of fresh 

fruits and vegetables. In D. McLaren (ed.), Fruits and vegetables processing. Food 

Processing Center, University of Nebraska, Lincoln, NE  

265. Suslow, T. V. 2001. Overview of industry practices to minimize the risk of 

foodborne illness associated with cantaloupe production and handling in 

California. [electronic resource]. Available at: 

http://ucfoodsafety.ucdavis.edu/files/26308.pdf. Accessed April 16, 2016. 

266. Takeuchi, K., and J. F. Frank. 2000. Penetration of Escherichia coli O157:H7 into 

lettuce tissues as affected by inoculum size and temperature and the effect of 

chlorine treatment on cell viability. J. Food Prot. 63:434-440. 

267. Talley, J. L., A. C. Wayadande, L. P. Wasala, A. C. Gerry, J. Fletcher, U. DeSilva, 

and S. E. Gilliland. 2009. Association of Escherichia coli O157:H7 with filth flies 

(Muscidae and Calliphoridae) captured in leafy greens fields and experimental 

transmission of E. coli O157:H7 to spinach leaves by house flies (Diptera: 

Muscidae). J. Food Prot. 72:1547-1552. 

268. Tang, E. L. H., J. Rajarajeswaran, S. Y. Fung, and M. S. Kanthimathi. 2015. 

Petroselinum crispum has antioxidant properties, protects against DNA damage 

and inhibits proliferation and migration of cancer cells. J. Sci. Food Agric. 

95:2763-2770. 

269. Teplitski, M., K. Warriner, J. Bartz, and K. R. Schneider. 2011. Untangling 

metabolic and communication networks: interactions of enterics with 

phytobacteria and their implications in produce safety. Trends in Microbiol. 

19:121-127. 

270. Tewksbury, J. J., and G. P. Nabhan. 2001. Seed dispersal: Directed deterrence by 

capsaicin in chillies. Nature. 412:403-404. 



 

221 

 

271. Texas A&M System, Agrilife Extension 2015. Easy gardening, spinach, other 

greens. Prepared by Masabni, J., and P. Lillard. . Available at: http://aggie-

horticulture.tamu.edu/vegetable/files/2010/10/E-285_spinach_greens.pdf. 

Accessed April 24, 2016. 

272. The herb society of America. Essencial facts for parsley. Available at: 

https://www.herbsociety.org/herbs/documents/Parsleyfactsheet_000.pdf. 

Accessed April 24, 2016. 

273. Tomás-Callejas, A., G. López-Velasco, A. M. Valadez, A. Sbodio, F. Artés-

Hernández, M. D. Danyluk, and T. V. Suslow. 2012. Evaluation of current 

operating standards for chlorine dioxide in disinfection of dump tank and flume 

for fresh tomatoes. J. Food Prot. 75:304-313. 

274. Tyler, H. L., and E. W. Triplett. 2008. Plants as habitat for beneficial and/or human 

pathogenic bacteria. Annu. Rev. Phytopathol. 46:53-73. 

275. Ukuku, D. O. 2004. Effect of hydrogen peroxide treatment on microbial quality 

and appearance of whole and fresh-cut melons contaminated with Salmonella spp. 

Int. J. Food Microbiol. 95:137-146. 

276. Ukuku, D. O., and W. F. Fett. 2002. Relationship of cell surface charge and 

hydrophobicity to strength of attachment of bacteria to cantaloupe rind. J. Food 

Prot. 65:1093-1099. 

277. Underwood, W., M. Melotto, and H. Sheng Yang. 2007. Role of plant stomata in 

bacterial invasion. Cell Microbiol. 9:1621-1629. 

278. United States Department of Agriculture, Economic Research Service. 2004. 

Factors affecting spinach consumption in the United States. Available at: 

http://www.ers.usda.gov/media/1720946/vgs30001.pdf. Accessed March 24, 

2016. 

279. Unites States Department of Agriculture. 2007. Fresh-Market Spinach: 

Background Information and Statistics. Available at: http://wayback.archive-

it.org/5923/20120614073604/http://www.ers.usda.gov/News/spinachcoverage.ht

m. Accessed March 22, 2016. 

280. United States Department of Agriculture. Natural Resources Conservation 

Services. 2014. Classification for kingdom Plantae down to genus Cichorium L. 

Available at: 

http://plants.usda.gov/java/ClassificationServlet?source=display&classid=CICH

O. Accessed March 22, 2016. 



 

222 

 

281. Uzzau, S., D. J. Brown, T. Wallis, S. Rubino, G. Leori, S. Bernard, J. Casadesús, 

D. J. Platt, and J. E. Olsen. 2000. Host adapted serotypes of Salmonella enterica. 

Epidemiol. Infect. 125:229-255. 

282. Vadlamudi, S., T. M. Taylor, C. Blankenburg, and A. Castillo. 2012. Effect of 

chemical sanitizers on Salmonella enterica serovar Poona on the surface of 

cantaloupe and pathogen contamination of internal tissues as a function of cutting 

procedure. J. Food Prot. 75:1766-1773. 

283. van Asten, A. J. A. M., and J. E. van Dijk. 2005. Distribution of the "classic" 

virulence factors among Salmonella spp. Immunol. Med. Microbiol. 44:251-259. 

284. van Der Waaij, D., T. M. Speltie, P. A. Guinee, and C. Agterberg. 1975. Serotyping 

and biotyping of 160 Escherichia coli strains: comparative study. J. Clin. 

Microbiol. 1:237-238. 

285. Vázquez-Vázquez, C., J. L. García-Hernández, E. Salazar-Sosa, J. D. López-

Martínez, R. D. Valdez-Cepeda, I. Orona-Castillo, M. Á. Gallegos-Robles, and P. 

Preciado-Rangel. 2011. Soil-applied solarized manure in the production of 

jalapeño pepper (Capsicum annuum L.). Rev. Chapingo. 17:69-74. 

286. Venneria, E., L. Marinellib, F. Intorrea, M. S. Foddaia, C. Aurigemmab, A. 

Durazzoa, G. Maiania, and M. D. Giusti. 2012. Effect of harvest time and minimal 

processing on nutritional and microbiological quality of three leaf crops. J. Agric. 

Biodivers. Res. 1:11-17. 

287. Wachtel, M. R., Whitehand, Linda C., Mandrell, Robert E. 2002. Association of 

Escherichia coli O157:H7 with preharvest leaf lettuce upon exposure to 

contaminated irrigation water. J. Food Prot. 65:18-25. 

288. Walsh, K. A., S. D. Bennett, M. Mahovic, and L. H. Gould. 2014. Outbreaks 

associated with cantaloupe, watermelon, and honeydew in the United States, 

1973–2011. Fooodborne Pathog. Dis. 11:945-952. 

289. Wang, H., H. Feng, W. Liang, Y. Luo, and V. Malyarchuk. 2009. Effect of surface 

roughness on retention and removal of Escherichia coli O157:H7 on surfaces of 

selected fruits. J. Food Sci. 74:E8-E15. 

290. Ware, D. R., and M. M. Brashears. August 2011. Compositions and methods for 

reducing the pathogen content of meat or meat products. U.S. patent 8,496,925. 

291. Wells, J. G., B. R. Davis, I. K. Wachsmuth, L. W. Riley, R. S. Remis, R. Sokolow, 

and G. K. Morris. 1983. Laboratory investigation of hemorrhagic colitis outbreaks 

associated with a rare Escherichia coli serotype. J. Clin. Microbiol. 18:512-520. 



 

223 

 

292. Whittam, T. S., M. L. Wolfe, K. Wachsmuth, F. 0rskov, I. 0rskov, and R. A. 

Wilson. 1993. Clonal relationships among Escherichia coli strains that cause 

hemorrhagic colitis and infantile diarrhea. Infect. Immun. 61:1619-1629. 

293. World Health Organization. 1998. Surface decontamination of fruits and 

vegetables eaten raw : a review / prepared by Larry R. Beuchat. Available at: 

http://apps.who.int/iris/bitstream/10665/64435/1/WHO_FSF_FOS_98.2.pdf. 

Accessed July 15, 2015. 

294. World Health Organization. 1998. Trihalomethanes in drinking-water. Available 

at: 

http://www.who.int/water_sanitation_health/dwq/chemicals/en/trihalomethanes.p

df. Accessed April 16, 2016. 

295. World Health Organization. 2011. Public health review of the enterohaemorrhagic 

Escherichia coli outbreak in Germany. Available at: 

http://web.archive.org/web/20110630005430/http://www.euro.who.int/__data/ass

ets/pdf_file/0009/144981/EHEC_outbreak_10_June_2011.pdf. Accessed 8 

February 2016. 

296. World Health Organization. 2014. Emerging and zoonotic bacterial diseases. In: 

A brief guide to emerging infectious diseases and zoonoses. Available at: 

http://apps.who.int/iris/bitstream/10665/204722/1/B5123.pdf?ua=1. Accessed 

April 4, 2016. 

297. World Health Organization. 2015. WHO estimates of the global burden of 

foodborne diseases. Foodborne disease burden epidemiology reference group 

2007-2015. Available at: 

http://apps.who.int/iris/bitstream/10665/199350/1/9789241565165_eng.pdf?ua=1

. Accessed February 8 2016. 

298. Won, G., J. T. LeJeune, and T. R. Kline. 2013. Spatial-temporal variations of 

microbial water quality in surface reservoirs and canals used for irrigation. Agric. 

water Mgmt. 116:73-78. 

299. Xia, X., Y. Luo, Y. Yang, B. Vinyard, K. Schneider, and J. Meng. 2012. Effects 

of tomato variety, temperature differential, and post-stem removal time on 

internalization of Salmonella enterica Serovar Thompson in tomatoes. J. Food 

Prot. 75:297-303. 

300. Xiraphi, N., M. Georgalaki, K. Rantsiou, L. Cocolin, E. Tsakalidou, and E. H. 

Drosinos. 2008. Purification and characterization of a bacteriocin produced by 

Leuconostoc mesenteroides E131. Meat Sci. 80:194-203. 



 

224 

 

301. Xu, Y., X. Wang, K. Zhang, and G. Li. 2015. Bioactive constituents from the 

bacteirium Alcaligenes faecalis YMF 3.175. Appl. Biochem. Microbiol. 51:52-57. 

302. Yadav, R. K. P., K. Karamanoli, and D. Vokou. 2005. Bacterial colonization of 

the phyllosphere of mediterranean perennial species as influenced by leaf 

structural and chemical features. p. 185. In  Springer Science + Business Media, 

Inc. 

303. Yaron, S., and U. Römling. 2014. Biofilm formation by enteric pathogens and its 

role in plant colonization and persistence. Microb. Biotechnol. 7:496-516. 

304. Yokoyama, S.-i., Y. Adachi, S. Asakura, and E. Kohyama. 2013. Characterization 

of Alcaligenes faecalis strain AD15 indicating biocontrol activity against plant 

pathogens. J. Gen. Appl. Microbiol. 59:89-95. 

305. Zahir, I., A. Houari, W. Bahafid, M. Iraqui, and S. Ibnsouda. 2013. A novel 

Alcaligenes faecalis antibacterial-producing strain isolated from a Moroccan 

tannery waste. Afr. J. Microbiol. Res. 7:5314-5323. 

306. Zhang, B., X. Zhang, X. Yang, T. R. Filley, H. He, X. Ding, and X. Zhang. 2012. 

Soil microbial community dynamics over a maize (Zea mays L.) growing season 

under conventional- and no-tillage practices in a rainfed agroecosystem. Soil & 

Tillage Res. 124:153-160. 

307. Zhou, Y., D. R. Smith, D. A. Hufnagel, and M. R. Chapman. 2013. Experimental 

manipulation of the microbial functional amyloid called curli. Methods Mol. 

Biol:53-75. 

308. Zhuang, R. Y., L. R. Beuchat, and F. J. Angulo. 1995. Fate of Salmonella 

Montevideo on and in raw tomatoes as affected by temperature and treatment with 

chlorine. Appl. Environ. Microbiol. 61:2127-2131. 

 

 


