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ABSTRACT  

This project surveyed the hygiene status of fresh peach packing lines and determined the 

microbial load on peach packers’ gloves, on fresh peaches collected at the dumping vs. the 

weighing area, as well as before and after they pass the washing and waxing system (WWS), and 

in overhead spray water and spent peach wash water.  The collected samples were analyzed for 

the levels of three hygiene indicators (total aerobes, total yeasts and molds, and total coliforms) 

and the incidence of two pathogen indicators (thermotolerant coliforms and enterococci).  The 

project also assessed the distribution of 7 virulence, and 14 putative adhesins, genes among 

selected generic E. coli isolated from fresh peach packing environments using PCR.  The results 

showed that counts of the hygiene indicators and incidence of the pathogen indicators on fresh 

peach packing lines increased over time over the course of a packing day.  Sites with higher 

microbial load included optical sizers, brushes/rollers inside the washer, harvest bins, and 

manual sorting area.  The hygiene indicator populations in peach samples from the weighing area 

were higher than those from the dumping area.  The counts of hygiene indicator microorganisms 

on gloves from employees working at the sorting, and the packing, area were similar.  The 

incidences of thermotolerant coliforms and enterococci in the two areas were 39.39% and 7.58%.  



 
 

Levels of total aerobes and total coliforms in peach samples collected after the WWS were 

higher than those collected before the WWS, but an opposite trend was noticed with the total 

yeast and mold counts.  No pathogen indicators or total coliforms were detected in the overhead 

spray water.  The selected virulence genes were not detected, but putative adhesin genes, sfmA, 

ycbQ, csgA, and fimA, were found in all E. coli isolates included in the study.  The number of 

adhesin genes varied among tested isolates.  This study revealed the ineffectiveness of the 

packing process and WWS in improving the microbial safety of fresh peaches; suggesting that 

effective daily post-operation sanitation, good employee hygiene, and handling practice, and 

functional water safety monitoring program are important to produce safe and wholesome 

peaches for the fresh market.   
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CHAPTER 1 

INTRODUCTION 

Driven by the affection for a healthier and more nutritious diet, the consumer demand for 

fresh produce has enhanced remarkably over the past few decades (Renner, Baker, Fedder, & 

Upadhyaya, 2020), however, a growing trend of foodborne illnesses and outbreaks associated 

with the consumption of fresh produce has been observed concurrently (Carstens, Salazar, & 

Darkoh, 2019).  Fresh peaches, as one of the most popular stone fruits consumed in summer, has 

rarely been linked to foodborne outbreaks before 2014 (Campbell, Merwin, & Padilla-Zakour, 

2011; CDC, 2018).  In summer 2014, fresh stone fruits, including fresh peaches, were identified 

as novel vehicles for Listeria monocytogenes in a multistate listeriosis outbreak, which resulted 

in 2 illnesses, 2 hospitalizations, and 1 death in the U.S. (CDC, 2018; Jackson et al., 2014).  

More recently, fresh peaches sourced from a packing company in California were found to be 

responsible for a multistate outbreak of Salmonella Enteritidis infections resulting in a total of 

158 confirmed illnesses and 38 hospitalizations in both U.S. and Canada in summer 2020 (CDC, 

2020; PHAC, 2020).   

While these outbreak histories connected the potential food safety concerns to 

commercial fresh peach packing houses, no specific sources of contamination were determined 

in the outbreak investigations (Chen et al., 2016; U.S. FDA, 2020).  Given the fact that even with 

a low level of inoculation (2.7 log CFU/fruit), foodborne pathogens such as Listeria 

monocytogenes can survive on fresh peaches at 4 ℃ until the end of the shelf-life (26 days) and 

have the potential to cause illnesses in susceptible group (De Jesus et al., 2020), it is critical for 
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the fresh peach industry to understand the potential risk factors associated with peach production 

especially during postharvest handling and have effective microbial intervention measures to 

improve microbial quality of fresh peaches during packing. 

The commercial fresh produce packing process usually involves sorting, grading, and 

weighing and some operations may also require washing/rinsing (U.S. FDA, 2015).  During 

produce packing, microbial contamination could be introduced on fresh produce via 

contaminated equipment surfaces, postharvest water, and workers (Chen, Evans, Hammack, 

Brown, & Macarisin, 2016; Prazak, Murano, Mercado, & Acuff, 2002; Todd, Greig, Bartleson, 

& Michaels, 2008).  Different produce and packing houses may adopt different packing 

procedures and washing systems, consequently, affecting the microbial quality of fresh produce 

differently.  By far, the detailed studies on hygiene conditions of commercial fresh peach 

packing facilities are still limited (Duvenage & Korsten, 2017; Williamson et al., 2018).  

Escherichia coli are commonly found in the gastrointestinal tract of warm-blooded 

animals; while most strains are non-pathogenic, a few pathotypes with specific virulence 

attributes may cause serve gastrointestinal diseases in humans (Kaper, Nataro, & Mobley, 2004).  

The presence of certain pathogenic E. coli in produce and environment can be identified by 

determining a certain combination of virulence genes conserved by them (Toma et al. 2003).  

Bacterial adhesins are one of the critical bacterial cell surface structures that could affect the 

interaction between bacterial cells and their contact surfaces (Tuson & Weibel, 2013).  Genes 

encoding adhesin expression are critically important for the initial bacterial attachment to biotic 

and abiotic surfaces, and the formation of the secondary structure of biofilms (Berne, Ducret, 

Hardy, & Brun, 2015).   



3 

The objectives of this study were to evaluate the hygiene status of fresh peach packing 

lines (chapter 3), to determine microbial loads on fresh peach and gloves worn by peach packers 

(chapter 4), to evaluate the efficacy of the overhead washing and waxing system in improving 

the microbiological quality of fresh peaches (chapter 5), to explore the distribution of selected 

virulence, as well as putative adhesin genes among selected generic E. coli isolated from the 

fresh peach packing environments (chapter 6).   

This study will provide a better understanding of several key elements linked to the 

microbial safety of peaches detained for the fresh market during fresh peach packing process, 

help improve the microbial quality of fresh peaches, and ultimately, increase the sustainability of 

fresh peach industry.   
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Peach 

2.1.1 Botanical description and classification 

The peach (Prunus percisa [L.] Batsch) is a round or flat-shaped drupe (i.e., stone fruit) 

with a pericarp flesh and an internal pit (Stern, 2006).  The flesh is typically in white, yellow, or 

red and has a unique combined flavor of tanginess and sweetness.  The peach with a soft and 

relatively viscous flesh is called melting fleshed peach, whereas the one with a more condensed 

flesh is defined as non-melting fleshed peach (Hans, Shah, & Bansal, 2020).  In terms of how 

clingy the flesh is towards the pit, peaches can be grouped into “freestone”, “semi-stone”, and 

“clingstone”.  Clingstones are considered more suitable for processing, whilst the other two types 

are more popular for fresh consumption (Hans et al., 2020).   

According to the taxonomic classification report from the U.S. Department of Agriculture 

(USDA) National Resources Conservation Service, there are two botanical varieties under the 

species level of the peach, including the peach with fuzzy trichomes (Prunus percisa [L.] Batsch 

var. percisa) and the nectarine with smooth and glossy skin (Prunus percisa [L.] Batsch var. 

nucipersica (Suckow) C.K. Schneid) (Cronquist, 1981).  Meanwhile, peach breeders more often 

refer to different types of peaches as different “cultivars”, the cultivated varieties with distinctive 

and stable characteristics (Brickell et al., 2009; Reig, Iglesias, Gatius & Alegre, 2013).  

Currently, there are more than 3, 000 peach cultivars worldwide and over 300 in the U.S. (Aubert 

& Chalot, 2020; Faust & Timon, 1995; Andrews, 2018). 
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2.1.2 Nutritional value and health benefits 

The reference nutrition label provided by the U.S. Food and Drug Administration (U.S. 

FDA) shows that a medium-sized peach weighted 147 g contains 13 g sugar, 0.5 g total fat, 1 g 

protein, as well as 2 g dietary fiber which is equivalent to 8% of the daily value (DV); the 

micronutrients in peaches mainly include potassium (7% DV), iron (2% DV), vitamin A (6% 

DV), and vitamin C (15%) (U.S. FDA, 2017).   

The health benefits of consuming peaches are mainly manifested in the relatively high 

level of dietary fiber and plant antioxidants.  Numerous studies have linked the increased dietary 

fiber intake to the reduced risk of progressing certain chronic diseases such as certain cancers, 

cardiovascular diseases, hypertension, etc. (Cui et al., 2019; Dahl et al., 2017; Whelton et al., 

2005).  Antioxidants are well-known for their ability to neutralize free radicals in the human 

body, consequently, reducing the risk of diseases associated with aging, contrary heart disease, 

cancer, etc. (Bors & Saran, 1987; Cai, Sun, & Corke, 2003; Jamshidi-Kia et al., 2020; 

Kritchevsky, 1999).  The phytochemicals in peaches that have shown obvious antioxidant 

activities include vitamins, carotenoids, and phenolic compounds such as flavonoids, flavan-3-

oils, phenolic acids, anthocyanins, etc. (Bento et al., 2020; Hans et al., 2020).  The total 

phenolics in multiple peach cultivars obtained from California was significantly correlated to the 

antioxidant activity reflected by the free radical scavenging capacity (Gil et al., 2002).  Despite 

the cultivar differences, most studies found that the peel of peaches had more phenolic contents 

and expressed more antioxidant activities compared to the flesh (Dabbou et al., 2017; Zhao et al., 

2015).  Given the fact that both carotenoids and phenolic compounds play decisive roles in 

forming the color of the flesh (Campbell, Merwin, & Padilla-Zakour, 2011), peach cultivars with 

the red flesh have attracted more research attention due to the significantly high antioxidant 
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activity, as well as the high levels of total phenolics and anthocyanins in them (Aubert & Chalot, 

2020; Marcia et al., 2007).   

2.1.3 Production 

The Food and Agriculture Organization of the United Nations (FAO) database reported 

that the world's total fresh peach production reached 25.7 million tons in 2019.  The world’s 

major peach producers include China, European Union, Turkey, and the U.S. (FAO, 2020).  

According to the USDA National Agricultural Statistic Service (NASS), the peach industry’s 

value to the American agricultural income in 2019 was near 519 million dollars, and the total 

production was close to 682 thousand tons consisting of nearly 40% raw and 60% processed 

peaches (NASS, 2020).  Georgia grown peaches are mainly for fresh consumption, with annual 

production of 9.6, 23.4, and 33.78 thousand tons in 2017, 2018, and 2019, respectively.  This 

increased production in the past few years has made Georgia hold its position as the nation’s 

third-largest peach-producing state, after California and South Carolina (NASS, 2020).   

2.1.4 Historical significance of Georgia grown peaches 

Peaches were originated in ancient China.  Around 2000 years ago, these were brought to 

Persia through the Silk Road, arrived in Greece, and continuously spread in Europe (Byrne et al., 

2012; Hans et al., 2020).  Peaches were introduced to the North American continent by Spanish 

and Portuguese pioneers for the first time in the 1500s and dispersed within the Native American 

tribes (Byrne et al., 2012).  In 1850, peaches were directly imported to the U.S. from China; 

twenty-five years later, Georgia peach breeder Samuel H Rumph, known as “the Father of 

Southern Peach Industry”, successfully produced a beautiful yellow-fleshed freestone cultivar 

from the imported “Chinese Cling” seedlings and named it “Elberta” (Faust & Timon, 1995; 
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Lane, n.d.).  The successful cultivation and commercialization of the “Elberta” peach, along with 

other cultivars developed during the same age (e.g., “J.H. Hale” and “Belle of Georgia”), 

promoted the exponential growth of peach production in the South (Byrne et al., 2012; Okie, 

2012).  More importantly, the rise of Georgia peach industry symbolized the expansion of 

industrial agriculture in the South after the American Civil War (Okie, 2012).  The peach became 

the official state fruit of Georgia and was included into the Georgia Code (GA Code) on April 7, 

1995 (GA Code § 50-3-70 [2019]).  Thus, a thriving peach industry producing high-quality 

peaches has been a high priority for Georgia agriculture.  

2.2 Foodborne outbreaks associated with fresh peaches  

Fresh peaches have rarely been linked to foodborne outbreaks compared to other fruit 

vehicles, such as melon, mango, papaya, etc.; however, the wide distribution of fresh peaches 

and consumers’ patronage towards this climatic commodity has drawn lots of media and public 

attention when incidences have occurred (Carstens, Salazar, & Darkoh, 2019; Allen, 2014; 

McCarthy, 2020).  According to the records obtained from the National Outbreak Reporting 

System (NORS) Dashboard developed by the Centers for Disease Control and Prevention (CDC) 

(2018), as well as the official outbreak investigation reports presented by U.S. FDA (2020), fresh 

peaches have been involved in a total of two foodborne illness outbreaks with confirmed etiology 

in the U.S. 

The first multistate foodborne outbreak attributed to stone fruit consumption including 

fresh peaches was reported in 2014, resulting in 1 death and 2 illnesses (CDC, 2018; Jackson et 

al., 2015).  Whole Genome Sequencing data indicated that the clinical Listeria monocytogenes 

isolates from the two patients were highly related to the ones from the stone fruits recalled by a 

California packing company (Jackson et al., 2015).  Further investigations confirmed that fruits 
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and environmental samples collected from this packing facility were genetically matched to the 

outbreak strain, however, the specific sites of contamination in the facility were unknown (Chen 

et al., 2016). 

The other fresh peach-related multistate outbreak was reported in August 2020 (CDC, 

2020).  It was believed that Salmonella-contaminated peaches shipped from a California peach 

packing company had caused 101 illnesses in 17 states in the U.S. (CDC, 2020), and 57 cases of 

salmonellosis in Canada (Public Health Agency of Canada (PHAC), 2020).  Surprisingly, no 

environmental samples collected from the packing facilities tested positive for the outbreak 

strains.  Further root cause investigation was still in process at the time this dissertation was 

submitted (U.S. FDA, 2020).   

2.3 Potential sources of microbial contamination during fresh peach production 

At the preharvest level, foodborne pathogens can be transmitted on fresh produce 

primarily from irrigation water, soil, contaminated manure, livestock, and wild animals 

(Alegbeleye, Singleton, & Sant’Ana, 2018).  Peaches grown on trees usually have limited direct 

contact to soil and manure; the exposure of peaches to agricultural water may vary depending on 

different irrigation and spraying system in use.  Drip irrigation and micro-sprinkler irrigation 

systems both have emitters that are close to the ground, hence, water is applied under the tree 

canopy and rarely reaches to fruits on the tree.  However, the sprinklers of the conventional 

overhead irrigation system are usually erected next to the stem of the peach tree, which can lead 

to more frequent direct application of irrigation water on peach fruits (Casamali, van Iersel, & 

Chavez, 2021; Zambrano-Vaca et al., 2018).  As a result, it is recommended that if the source of 

irrigation water raises the risk of microbial contamination, such as the surface water, overhead 

irrigation should be conducted no later than one week before the harvest activity (Rangarajan et 
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al., 2000).  Additionally, domestic, and wild animals are notorious reservoirs for foodborne 

pathogens.  For example, wild birds were found to carry diarrheagenic Escherichia coli (E. coli) 

strains such as enteropathogenic E. coli and Shiga toxin-producing E. coli with multidrug-

resistant properties (Borges et al., 2017).  As fruit trees can be a natural habitat for birds (Lindell 

et al., 2016), foodborne pathogens carried by wild birds could be transmitted onto fruits through 

shedding and excreting.   

During harvest, possible sources of microbial contamination for fresh produce include 

harvesting tools, containers, harvesters, and gloves (Carstens, et al., 2019).  Most harvesting 

containers used in the field are recycled, without proper and frequent cleaning and sanitizing 

procedures, foodborne pathogens such as Salmonella spp. were found to be persistent on the 

internal surface of the containers and cause subsequential cross-contamination of the following 

batches of produce (Zhu, Wu, Trmcic, Wang, & Warriner, 2020).  Fresh peaches are usually 

picked manually (Crisosto & Valero, 2008).  Pickers’ hands may carry human pathogens or 

facilitate cross-contamination of foodborne pathogens between batches.  The only peach supply 

chain study published so far has reported that multiple swab samples from pickers’ hands were 

found positive for Listeria spp. and Staphylococcus aureus (Duvenage & Korsten, 2017).  Bartz 

et al. (2017) have demonstrated that a higher prevalence of E. coli on fresh produce was 

observed when farm workers’ hands tested positive for E. coli.  Therefore, it is critical to assure 

that pickers are well-trained with hygienic practices and following appropriate hand washing 

steps in the field.  

At the postharvest level, foodborne pathogens may be introduced to fresh peaches 

through direct contact with contaminated postharvest water, such as water used for hydrocooling, 

washing, waxing, etc.  It has been well-noted that when circulated water systems such as 
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dumping tanks or fluming are adopted during produce hydrocooling or washing, microbial cross-

contamination between different batches of the product may occur if the proper concentration of 

the antimicrobial chemicals added are not continuously maintained (Gereffi, Sreedharan, & 

Schneider, 2015; Holvoet, Jacxsens, Sampers, & Uyttendaele, 2012).  Furthermore, foodborne 

pathogens like L. monocytogenes can internalize into fresh cantaloupes through stems and stem 

scars when immersed into contaminated water.  Temperature differences between the water and 

the fruit may facilitate pathogen infiltration (Chen, Evans, Hammack, Brown, & Macarisin, 

2016).  Under laboratory conditions, the mesocarp of avocado can be contaminated by L. 

monocytogenes penetrated through stem scars from the hydrocooling water (Macarisin et al., 

2017).  Gomba, Chidamba, and Korsten (2017) found both E. coli O157:H7 and Salmonella 

Typhimurium can survive in different commercial fungicide solutions and may have the 

possibility to infect fresh produce during waxing.   

Figure 2-1 illustrates a fresh peach packing line workflow.  After being dumped on 

conveyor belts, fresh peaches are delivered to the washer/waxer and sprayed by sanitizer-added 

wash water and fungicide-added wax solution consecutively.  Manual sorters standing by the 

following roller conveyors are responsible for rejecting the peaches with surface defects and 

separating the overly matured peaches from the bulk.  Then peaches are single lined up at the 

optical sizer and conveyed to different weighing areas based on their size and maturity.  

Thereafter, packers manually fill peaches in packages (e.g., card boxes) at the weighing area.  
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Figure 2-1 Fresh peach packing line workflow 

Foodborne pathogens can be transmitted to fresh peaches from contaminated equipment 

surfaces and/or be dispersed to different batches of fruits due to cross-contamination through 

series of packing procedures.  A recent study found that Salmonella enterica carried by fresh 

cucumbers can subsequently be transferred onto uninoculated ones through brush waxing (Jung 

& Schaffner, 2020).  A series study conducted in a pilot fresh-cut produce packing facility 

involving E. coli O157:H7 inoculated leafy-greens, demonstrated the highest levels of 

contamination on surfaces were achieved on the conveyor belt and shredder, and the pathogen 

was continuously detected in the subsequent uninoculated batches (Buchholz, Davidson, Marks, 

Todd, & Ryser, 2012a; 2012b).  In a fresh cabbage packing shed, Salmonella found on the 

conveyor belt was linked to the contamination of processed cabbage samples (Prazak, Murano, 

Mercado, & Acuff, 2002).  The presence of E. coli O157:H7 was determined on a sorting contact 

surface in a commercial fresh peach packing house in South Africa, indicating that the potential 

microbial contamination on equipment surfaces should be of great concern (Duvenage & 

Korsten, 2017). 
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Pathogens can also be introduced to fresh peaches by sorters and packers including the 

gloves wore by them.  Workers with poor hygiene or working while ill can transfer human or 

foodborne pathogens to food via fecal-oral transmission, especially when hand-washing 

procedures are not strictly followed (Todd, Greig, Bartleson, & Michaels, 2008).  Based on the 

result from the fresh peach packing house study mentioned previously, the authors pointed out 

that the presence of both E. coli O157:H7 and Staphylococcus aureus on packers’ hands 

reflected the failure of workers adhering to the Global Good Agricultural Practices during 

packing (Duvenage & Korsten, 2017).  When glove barriers are used during packing, they are 

also susceptible to foodborne pathogens through touching contaminated surfaces, resulting in 

microbial cross-contamination of the produce.  A previous laboratory study reported that when 

preparing fresh-cut produce, the transfer rate of E. coli O157:H7 from gloves to carrots can reach 

as high as 30% (Jensen, Danyluk, Harris, & Schaffner, 2017). 

2.4 Current regulatory requirements for fresh produce during packing 

The Produce Safety Rule (PSR) contains the “standards for the growing, harvesting, 

packing, and holding of produce for human consumption” and is the current U.S. federal 

regulation for mitigating foodborne illnesses caused by fresh produce consumption in the U.S. 

under the Food Safety Modernization Act (FSMA) of 2011 (U.S. FDA, 2015). Postharvest water, 

employee training, health and hygiene, equipment, tools, building, and sanitation are the key 

aspects emphasized for produce packing, generic E. coli should be non-detectable in every 100 

ml of postharvest water, and periodic water testing should be conducted if the water is not 

sourced from a certified public water system; supervisors and workers who directly handle the 

produce or produce-contact surfaces should be trained on hygienic practices and avoid direct 

contact if they are ill; equipment and containers used during packing should be regularly 
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maintained and properly cleaned (U.S. FDA, 2015).  Excluding certain agricultural water 

requirements that have been postponed until January 26, 2024, covered business entities in 

different sizes should have complied with the PSR on their respective compliance date no later 

than January 27, 2020 (U.S. FDA, 2019). 

Besides meeting the minimum standards based on the PSR, when certain requests are 

made by produce buyers such as retail or wholesale markets, growers should be certified by 

Good Agricultural Practices (GAP) including Good Handling Practices (GHP) programs, or 

other voluntary audit programs offered by private accredited third-party auditing companies, 

state departments of agriculture, and USDA (Olsen & Allen, 2017).  For example, the “USDA 

GAP&GHP audit verification program” requires the certified farm to have a documented food 

safety program, an effective mock recall plan, a documented traceability plan, etc. whereas the 

PSR only requires conducting a hazard analysis (USDA, 2019; Olsen & Allen, 2017).   

2.5 Detection of indicator microorganisms for fresh produce and environmental hygiene 

The prevalence of foodborne pathogens on fresh produce and in the produce production 

environments is sporadic, and normally at a low level.  The detection of foodborne pathogens 

could be time-consuming and expensive (Van Pelt et al., 2018).  Instead, testing for indicator 

microorganisms has been widely adopted by the food industry, regulatory agencies, and 

researchers to evaluate the overall microbial quality of food and water, the hygienic status of the 

food production environment, and the effectiveness of a sanitation procedure. (Tortorello, 2003). 

Total aerobes are one of the most used indicators.  A higher level of total aerobes on an 

equipment surface after cleaning and sanitizing may indicate insufficient sanitation practices 

(Buchanan & Oni, 2012).  Yeasts and molds are two types of fungi that can be indigenous on 

fresh fruits and vegetables; however, a higher level of yeasts and molds may be linked to a high 
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possibility of food spoilage and the end of the shelf-life (Moss, 2008).  Coliforms, including E. 

coli, could indicate potential fecal contamination as E. coli are generally present in the 

gastrointestinal tract of warm-blooded animals.  Other genera of the coliform groups such as 

Enterobacter, Klebsiella, and Citrobacter may be of plant origin or ubiquitous in the 

environment (Tortorello, 2003).  Thermo-tolerant coliforms are defined as a subgroup of 

coliforms that can ferment lactose at 44.5 ±0.2 ℃ and produce acid and gas.  E. coli and some 

enteric bacteria such as Klebsiella spp. are under this category (Feng, Weagant, Grant, & 

Burkhardt, 2002).  The increased levels of thermo-tolerant coliforms may suggest the high 

probability of enteric pathogen contamination (Pan et al., 2015; Parish, 1998).  Both 

Enterococcus and E. coli have been used as recommended indicators for human fecal pollution 

in water, while studies reported enterococci have even better performance than fecal coliforms to 

reflect specifically the hygiene on hands. (Boehm & Sassoubre, 2014).  Considering different 

indicators can reflect different microbiological properties, a diverse group of indicators should be 

chosen when evaluating the sanitation practices in a food processing environment and microbial 

quality of the food.  

2.6 Interaction between bacteria and fresh peaches or peach contact surfaces 

2.6.1 Peach surface morphology and bacterial attachment on fresh peaches 

The surface of a fresh peach is covered by a layer of fuzzy trichomes (i.e., indumentum) 

composed of polysaccharides, waxes, cutin, and a trace amount of phenolics such as flavonoids 

(Fernández et al., 2011).  Along with the cuticle underneath, the peach surface structure may act 

as a plant defense measure to prevent the surface from water loss, solar radiation damage, as well 

as the potential insect and plant pathogen intrusion (Fernández et al., 2011; Karabourniotis, 

Liakopoulos, Nikolopoulos, & Bresta, 2020; Lu et al., 2015; Stavrianakou et al., 2010).  Hence, 
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the mechanical removal of peach trichomes through commercial brushing may create micro-

wounds on the peach surface and make it more susceptible to bacterial attachment (Crisosto & 

Valero, 2008).  In addition, a recent electron microscopy study found that E. coli O157:H7 can 

hide within the wax matrix of the cuticle layer and attach to cracks, scars, and the stomata of 

both intact and hair-removed peaches (Yan, Gurtler, Mattheis & Fan, 2020).  It was observed 

that both L. monocytogenes and Salmonella Typhimurium can attach on intact peach surfaces 

immediately after inoculation, while the minimum time needed for the attachment of E. coli 

O157:H7 and Staphylococcus aureus was 30 s and 1 h, respectively. (Collignon & Korsten, 

2010).  

2.6.2 Growth and survival of foodborne pathogens on fresh peaches 

Fresh peaches normally have a pH of around 3.30 to 4.05 (Anon, 1962), but it may vary 

for different varieties.  For example, the pH of certain white-fleshed cultivars was observed to be 

4.87 (Xi et al., 2017).  Although this pH condition is not usually favorable for foodborne 

pathogens to grow, it is reported that the growth of typical foodborne pathogens such as 

Salmonella spp. and L. monocytogenes can be initiated at the pH as low as 4.05 and 4.70, 

respectively (Chung & Goepfert, 1970; Petran & Zottola, 1989).  Furthermore, instead of 

increasing in population than their initials, foodborne pathogens can survive in low pH food 

matrixes for a prolonged period.  It was noticed that Escherichia coli O157:H7 could survive 

from the acidic stress in apple cider with a pH of 3.6 to 4.0 for 10 to 31 days at 8 ℃ (Zhao, 

Doyle, & Besser, 1993).  Collignon and Korsten (2010) conducted a case study on the growth 

and survival of foodborne pathogens on stone fruits under proper time-temperature control which 

mimics the fresh stone fruit supply chain condition.  They concluded that when L. 

monocytogenes and E. coli O157:H7 were introduced at the harvesting point with an artificially 
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high inoculation level of 5 log CFU/fruit, they both grew on fresh peaches at 21 ℃ for the first 

day of holding, then survived at 0.5 ℃ for 13 days followed by at 4 ℃ for 6 days.  A very recent 

study confirmed the long-term survival of L. monocytogenes outbreak strains on fresh peaches 

when 1.7 log CFU/ml inoculated L. monocytogenes ST328 remained persistent on fresh yellow 

peaches for at least 19 days at 4 ℃ with only 0.8 log CFU/ml reduction (De Jesus et al., 2020).  

These results indicated the importance of preventing microbial contamination in peach 

production especially during postharvest handling and having effective microbial intervention 

measures to improve microbial quality of fresh peaches during packing. 

2.6.3 Bacterial adhesion in fresh peach packing environment  

In a fresh peach packing environment, bacteria may survive, multiply, and become 

residents on peach direct and indirect contact surfaces through bacterial adhesion and biofilm 

formation.  Bacterial adhesion is the first and fundamental step of biofilm formation, and it 

highly depends on the specific interaction between bacterial cells and their contact surfaces 

(Tuson & Weibel, 2013).  Most reviews defined it as a two-phase process (Berne, Ducret, Hardy, 

& Brun, 2015; Goulter, Gentle, & Dykes, 2009; Van Houdt & Michiels, 2010).   

The first phase is a reversible and non-specific attachment mainly affected by different 

physicochemical forces, such as hydrodynamic and electrostatic forces, acid-based interaction, as 

well as some weak forces such as van der Waals force and hydrogen bond (Berne et al., 2015; 

Khelissa, Abdallah, Jama, Faille, & Chihib, 2017).  For instance, most bacterial cells are 

negatively charged (Rivas, Fegan, & Dykes, 2005) and tend to attach to hydrophobic surfaces, 

with little surface energy, or surfaces that are positively charged (Goulter et al., 2009; Pringle & 

Fletcher, 1983).  At this phase, bacterial cells can experience both repulsive and attractive forces, 
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and they can be easily removed by rinsing without mechanical scrubbing on the surface 

(Bayoudh, 2004).   

The irreversible bacterial attachment is primarily mediated by bacterial surface structures 

such as fimbria, pili, and flagella (Berne, Ellison, Ducret, & Brun, 2018), that can facilitate 

bacterial cells to overcome the repulsive forces and eventually lock them onto the abiotic surface 

(Dunne, 2002).  This process is also significantly affected by surface hydrophobicity, surface 

charges, surface topography, as well as environmental conditions such as pH and salinity (Berne 

et al., 2015).  Once the bacterial cells are fixed irreversibly, they can further multiply and form 

mature biofilm by producing extracellular components such as exopolysaccharides.  Bacterial 

cells within this insoluble matrix can be more resistant to antimicrobial compounds and require 

more mechanical forces before sanitizers can penetrate, ultimately, become a challenge for plant 

sanitation (Dunne, 2002; Khelissa et al., 2017). 

2.7 Current commercial fresh produce washing systems 

Commercial fresh produce washing systems have been thoroughly reviewed by Pao, 

Long III, Kim, and Kelsey (2012).  The goal of postharvest washing is to remove soil, debris, 

plant tissue, and microbial contaminants from the surface of produce by mechanical 

rubbing/brushing, along with water rinsing, cleaning, and sanitizing.  The commercial produce 

washing systems can be classified into two models: immersion and non-immersion systems.  

The dumping tank/fluming system is a typical immersion washing system.  Ideally, by 

submerging fresh produce into the sanitizer-added wash water, bacterial cells released into the 

aquatic system can be more easily inactivated by the dispersed disinfectant (Pao et al., 2012; 

Pietrysiak, Smith, & Ganjyal, 2019).  However, given that water used in the system is usually 

circulated, organic matters removed from the incoming produce may accumulate in the wash 
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tank and interfere with the efficacy of sanitizer treatment.  Consequently, foodborne pathogens 

that surviving in the water system can cross-contaminate different batches of product, or even 

cause microbial infiltration (Banach, Sampers, Van Haute, & van der Fels-Klerx, 2015).  

Numerous studies have mentioned in commercial washing tank systems, due to microbial cross-

contamination in wash water, the actual microbial reduction on produce is only 1-2 log (Barrera, 

Blenkinsop, & Warriner, 2012).  Hence, studies on the washing tank system for fresh produce 

washing usually focused on treating the wash water with sanitizers and maintaining a valid 

sanitizer concentration to prevent the risk of microbial cross-contamination (Gil, Selma, Lopez-

Galvez, & Allende, 2009; Murray, Wu, Shi, Jun Xue, & Warriner, 2017). 

The overhead washing system is a representative non-immersion washing system, 

consisting of overhead sprayers and brush roller beds (Pao et al., 2012).  The overhead sprayers 

can directly apply wash water onto the produce, while brush roller beds can reduce the surface 

tension of the produce by mechanical scrubbing and stimulate the detachment of the 

contaminants.  One of the advantages of this system is that the concentration of sanitizer added 

in spray water can be easily controlled, and it uses less water comparing to the dumping tank 

system.  Nevertheless, instead of water, the microbial cross-contamination may be mediated by 

brush rollers, consequently, hindering the microbial reduction during washing. 

2.8 Sanitizers used in fresh produce postharvest washing 

Chlorine is the most extensively used and cost-effective sanitizer in the fresh produce 

industry.  The optimal pH for chlorination is 6.0 to 7.5.  The recommended concentration is 40-

200 ppm (Suslow, 2000). The commercial products include the liquid form of concentrated 

sodium hypochlorite solution, as well as the solid form of calcium hypochlorite tablets or 

granules (Suslow, 2000).  Both products should be pre-mixed in water to release the hypochlorite 
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ion and combine with the hydrogen ion to form the effective compound, hypochlorous acid.  It is 

a powerful oxidant that can cause a series of bacterial cell damages, such as altering cell 

membrane permeability, reacting with cellular DNA, inactivating enzymes, etc. (Dukan & 

Touati, 1996).  A previous laboratory study reported that submerging fresh peaches in 100 ppm 

sodium hypochlorite solution for 5 min reduced total mesophilic aerobic counts on peach 

surfaces by 2 log CFU/cm2, and yeasts or molds were non-detectable on peach surfaces after the 

washing, which resulted in more than 2 log reduction (Calvo, Redondo, Remón, Venturini, & 

Arias, 2019).  With a commercial overhead brush roller washing system, spray washing fresh 

tomatoes with 100 ppm sodium hypochlorite for 15 s, can reduce at least 3 log CFU/ml 

Pectobacterium from the surface of fresh tomatoes (Balaguero, Sreedharan, & Schneider, 2015).  

Tokarskyy and Korda (2019) found that the native microflora on fresh tomatoes, total plate 

count, gram-negative bacteria counts, and yeast and mold counts were reduced by 1.12, 1.19, 

1.66 log CFU/fruit, respectively, after treating them with 100 ppm chlorine treatemnt for 1 min 

by the overhead brush roller washing system.  

One significant disadvantage of a chlorine solution is that once the hypochlorous acid and 

hypochlorite ion join the reactions with organic matters in the wash water, they immediately lose 

the bactericidal effects and become combined chlorine (Richardson, Thruston, Caughran, 

Collette, & Patterson, 1998).  As a result, when in the washing tank systems, more studies have 

been exploring the minimum free chlorine needed for preventing cross-contamination.  For 

example, Gómez-López, Lannoo, Gil, and Allende (2014) reported that 5 to 7 ppm free chlorine 

can inactivate E. coli O157:H7 in a washing tank during fresh-cut spinach washing process in a 

pilot plant.  In addition, chlorine combining organic matters can generate disinfectant by-
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products such as trihalomethanes, haloacetic acids, haloketones, and chloropicrin, which are 

toxic and associated with potential health risks (Gil et al., 2009; Suslow, 2000).   

Chlorine dioxide is a strong oxidant, and mainly reacts with the cell membrane and 

inactivates different proteins, resulting in disinfection (Gómez-López, Rajkovic, Ragaert, 

Smigic, & Devlieghere, 2009).  The use of chlorine dioxide is permitted by the U.S. FDA to treat 

wash water for fresh fruits and vegetables.  The residual concentration of chlorine dioxide should 

not be higher than 3 ppm, followed by rinsing with portable water (21 CFR 173).  Since it does 

not generate chlorinated by-products, it has been promoted as a safer alternative sanitizer for 

chlorine (Gómez-López et al., 2009; Richardson et al., 1998; Wu & Kim, 2007).  The oxidation 

power of chlorine dioxide is 2.5 times higher than chlorine (Benarde, Snow, Olivieri, & 

Davidson, 1967), which can make it more effective than chlorine in microbial inactivation. For 

example, in a laboratory condition, 5 ppm chlorine dioxide was 34 times faster than 200 ppm 

sodium hypochlorite to achieve 1 log reduction of Salmonella on fresh mangoes in a water bath 

with simulated turbidity as found in the packing process (Contreras-Soto, Medrano-Felix, 

Valdez-Torres, Chaidez, & Castro-Del Campo, 2019).  When using overhead washing and roller 

brush washing system, Pao, Kelsey, and Long Iii (2009) found that spraying fresh tomato 

surfaces with 5 ppm chlorine dioxide for 10 to 60 s significantly reduced the level of air-dried 

Salmonella by 4.4±0.6 to5.2±0.1 log cycles.  One of the limitations of chlorine dioxide is due to 

the explosive property of the chlorine dioxide gas.  It should be prepared onsite by a chlorine 

dioxide generator and dissolved in the wash water. In a commercially setting, the equipment 

investment can be higher than the normal chlorine washing system (Wu & Kim, 2007).   

Peroxyacetic acid (PAA) is another sanitizer that has the potential to be an alternative to 

chlorine, as it has less toxic by-product residues and is less combined with organic matter 
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accumulated in a washing tank (Luukkonen & Pehkonen, 2017).  It has a wider pH activity 

ranged from 3.0 to 7.5 (Banach et al., 2015).  The PAA solution can be generated by mixing 

acetic acid and hydrogen peroxide in the wash water.  U.S. FDA’s standard for PAA in fresh 

produce wash water is a maximum of 80 ppm (21CFR173.315).  Once PAA is dissolved in 

water, it forms several groups of free radicals, known as reactive oxygen species, resulting in 

DNA damage, protein denaturation, changed cell membrane permeability, etc. (Vandekinderen, 

Devlieghere, De Meulenaer, Ragaert, & Van Camp, 2009).  The efficacy of PAA in reducing 

Salmonella contamination on fresh mangoes has been compared with other sanitizers in a 

simulated mango washing tank in a packinghouse.  The study found that treating Salmonella 

contaminated fresh mangoes or wash water with 200 ppm chlorine or 80 ppm PAA for 2 min can 

reduce the initial level of Salmonella from 7 log CFU/fruit or 7 log CFU/ml to less than the 

detection limit.  Nevertheless, the mango and water samples treated by 5 ppm chlorine dioxide 

constantly tested positive for Salmonella (Mathew, Muyyarikkandy, Bedell, & Amalaradjou, 

2018).  Another study illustrated that washing fresh tomatoes with 100 ppm of sodium 

hypochlorite, 5 ppm of chlorine dioxide or 80 ppm of peracetic acid for 15 s with an overhead 

spray and roller brush system can achieve a similar reduction of Pectobacterium (3 logs) on fresh 

tomatoes (Balaguero et al., 2015).  Therefore, PAA could be a potential alternative sanitizer to 

chlorine during commercial fresh produce packing.  

Ozone, as an antimicrobial agent, is generally recognized as safe to treat bottled water in 

the U.S. (21CFR184.1563), and it is an approved pesticide chemical to safely use on raw 

agricultural commodities and water that has direct contact with them during production 

(21CFR173.368).  The oxidating property of ozone is much stronger than chlorine, chlorine 

dioxide, and PAA (Banach et al., 2015).  Through oxidation, ozone can disrupt the integrity of 
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the microbial cell surface causing cellular content leakage, as well as destroy cellular proteins 

and nucleic acids (Guzel-Seydim, Greene, & Seydim, 2004).  Ozone can be applied in a gaseous 

or aqueous form on fresh produce.  Gaseous ozone is commonly released into the storage 

atmosphere to achieve extended produce shelf-life and decelerated ripeness, and it can also be 

applied into a treatment chamber before storage (Horvitz & Cantalejo, 2014).  Since high levels 

of ozone gas is toxic to humans, the concentration of ozone in the treatment chamber should be 

maintained low and monitored regularly (Glowacz & Rees, 2016).  A previous study reported 

that 5 ppm ozone gas can inactivate 2.2 log E. coli on the surface of tomatoes after 3 min in a 

treatment chamber (Bermúdez-Aguirre & Barbosa-Cánovas, 2013).  The aqueous form of ozone, 

namely, ozonated water, is more often used before storage to sanitizing produce wash water 

during postharvest processing (Glowacz & Rees, 2016).  Considering ozone gas is barely soluble 

in water, many experimental studies have found that continuously ozonated water is more 

effective in reducing microbial loads on fresh produce comparing to pre-ozonated water.  For 

instance, one study found that after immerging bell peppers or fresh-cut lettuce in 0.5 ppm pre-

ozonated water for 15 min, the reduction of aerobic mesophiles on these vegetable samples were 

always less than 0.5 log.  However, when the samples were fully dipped in the same 

concentration of continuously ozonated water, the microbial loads on both types of vegetables 

were reduced by nearly 2 logs (Alexopoulos et al., 2013).  Therefore, the investment for 

generation and injection equipment, as well as the maintenance could be costly (Glowacz & 

Rees, 2016).  

Electrolyzed oxidizing water (EOW) has been considered as another potential substitute 

for chlorine-based sanitizers (Pietrysiak et al., 2019).  It can be easily generated through the 

electrolysis of sodium chloride solution in an electrolysis generator with an anode side and a 
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cathode side separated by a membrane in the middle.  The active agents of EOW such as 

hypochlorous acid and sodium hypochlorite are produced at the anode side of the device.  The 

EOW at this side has a pH less than 2.5 and oxidation reductive potential (ORP) higher than 

1000 mV, which are mainly responsible for the antimicrobial property of this sanitizer (Huang, 

Hung, Hsu, Huang, & Hwang, 2008; Park, Alexander, Taylor, Costa, & Kang, 2009).  Given the 

fact that a relatively low pH can be corrosive to the produce packing equipment and facility, 

recent studies have explored the efficacies of low acidic or neutral EOW in reducing microbial 

contamination on fresh produce (Calvo et al., 2019; Ding et al., 2015; Machado et al., 2016).  

One laboratory study found that when fresh peaches were washed in the electrolyzed water with 

an active agent concentration of 165 ppm (pH 6.7, ORP 775 mV) for 5 min, the total mesophilic 

aerobes count, as well as the yeasts and molds count was reduced by more than 2 logs; the 

equivalent result was observed when the authors changed the sanitizer to 100 ppm of sodium 

hypochlorite (Calvo et al., 2019).  However, EOW has only been studied at the experimental 

level.  More studies on the efficacy of this sanitizer in fresh produce washing should be done on 

a larger scale, for instance, in a simulated produce packing house. 
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ABSTRACT 

Surface swab samples (n=464) were collected from various sites on 4 fresh peach packing lines 

in Georgia at 9 am (T1), 12 pm (T2), and 3 pm (T3) in 3 repeated visits per line during the 

harvest seasons of 2018 and 2019.  Each swab sample was collected from a 100 cm2 area.  The 

collected samples were analyzed for the levels of total aerobes (TA), total yeasts and molds 

(YM), and total coliforms (TC), as well as the incidences of thermo-tolerant coliforms (TTC) and 

enterococci (EC).  Counts of the three hygiene indicators in the T1 samples were significantly 

lower (P<0.05) than those in the T2 and T3 samples.  The incidence of TTC increased from 

13.50% in the T1, to 45.83% in the T3, samples, while that of EC from 6.75% to 15.11%.  The 

key areas with greater hygiene indicator counts and higher incidence of TTC and EC were the 

optical sizer and brushes/rollers inside the washer.  Harvest bin had a comparable mean YM 

count with the brushes/rollers inside the washer.  Samples from the manual sorting area had the 

highest TTC incidence among samples collected from all surveyed sites.  The study pinpointed 

the most heavily contaminated areas on fresh peach packing lines.   

Keywords: Hygiene, indicator organisms, fresh produce, peach, packing line 
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3.1. Introduction 

Foodborne outbreaks linked to fresh produce consumption have increased significantly in 

recent years.  According to the data reported by the U.S. Food and Drug Administration (U.S. 

FDA), 17,212 illnesses, 2,083 hospitalizations, and 69 deaths were caused by the consumption of 

over 20 different types of fresh produce, including sprouts, leafy greens, melons, berries, herbs, 

cucumbers, apples, stone fruits, etc., from 1996 to 2014 (D'Lima & Vierk, 2011; Merriweather, 

Cloyd, & Gubernot, 2015).  Commodities that have been repeatedly involved in outbreaks of 

human gastrointestinal infections such as leafy greens (Jongman & Korsten, 2018), vegetable 

sprouts (Yang et al., 2013) and melons (Aguayo, Allende, & Artés, 2003) have attracted a lot of 

research attention, while little research has been directed to the microbial safety of stone fruits 

(Chen et al., 2016). 

Peach (Prunus persica), as one of the stone fruits, has been previously linked to a 

multistate outbreak and product recalls over the past few years (Chen et al., 2016; U.S. FDA, 

2014, 2019, 2020a, 2020b).  However, the source of pathogen contamination for the outbreak 

and recalls was never identified.  Thus, it is critical for the fresh peach industry to understand the 

potential risk factors associated with peach production and postharvest handling and to take 

necessary precautions to fully comply with the “Standards for the Growing, Harvesting, Packing, 

and Holding of Produce for Human Consumption”, as known as, the Final Rules of Produce 

Safety under the Food Safety Modernization Act (U.S. FDA, 2015).  

Foodborne pathogens such as Escherichia coli O157:H7, Listeria monocytogenes, 

Staphylococcus aureus, Hepatitis A, and Norovirus have been found in various produce packing 

facilities (Van Pelt et al., 2018).  The origin of these pathogens is always difficult to identify due 

to the complexity of the product contact surface, plant-specific sanitation practice, and hygiene 
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regime in individual packing facilities.  Although certain disinfection treatments are regularly 

used, the mitigation might not be entirely effective to eliminate produce-borne pathogens 

(Burnett & Beuchat, 2001).  In addition, different produce commodities have different packing 

operations and equipment design.  To date, only a limited number of studies related to peach 

packing facilities have been conducted.  A study in South Africa examined 38 surface samples 

from sorting and packing lines with no detailed information given on the packing facilities 

involved (Duvenage & Korsten, 2017). while another study focused only on a particular piece of 

equipment, automatic sorting system on a stone fruit packing line (Williamson et al., 2018).  

Thus, additional research is needed to identify the potential risk factors that may affect the 

microbial safety of fresh peach in packinghouse operations.  This study aimed at identifying the 

critical sanitation control points of fresh peach packing lines (PLs) by quantifying the level of 

hygiene, as well as the incidence of pathogen indicators.  

3.2. Material and methods 

3.2.1. Sampling strategy 

 Four fresh peach PLs in Georgia were surveyed in this study during the harvest seasons 

of 2018 and 2019.  Each packing facility was randomly visited on three different packing days 

over the two harvest seasons.  Fourteen sites on each PL as shown in Table 3-1 were selected for 

sampling based on the functionality of packing equipment.  Samples were collected from each 

PL at three sampling times on a packing day: at 9 am before packing (T1), during lunch break at 

noon (T2), and in the mid-afternoon break at 3 pm (T3).  The amount of fruits packed between 

the two adjacent breaks was approximately 61, 235 kg.  

A sterile environmental sampling sponge (3.8 × 7.6 × 1.6 cm; Nelson Jameson Inc, 

Marshfield, WI USA) moistened with 25 ml Dey-Engley neutralizing broth (Becton Dickinson, 
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Sparks, MD USA) in an 18 oz. Whirl-Pak® bag (Nasco, Fort Atkinson, WI USA) was used to 

swab a 100 cm2 area using a commercial template (3M™, St. Paul, MN USA) with 10 horizontal, 

and 10 vertical, strikes.  Samples collected from non-flat surfaces were collected within the 100 

cm2 window using the same sampling technique.  Detailed measurements of these surfaces were 

taken to calculate the actual surface areas swabbed.  The swab samples were stored in portable 

coolers at 4 ℃ after collection and during transportation and analyzed within 24 h.  

3.2.2. Microbiological testing 

 Sampling sponges in Whirl-Pak® bags were hand massaged for 1 min before 

enumeration.  Total aerobes (TA) and total coliforms (TC) in 0.1 ml sponge rinsate were 

enumerated on tryptic soy agar and MacConkey agar, respectively, at 37 ℃ for 24 h; total yeasts 

and molds (YM) were enumerated on acidified potato dextrose agar (pH 3.5) at 25 ℃ for 72 h; 

presumptive colonies of thermo-tolerant coliforms (TTC) and enterococci (EC) were selected on 

MacConkey agar at 44.5 ℃ and m-Enterococcus agar at 37 ℃, respectively with 24 h of 

incubation.  Presumptive TTC colonies were confirmed by growth on triple sugar iron slants at 

37 ℃ for 24 h and in EC broth (bio-WORLD, Dublin, OH USA) with Durham Tube (6 x 50 mm, 

Kimble Chase®, Vineland, NJ USA) at 44.5 ℃ for 48 h.  Salt tolerant enterococci were 

confirmed in brain heart infusion broth with 6.5% sodium chloride at 37 ℃ for 24 h.  All 

microbiological media without specific notation were purchased from Becton, Dickinson, and 

Company. 

3.2.3. Data analysis 

 Significant differences in mean TA, YM, and TC counts across different sampling sites, 

from different PLs and at different sampling times were fit in a general linear model with a split-
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plot arrangement and tested by Fisher’s least significant difference tests, including a random 

blocking factor of “visit”, fixed whole plot factor “packing line” and two subplots fixed factors 

“sampling time” and “sampling site”.  The SAS University Edition (SAS Institute, Cary, NC 

USA) was used for data analysis.  The percentage of samples with confirmed TTC and EC 

presence in the total number of samples collected from different PLs, and at different sampling 

sites and times were calculated. 

3.3. Results 

3.3.1. Hygiene indicators 

Overall statistical analyses on microbial data collected from a total of 464 swab samples 

showed that sampling time/year and sample site had significant (P < 0.05), and facility visit had 

insignificant (P > 0.05), impacts on the average counts of three hygiene indicators, TA, YM and 

TC, while the PL effect was only reflected on mean YM counts (Table 3-2).  Means of the three 

hygiene indicators increased overtime during a packing day; the microbial counts in the T1 

samples were significantly lower than those in the T2 and T3 samples.  On average, site 9 

(singulator) and 10 (entrance of the optical sizer) had significantly higher average TA and YM 

counts than the other sampled sites.  Although significantly lower than site 9 and 10, site 11 (exit 

of the optical sizer) and 4 (brush roller insider the washer) had significantly higher TA counts 

compared to the remaining sampled sites.  Site 4 had the highest average TC counts, followed by 

site 10 and 9.  Mean TA count in samples from PL 2 was significantly higher than the same 

count in samples collected from PL 3 and PL 1, but not PL 4.  Samples from PL 1 had a 

significantly lower average YM count than the samples from the other three sampled PLs.  There 

were no significant differences (P > 0.05) in the average TC counts in samples collected from all 
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four PLs.  The mean TA, YM, and TC counts recovered in the 2019 season were significantly 

lower than those found in the previous season. 

3.3.2. Counts of the three hygiene indicators on different sites of individual PLs 

Site 10 of PL 1, and site 9, 10, and 11 of PL 2 had significantly higher (P < 0.05) TA 

counts than the other sampled sites of their respective lines (Table 3-3).  The TA count on site 4 

of PL 3 was the highest, followed by site 14 (harvest bin).  The highest TA counts of PL 4 were 

found on site 4 and 10, followed by site 9 and 11.  Site 10 of PL 1, site 10 and 11 of PL 2, site 4, 

5 (exit of the washer), 6 (conveyer to the mansual sorting area) and 14 of PL 3, and site 9, 10 and 

11 of PL 4 were significantly higher in YM counts compared to other sites on each respective 

line.  The TC counts on site 4 of PL 3 and PL 4 were significantly higher than the other sampled 

sites, whereas site 10 of PL 1 and PL 2 had the highest TC counts. 

3.3.3. Counts of the three hygiene indicators from individual PLs at specific sampling points 

Similar to the results of overall statistical analyses, the TA, YM, and TC counts in the T2 

and T3 samples of the four PLs were similar, but they were significantly lower (P < 0.05) than 

the counts in the T1 samples, except the YM counts from PL 1 and the TC counts from PL 1 and 

PL 4 (Table 3-4).  The T1 samples of PL 2 had significantly higher, while the T2 and T3 samples 

of PL 1 had significantly lower TA counts than the same samples from the other PLs.  The T1, 

T2 and T3 samples of PL 1 had the lowest YM counts compared to the same samples from PL 2 

to PL 4.  The T1 samples of PL 1 had significantly higher TC counts than the ones from other 

plants.  The levels of TC count in the T2 samples from the four PLs were not significantly 

different (P > 0.05), and a similar observation was noticed with the T3 samples from PL 1, PL 2, 

and PL 4.  



52 
 

3.3.4. Counts of three hygiene indicators from different sites at different sampling times 

T1 samples from site 4, 9 and 10, and T3 samples from site 9, 10, and 11 had 

significantly higher (P < 0.05) TA counts compared to the T1 or T3 samples from other sampled 

sites (Table 3-5).  YM counts were significantly higher in the T1 samples from site 9 and 10, and 

T3 samples from site 10.  T2 sample from site 9 had the highest TA and YM counts.  The T1 

samples from site 4, and T2 samples from site 5, 9, and 10 had the highest TC counts.  The TC 

counts in most of the T3 samples from all 14 were statistically similar (P > 0.05).   

Consistent with the results of overall statistics, the T1 samples had significantly lower (P 

< 0.05) TA and YM counts than the T2 and T3 samples, with a few exceptions (Table 3-5): TA 

counts from site 3 (entrance of the washer), 9, 12 (conveyer belt to the weighing area) and 14 and 

YM counts from site 3, 9, 10 and 14 were similar among the three sampling points; significant 

differences in TA counts from site 10 and YM counts from site 11 were only seen between T1 

and T3 samples, and T2 and T3 samples at site 4 had significantly lower TA and YM counts than 

the T1 samples.  As the counts of TA and YM, TC counts in the T2 and T3 samples from 5 sites 

(1 [dumping area], 2 [roller conveyer to the washer], 6, 7 [conveyer belt of the manual sorting 

area] and 13 [weighing area]) were significantly higher than the counts in the T1 samples; site 3 

and 5 had significantly lower TC counts in T1 samples than in T3 or T2 samples, respectively, 

and counts in the three sets of samples from the remaining 7 sites had similar TC counts.  

3.3.4. Incidence of TTC and EC presence 

 Out of the 464 samples, 156 (33.62%) tested positive for TTC (Table 3-6).  The 

incidence of TTC positive samples from each PL ranged from 24.18 to 42.06%.  The occurrence 

of TTC in samples collected from the manual sorting area (site 7, 52.94%), brush roller inside 

the washer (site 5, 50.00% and site 4, 47.06%), and optical sizer (site 9, 46.15% and site 10, 
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42.42%) were higher than the rest of the sites evaluated.  As a comparison, the harvest bin (site 

14) had a relatively lower incidence of 11.76%.  The incidence of TTC positive samples at T2 

and T3 were over three times higher than the one found at T1.  Among the evaluated PLs, PL 3 

had a relatively lower incidence of TTC. 

 Sixty-three samples (13.58%) tested positive for EC among samples tested in the study, 

and PL 3 and 2 had the highest, and lowest incidence, respectively (Table 3-6).  The top five EC 

positive areas included sites 10, 4, 2, 3, and 9, while the incidence of EC positive samples at the 

manual sorting area (site 6, 7, and 8 [conveyer belt to the optical sizer]) was much lower, close to 

6%.  The percentages of EC positive samples collected at T2 and T3 were twice as higher as 

samples collected at T1.   

3.4. Discussion 

The four fresh peach packing facilities involved in this study all have post-operation 

cleaning and sanitation interventions.  Three of the participating PLs undergo a daily routine of 

dry cleaning, wet cleaning with a cleaner and physical scrubbing, water rinsing, sanitizing, and 

air drying (K. B. Pitts, personal communication, November 15, 2019).  The remaining facility, 

PL3, is, nevertheless, only dry cleaned daily, combined with a weekly deep cleaning and 

sanitation routine as described above.  The different sanitation routine used by the latter PL did 

not seem to significantly influence its hygiene status, because samples from this PL did not have 

significantly higher (P > 0.05) average TA and YM counts in the T1 samples compared to the T1 

samples of the other three PLs (Table 3-4).   

The current study found that the hygiene status of the four participating PLs varied, as 

reflected by the mean TA or YM counts recovered from various surfaces of the facilities (Table 

3-2).  The four packing facilities all use quaternary ammonium-based sanitizers (Meyer 
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Laboratory, Blue Springs, MO USA; National Chemical Laboratories®, Philadelphia, PA USA), 

but with different cleaners.  The cleaning agent used by one of the PLs contains sodium 

dodecylbenzene sulfonate (Decco US Post-Harvest, Monrovia, CA USA), while the active 

ingredients in the cleaning agents used by other PLs include sodium silicate (with potassium 

hydroxide), tetrapotassium pyrophosphate and undisclosed ingredients for heavy-duty cleaning 

and degreasing purpose (Meyer Laboratories, Blue Springs, MO USA).  In addition to the type of 

cleaning agents used, other factors such as the quality of water used for cleaning and rinsing 

(Marriott, Schilling, & Gravaniet, 2018), sanitation operation practice (Rodriguez-Caturla et al., 

2012), employee hygiene (Todd, Greig, Bartleson, & Michaels, 2009), and insect and animal 

access to the facility (Blazar, Allard, & Lienau, 2011; Orozco et al., 2008) may also affect the 

hygiene status of fresh peach PLs.      

A TA count of lower than 2 log CFU/cm2 on a freshly cleaned and sanitized food 

contact surface is a commonly accepted hygiene standard (Holah, 1999).  The average TA count 

of 2.29 log CFU/cm2 from the T1 sample of this study (Table 3-2) was slightly higher than the 

generally acceptable hygiene standard.  Similarly, the 0.53 log CFU/cm2 average TC count in the 

T1 sample (Table 3-2) was also higher than the reference TC count of 2.50 CFU/cm2 (0.40 log 

CFU/cm2) recommended by Moore & Griffith (2002).  The average TA and TC counts observed 

in the present study were arbitrarily elevated by the counts recovered from a few hard-to-reach 

sites of surveyed PLs, e.g. the average TA and TC counts on the washer (site 4) and color sorting 

areas (sites 9, 10 and 11) averaged 4.00 and 1.23 log CFU/cm2, respectively, while the average 

TA and TC counts from the remaining sites were as low as 1.66 and 0.26 log CFU/cm2, 

respectively (Table 3-5).  These findings highlight the importance of addressing the critical 

sanitation control points on fresh peach PLs. 
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Site 4 is the brush roller within the peach washer, which removes trichomes (i.e. fuzzes) 

from the surface of peach.  During the washing process, organic matter and bacterial cells carried 

by fruits can be easily trapped into the densely arranged bristles of brush rollers (Brooks & Flint, 

2008), becoming a potential source of cross-contamination between the equipment and passing 

fruit (Angelo et al., 2017; Gomba, Chidamba, & Korsten, 2016; Pao, Kelsey, & Long, 2009).  

Chemicals listed in the Code of Federal Regulations (CFR) such as sodium hypochlorite can be 

used in fruit wash water (21 CFR 173. 315) to limit the risk of microbial contamination in wash 

water and control cross-contamination between washed and unwashed produce (U.S. FDA, 

2018a).  Adding sanitizers into wash water has been shown to reduce the level of artificially 

inoculated Salmonella on the surface of packed tomatoes and improve the hygiene status of 

brush rollers (Pao, Kelsey, & Long, 2009).  In the present study, peach washing water was 

supplemented with 50-100 ppm sodium hypochlorite in majority of the PLs, except PL 3 which 

used 0.4-1.0 ppm chlorine dioxide instead.  This practice might have made the counts of TA and 

YM in samples collected from site 4 at T2 and T3 significantly lower (P < 0.05) than those 

collected from the same site at T1 (Table 3-5).   

The packing facilities of this study follow the same cleaning and sanitizing practice for 

site 4 after daily packing, which includes spraying a cleaning agent to foam while brush rollers 

are in motion, flushing off organic debris with portable water using a water hose, spraying a 

quaternary ammonium-based sanitizer, following by air drying (K. B. Pitts, personal 

communication, November 15, 2019).  However, water hoses have limited accessibility to the 

bristles on a brush roller to remove all organic residuals, which might affect the efficacy of 

sanitation treatments (Marriott, Schilling, & Gravani, 2018).  As a result, site 4 is one of the key 
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areas on fresh peach PLs that need special attention in terms of cleaning and sanitation 

treatments.  

Another critical sanitation control point on fresh peach PLs identified in this study is the 

optical sizer (Table 3-5).  Similar observations have been made in studies involving blueberry 

(Gazula et al., 2019a) and mandarin (Izumi, Poubol, Hisa, & Sera, 2008) PLs.  The conveyors 

inside the optical sizer consist of hundreds of rubber rollers and plastic peach holders.  This 

unique structure creates a large number of contact niches for microbial cells and becomes a 

burden for daily sanitation (Pompermayer & Gaylarde, 2000).  In addition, the equipment is 

water sensitive, wet cleaning is not applicable.  A Clean Out of Place procedure is currently 

recommended by the U.S. FDA before the harvest season to lower microbial loads on the rubber 

rollers (U.S. FDA, 2018b).  Packing facilities involved in this study use dry cleanings, such as 

vacuuming and sweeping to remove visible dirt and organic matters from the rollers, followed by 

sanitation with an alcohol-based sanitizer designed specifically for water-sensitive equipment (K. 

B. Pitts, personal communication, November 15, 2019).  The average TA and TC counts at the 

color sorting area (site 9, 10, and 11) in the T1 samples were 3.24 and 0.61 log CFU/cm2 in the 

present study (Table 3-5).  Similar mean TA and TC counts of 3.20 and 0.90 log CFU/cm2 were 

found in a California peach packing facility by Williamson et al. (2018).   

Peach harvest bin had an average YM count of 2.39 log CFU/cm2 in the present study 

(Table 3-2).  Although significantly lower (P < 0.05) than the YM counts at the optical sizer, it 

was similar to (P > 0.05) the same count on brush roller inside the washer.  Microbial loads on 

harvest containers reported in previous studies varied, depending on the type of commodities and 

geographic regions of the packing facilities involved: the levels of average TA, YM, and TC 

counts on berry lugs examined in fresh blueberry packing facilities in Georgia were 3.48, 2.70 
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and 0.99 log CFU/cm2, respectively (Gazula et al., 2019a), while plastic containers with 

visualized soil in selected produce packing facilities of British Columbia had median TA, YM 

and TC counts of 2.81, 1.72, or 1.82 log CFU/cm2 (Zhu, Wu, Trmcic, Wang, & Warriner, 2020).  

All except one packing facilities of this study have a hydro cooler that flushes harvest bins with 

loaded fruits using water containing 50 ppm chlorine (K. B. Pitts, personal communication, 

November 15, 2019).  This study found that samples from the PL without hydrocooling had 

relatively higher TA and YM counts at site 14 (Table 3-3).  It is not known whether the use of 

chlorinated hydrocooling water is related to the levels of TA and YM counts on the surface of 

harvest bins.    

Physical and chemical properties of surface materials on various sites of the PLs may 

affect the levels of microbial loads accumulated on them (Arnold & Silvers, 2000; Mafu, 

Plumety, Deschênes, & Goulet, 2011).  Bacterial cells are negatively charged and tend to attach 

to materials that are hydrophobic with little surface energy or hydrophilic with positive charges 

(Pawar, Rossaman, & Chen, 2005).  Among hydrophobic materials that are normally used in 

fresh peach PLs, polyurethane has a higher surface energy (51.5 mJ/m2) than polyvinyl chloride 

(45.5 mJ/m2), followed by polyethylene (40.2 mJ/m2) (Kinloch, 1987; Kuang & Constant, 2015), 

therefore, the hydrophobicity of these materials increases in this order, making polyethylene the 

most favorable material among the three for microbial accumulation.  Sampled sites such as 

brush rollers (site 4), rollers inside the optical sizer (site 10 and 11) and harvest bins (site 14) are 

normally made of polyethylene or high-density polyethylene, which had relatively higher levels 

of hygiene indicators compared to other hydrophobic surfaces that are usually made of 

polyurethane and polyvinyl chloride such as the conveyor belts before the weighing area (site 

12), and roller beds before/at the manual sorting area (site 6 and 7) (Table 3-2).  Hydrophilic 
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material, such as stainless steel, can be even less attractive to microorganisms (Goulter, Gentle, 

& Dykes, 2009) with the least amount of residual microbial cells after sanitation treatments 

compared to other fruit contact surface materials commonly used in fresh produce PLs (Gazula et 

al., 2019b).  These previous observations could explain why the weighing area (site 13) had 

relatively lower microbial counts in the present study (Table 3-2). 

The populations of monitored indicator organisms in samples collected from the 

equipment surface at T2 and T3 were significantly higher (P < 0.05) than at T1 (Table 3-2).  A 

similar finding was noticed in a survey involving fresh blueberry PLs (Gazula et al., 2019a).  The 

accumulation of microbial cells overtime on equipment surface has the potential to cause cross-

contamination among different batches of products (Gounadaki, Skandamis, Drosinos, & 

Nychas, 2008; Kusumaningrum, Riboldi, Hazeleger, & Beumer, 2003).  The results of this study 

emphasize that fresh produce packing facility should be cleaned and sanitized daily during the 

harvest season, even though it is not mandated by the Produce Safety Rules (U.S. FDA, 2015).  

The incidence of TTC was 3 times higher in samples collected at T3 than at T1 (Table 3-

6), which could be attributed to both pre- and post-harvest causes.  TTC, an indicator of potential 

fecal contamination, could be introduced to the packinghouse environment by incoming fruits 

from the field.  Potential sources of fruit contamination at the farm level may include 

contaminated irrigation water, bird or insect dropping (Alegbeleye, Singleton, & Sant'Ana, 2018; 

Jay-Russell, 2013), insanitary harvest utensils and workers with poor hygiene and handling 

practice.  The four peach growers involved in this study did not require peach pickers to wear 

gloves, but bathrooms with handwashing stations were established (K. B. Pitts, personal 

communication, November 15, 2019).  However, failure in following good handwashing 

practices may result in cross-contamination from human hands to harvested fruits (Beuchat, 
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1996).  At the postharvest stage, water used in hydro cooler has been found to cross-contaminate 

fresh produce due to the lack of sufficient concentration of sanitizers in the system (Macarisin et 

al., 2017; Vigneault, Bartz, & Sargent, 2000).  In the present study, the highest incidence of TTC 

was found in the manual sorting area of the PLs (Table 3-6).  With intensive human activities at 

this site, manual sorting rollers may be contaminated by workers with poor personal hygiene or 

handwashing practices (Park et al., 2013; Bartz et al., 2017) during the physical examination of 

the fruits for flaws and bruises.  Workers frequently touch fruits and non-fruit contact surfaces at 

this site, which could transfer contaminants from the environment to fruits (U.S. FDA, 2018b).   

3.5. Conclusions 

This study identified the optical sizer and brushes/rollers inside the washer as the most 

contaminated sites along fresh peach packing lines.  The harvest bins and brush roller within the 

washer had a comparable YM counts.  Manual sorting area had the highest TTC incidence 

among all examined sites.  The levels of hygiene and pathogen indicators on selected PLs 

surveyed increased overtime during a packing day.  These results emphasize the importance of 

effective daily sanitation and food safety education for facility employees.  Future studies are 

needed to identify the precise source of microbial contamination of, and more effective 

intervention and technologies to decontaminate, fresh peach packing lines.   
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Table 3-1 Selected sample sites on fresh peach packing lines 
No. Site 
1 Dumping area 
2 Roller conveyor to the washer 
3 The entrance of the washer 
4 Brush roller inside the washer 
5 The exit of the washer 
6 Roller conveyor to the manual sorting area 
7 Roller conveyor of the manual sorting area 
8 Conveyor belt to the optical sizer 
9 Singulator 
10 The entrance of the optical sizer 
11 The exit of the optical sizer 
12 Conveyor belt to the weighing area 
13 Weighing area 
14 Harvest bin 

Site 9, 10, and 11: optical sorting area 
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Table 3-2 Overall mean TA, YM, and TC counts in samples collected at different sampling times 
and sites, and from different packing lines 

 Overall mean population (log CFU/cm2) 
TA YM TC 

Sampling time   

T1 (n=163) 2.29B* 1.83B 0.53B 
T2 (n=162) 3.20A 2.40A 1.09A 
T3 (n=139) 3.29A 2.43A 1.24A 
   
Sampling site   

Site 1 (n=34) 2.50DE 1.74EF 0.86CDEF 
Site 2 (n=34) 2.49DE 1.69EF 0.64EFG 
Site 3 (n=34) 2.85CD 2.05DE 0.69DEFG 
Site 4 (n=34) 3.72B 2.48C 1.69A 
Site 5 (n=34) 2.88CD 1.93EF 1.09CD 
Site 6 (n=34) 2.58CD 1.63FG 0.89CDEF 
Site 7 (n=34) 2.60CD 1.60FG 1.07CDE 
Site 8 (n=34) 2.06EF 1.19H 0.79CDEF 
Site 9 (n=26) 4.50A 4.25A 1.22BC 
Site 10 (n=33) 4.61A 4.41A 1.54AB 
Site 11 (n=32) 3.86B 3.79B 1.07CDE 
Site 12 (n=33) 1.65F 1.08H 0.29G 
Site 13 (n=34) 1.87F 1.31GH 0.68DEFG 
Site 14 (n=34) 2.96C 2.39CD 0.58FG 
   
PL   

PL 1 (n=121) 2.58B 1.48B 1.14A 
PL 2 (n=126) 3.26A 2.76A 0.94A 
PL 3 (n=91) 2.70B 2.23A 0.67A 
PL 4 (n=126) 3.01AB 2.35A 0.87A 
    
Year    
2018 (n=315) 3.13A 2.35A 1.12A 
2019 (n=149) 2.44B 1.92B 0.73B 

TA: total aerobic counts; YM: total yeast and mold counts; TC: total coliform counts.  
T1: samples collected at 9 am; T2: samples collected at noon; T3: samples collected at 3 pm.  
PL: packing line. 
The detection limit is generally 0.10 log CFU/cm2 with a few exceptions due to the sampling 
areas of certain non-flat surfaces (0.01 – 0.24 log CFU/cm2). 
* The results followed by different letters within the same comparative variable (sampling time, 
sample site, or packing line) in the same column were significantly different (P < 0.05).
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Table 3-3 Mean TA, YM, and TC counts in samples collected from different sites of individual fresh peach packing lines 
Mean population (log CFU/cm2) 

TA YM TC 
Site PL 1 PL 2 PL 3 P L 4 PL 1 PL 2 PL 3 PL 4 PL 1 PL 2 PL 3 P L 4 
Site 1 2.29CDE* 3.00BC 2.03GH 2.56D 1.43DE 2.35CD 1.43EF 1.68DE 0.88BCDE 1.14ABCDE 0.13F 1.06BCD 
Site 2 1.88EF 2.74BC 2.74DEF 2.65D 0.64FGH 2.44CD 2.02CD 1.71D 0.57CDE 0.83BCDEF 0.32EF 0.75CDE 
Site 3 2.12DE 2.85BC 3.37BC 3.19C 0.90EFG 2.49C 2.58B 2.34C 0.54DE 0.43DEF 0.55CDEF 1.21BC 
Site 4 3.57B 2.36CD 4.30A 4.77A 1.90CD 1.42E 3.22A 3.56B 1.90AB 1.08ABCDE 2.16A 1.77A 
Site 5 3.17BC 3.05B 3.04CD 2.29DE 1.44DE 2.26CD 2.94A 1.32EFG 1.66AB 0.65CDEF 1.19B 0.90BCD 
Site 6 2.39CDE 3.16B 3.01CDE 1.86 EF 0.59FGH 2.21CD 3.22A 0.86G 0.97BCDE 1.23ABCD 0.51CDEF 0.73CDEF 
Site 7 2.43CDE 3.28B 2.41EFG 2.25DE 0.63FGH 2.48CD 1.66DEF 1.65E 1.61ABC 1.15ABCDE 0.73BCDE 0.69DEF 
Site 8 2.38CDE 1.86D 2.24FG 1.81F 1.10EF 0.95E 1.94DE 0.95FG 1.47ABCD 0.43DEF 0.46DEF 0.69DEF 
Site 9 3.52B 5.29A N/A** 4.59AB 3.40B 4.77B N/A 4.47A 1.37ABCD 1.06ABCDE N/A 1.25B 
Site 10 4.61A 5.44A 2.95CDE 5.07A 4.16A 5.58A 2.53BC 4.92A 2.18A 1.82A 1.04BC 1.07BCD 
Site 11 2.95CDE 5.52A 1.80GH 4.52B 2.18C 5.84A 1.54DEF 4.75A 1.44ABCD 1.67AB 0.30EF 0.66DEF 
Site 12 0.82G 1.76D 1.61H 2.32DE 0.11H 1.42E 1.31F 1.41EF 0.29E 0.37EF 0.03F 0.38EF 
Site 13 1.07FG 2.70BC 1.85GH 1.86EF 0.36GH 2.39CD 1.42EF 1.08FG 0.18E 1.35ABC 0.36EF 0.74CDEF 
Site 14 3.21BC 2.65BC 3.69 AB 2.46D 2.43C 1.99D 3.14A 2.18CD 1.23ABCD 0.02F 0.94BCD 0.27F 
TA: total aerobic counts; YM: total yeast and mold counts; TC: total coliform counts. 
PL: packing line. 
* A different letter in the same column shows a significant difference (P < 0.05) in TA, YM, or TC counts at a specific sample site
from the counts at other sites sampled within the same plant.
** PL 3 does not have site 9, a single period (.) was used when conducting the statistical analysis in SAS.
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Table 3-4 Mean TA, YM, and TC counts in samples collected from individual PLs at different sampling times 
Mean population (log CFU/cm2) 

Sampling TA YM TC 
 time PL 1 PL 2 PL 3 PL 4 PL 1 PL 2 PL 3 PL4 PL 1 PL 2 PL 3 PL 4 
T1 2.11B*b* 2.75Ba 2.04Bb 2.24Bb 1.37Ac 2.39Ba 1.70Bbc 1.85Bb 1.08Aa 0.33Bb 0.26Bb 0.43Cb 
T2 2.80Ab 3.49Aa 3.13Aa

b
3.33Aa 1.49Ac 2.90Aa 2.65Aab 2.52Ab 1.15Aa 1.21Aa 1.08Aa 0.94Ba 

T3 2.84Ab 3.54Aa 3.36Aa 3.47Aa 1.58Ac 2.98Aa 2.55Ab 2.69Aab 1.20Aa 1.28Aa N/A*** 1.24Aa 
TA: total aerobic counts; YM: total yeast and mold counts; TC: total coliform counts.  
T1: samples collected at 9 am; T2: Samples collected at noon; T3: samples collected at 3 pm. 
PL: packing line. 
*Uppercase letters compare the significance of the differences in TA, YM, and TC counts in samples collected at different sampling
times within each plant.
**Lowercase letters show the significance of the differences in TC, YM, or TC counts in samples collected from different plants at a
specific sampling time.
***Samples were unavailable due to the early ending of the packing days in the 2nd and 3rd visits.
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Table 3-5 Mean TA, YM, and TC counts in samples collected from various sites at different sampling times 
 Mean population (log CFU/cm2) 
    TA     YM     TC   
Site T1 T2 T3 T1 T2 T3 T1 T2 T3 
Site 1 1.36DEF*b** 2.89EFGa 3.39Ba 0.88EFb 2.20CDa 2.21Ca 0.01Cb 1.19ABa 1.56Aa 
Site 2 1.61CDEFb 2.77EFGa 3.19BCa 1.11EFb 1.95CDEFa 2.07CDa 0.00Cb 0.79BCa 1.31ABa 
Site 3 2.37BCa 3.04EFGa 3.21BCa 1.77Da 2.16CDEa 2.25Ca 0.06Cb 0.82BCab 1.36Aa 
Site 4 4.29Aa 3.40CDEb 3.41Bb 2.95BCa 2.42Cb 2.01CDEb 2.16Aa 1.38ABa 1.47Aa 
Site 5 1.94CDb 3.61CDa 3.12BCa 1.46DEb 2.32CDa 2.04CDa 0.57BCb 1.58Aa 1.13ABab 
Site 6 1.57CDEFb 3.32CDEFa 2.91BCa 1.24DEb 1.89CDEFa 1.80CDEa 0.26Cb 1.17ABa 1.36Aa 
Site 7 1.81CDEb 2.98DEFGa 3.10BCa 0.91EFb 2.00CDEFa 1.96CDEa 0.50BCb 1.32ABa 1.51Aa 
Site 8 0.97EFb 2.69FGa 2.63CDa 0.61Fb 1.47EFa 1.56DEa 0.43BCa 0.94ABCa 1.08ABa 
Site 9 4.19Aa 4.97Aa 4.40Aa 4.15Aa 4.73Aa 3.91Ba 0.85BCa 1.56Aa 1.31ABa 
Site 10 4.28Ab 4.54ABab 5.08Aa 4.18Aa 4.27ABa 4.84Aa 1.30ABa 1.55Aa 1.85Aa 
Site 11 3.24Bb 4.02BCa 4.38Aa 3.47Bb 3.87Bab 4.07Ba 0.61BCa 1.11ABa 1.62Aa 
Site 12 1.17DEFa 1.81Ha 1.99Da 0.52Fb 1.31Fa 1.41Ea 0.01Ca 0.41Ca 0.49BCa 
Site 13 0.86Fb 2.34GHa 2.53CDa 0.57Fb 1.64DEFa 1.80CDEa 0.07Cb 0.95ABCa 1.14ABa 
Site 14 2.89Ba 3.13DEFa 2.85BCa 2.49Ca 2.47Ca 2.18CDa 0.66BCa 0.79BCa 0.20Ca 

TA: total aerobic counts; YM: total yeast and mold counts; TC: total coliform counts. 
T1: samples collected at 9 am; T2: Samples collected at noon; T3: samples collected at 3 pm. 
*Uppercase letters in the same column compare the significance of the differences in TA, YM, and TC counts among different sample 
sites at each sampling time. 
**Lowercase letters show the significance of differences in TA, YM, or TC counts among three sampling times at the same site. 
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Table 3-6 Incidence of TTC and EC in samples collected from various sites of 4 fresh peach 
packing lines. 

 

Number 
of 

positive 
samples 

Number 
of 

samples 
per unit 

Percentage 

(%) 

Number 
of 

positive 
samples 

Number 
of 

samples 
per unit 

Percentage 

(%) 

 TTC EC 

PL       

PL 1 39 121 32.23 14 121 11.57 
PL 2 53 126 42.06 7 126 5.56 
PL 3 22 91 24.18 21 91 23.08 
PL 4 42 126 33.33 21 126 16.67 
       
Sampling site       

Site 1 12 34 35.29 6 34 17.65 
Site 2 12 34 35.29 8 34 23.53 
Site 3 10 34 29.41 8 34 23.53 
Site 4 16 34 47.06 9 34 26.47 
Site 5 17 34 50.00 2 34 5.88 
Site 6 12 34 35.29 2 34 5.88 
Site 7 18 34 52.94 2 34 5.88 
Site 8 11 34 32.35 2 34 5.88 
Site 9 12 26 46.15 5 26 19.23 
Site 10 14 33 42.42 9 33 27.27 
Site 11 10 32 31.25 4 32 12.50 
Site 12 1 33 3.03 1 33 3.03 
Site 13 7 34 20.59 2 34 5.88 
Site 14 4 34 11.76 3 34 8.82 
       
Sampling time       

T1 22 163 13.50 11 163 6.75 
T2 71 162 43.83 31 162 19.14 
T3 63 139 45.32 21 139 15.11 
Total   156 464 33.62 63 464 13.58 

TTC: Thermo-tolerant coliforms; EC: Enterococci.  
PL: Packing line.  
T1: samples collected at 9 am; T2: Samples collected at noon; T3: samples collected at 3 pm. 
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      CHAPTER 4  

MICROBIAL LOADS ON FRESH PEACH AND GLOVES WORN BY PEACH PACKERS IN 

SELECTED PACKING FACILITIES IN GEORGIA 

____________________ 

Wang, P., Pitts, K. B., Chavaz, D., and Chen, J.  To be submitted to LWT - Food Science and 

Technology.  
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ABSTRACT 

Duplicate peach samples were collected from the dumping and weighing areas of four fresh 

peach packing lines in Georgia at 0, 3, and 6 h into the packing process on 3 random packing 

days per operation in the summers of 2018 and 2019, along with duplicate glove samples from 

peach sorters and packers at the manual sorting and packing areas.  The samples were analyzed 

for total aerobes (TA), total yeasts and molds (YM), and total coliforms (TC), as well as the 

incidence of thermotolerant coliforms (TTC) and enterococci (EC).  Not affected by sampling 

times, peach samples from the weighing area had significantly higher (P<0.05) levels of TA, 

YM, and TC counts and >5 or 3 times higher incidence of TTC or EC than samples from the 

dumping area.  The levels of TA, YM, and TC on gloves from peach sorters and packers were 

similar, but they were significantly higher at the 3 and 6 h sampling points than the 0 h sampling 

point.  Among analyzed glove samples, 39.39% and 7.58% tested positive for TTC or EC.  This 

study indicated that the packing process itself, as well as the sorters and packers involved, may 

be important sources of fresh peach contamination. 

Keywords: Indicator organisms, fresh produce, peach, gloves, fresh produce packing line 



76 

4.1. Introduction 

The commercial fresh produce packing process involves sorting, grading, and weighing 

and some operations may also require washing/rinsing (U.S. FDA, 2015) to reduce surface 

contaminants and achieve better produce quality.  The process has been deemed as one of the 

key steps influencing the microbial safety of fresh produce, according to the Produce Safety Rule 

of the Food Safety Modernization Act (FSMA).  Studies have linked the elevated microbial loads 

on fresh produce to contact with contaminated packing equipment (Ilic, Odomeru, & LeJeune, 

2008; Izumi, Poubol, Hisa, & Sera, 2008) and postharvest water (Castillo et al., 2004; Gagliardi, 

Millner, Lester, & Ingram, 2003), or employees with poor agricultural practices (Heredia et al., 

2016).  Other studies have reported that when sufficient sanitizers were used and their 

concentrations were properly maintained in the produce wash water, the levels of microbial 

contaminations on packed produce could be significantly reduced, although the contaminants 

could not be eliminated (De et al., 2018; Materon, Martinez-Garcia, & McDonald, 2007).  In 

some facilities, however, the packing process did not seem to have profoundly improved the 

microbial quality of fresh produce, and the microbial loads on packed fruits had numerically, but 

insignificantly, higher (P > 0.05) microbial loads than unpacked fruits (Quansah et al., 2019).    

Peaches harvested from the field are usually covered with a dense layer of trichomes 

which are considered as part of the plant defense mechanisms, preventing pathogens and other 

pollutants from reaching the peach epidermis (Karabourniotis, Liakopoulos, Nikolopoulos, & 

Bresta, 2019).  A laboratory study illustrated the removal of trichomes can cause micro-damages 

to the epidermis and increases the polarity of the peach surface which consequently becomes 

relatively more hydrophilic and more attractive to microbial contamination from the environment 
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(Fernández et al., 2011).  However, the microbial quality of peaches from commercial packing 

operations with the washing/rinsing step in place have not been explored previously.   

The fresh peach packing process relies heavily on human handling such as sorting and 

weighing, where human hands may have direct contact with the surface of the peach.  To 

minimize the potential transmission of human pathogens from contaminated hands onto produce 

surface (Conover & Gibson, 2016), peach sorters and packers are required to properly wash their 

hands before entering the working station (U.S. FDA, 2018), and gloves are sometimes required 

by either the clients or packing facilities to achieve an additional layer of protection (Montville, 

Chen, & Schaffner, 2001).  However, gloves may occasionally be damaged during a prolonged 

packing process or intensive production activities (Paulson, 2002).   Both intact and damaged 

gloves can facilitate the cross-contamination among fresh produce (Qi, He, Beuchat, Zhang, & 

Deng, 2020) between contaminated hands and contacted produce (Jensen, Danyluk, Harris, & 

Schaffner, 2017).  Therefore, investigating microbial buildups on the surface of gloves overtime 

becomes pivotal as an attempt to explore the best practices for glove-wearing during the fresh 

peach packing process.  

The objective of this study was to examine the microbial quality of fresh peaches in 

selected commercial packing operations and the microbial status of gloves worn by peach 

packers.  

4.2. Material and methods 

4.2.1. Sample collection  

In the harvest seasons of 2018 and 2019, four fresh peach packing operations (coded as 

M, N, P, and Q) in Georgia were visited on 3 different packing days at each operation.  On an 8-

hour operation day, duplicate fresh peach samples (5 peaches/sample) were collected at 0, 3, and 
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6 h of the packing process from the dumping and weighing areas of the packing lines.  Collected 

peach samples were placed in sterile sample bags (Fisher Scientific, Pittsburgh, PA USA). 

Two glove samples with 3 pairs per sample were collected from peach sorters at the 

manual sorting area and packers at the weighing area after 3 h and 6 h into the packing process, 

and 2 samples of unused gloves were collected from the glove boxes at the beginning of the 

packing process (0 h).  The glove samples were placed in sterile sample bags (Fisher Scientific).  

Both peach and glove samples were kept at 4 ℃ in a portable cooler (Katy, TX USA) during 

transportation to the laboratory and stored at refrigeration condition (4 ℃) till analysis on the 

following day. 

The length of daily packing time in a facility usually depends on the amount of available 

fruits harvested on a particular day.  For this exact reason, packing operation P concluded its 

daily packing after 3 h during the second visit and after 45 min in the third visit.  Therefore, fruit 

and glove samples at the 6 h sampling point in the second visit, and the 3 h and 6 h sampling 

points in the third visit, were not available. 

4.2.2. Sample processing 

 Three peaches from each original fruit sample were randomly selected and placed in a 

sterile stomacher bag specified above, and the average weights per sample at the dumping and 

weighing areas were 531.32 g and 530.50 g, respectively.  After adding 200 ml phosphate-

buffered saline (PBS; pH 7.4), the bag was sealed and rotated ont an orbital shaker (Lab-line 

Instruments, Melrose, IL USA) at 225 rpm for 30 min, with 15 min for each side of the bag.  The 

samples were subsequently hand massaged for 1 min. 

A knot was tied at the wrist area of each glove in a collected sample to seal its inner 

surface.  This process was handled aseptically by wearing a pair of sterile gloves.  Three pairs of 
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gloves with tied knots were placed in a sterile bag with 100 ml PBS.  The gloves in the sample 

bags were hand massaged for 30 s, stomached (Seward Laboratory, Bohemia, New York, USA) 

at normal speed for 30 s, and hand massaged for another 30 s before analysis.    

Rinsates of both peach and glove samples were serially diluted when necessary and 

analyzed for the levels of total aerobes (TA) on tryptic soy agar plates and total coliforms (TC) 

on MacConkey plates at 37 ℃ for 24 h, and total yeasts and molds (YM) on acidified potato 

dextrose agar (using tartaric acid to pH 3.5) at 25 ℃ for 48-72 h.  Presumptive colonies of 

thermotolerant coliforms (TTC) and enterococci (EC) were selected on MacConkey plates at 

44.5 ℃ for 18-22 h and on m-Enterococcus agar plates at 37 ℃ for up to 48 h, respectively.  

Further biochemical tests were conducted by inoculating a loopful of presumptive TTC culture 

on triple sugar iron agar slants (TSI) and incubating at 37 ℃ and in EC broth at 44.5 ℃.  

Selected presumptive EC colonies were confirmed in brain heart infusion broth with 6.5% 

sodium chlorite at 37 ℃ under 24 h incubation.  The microbiological media used in this study 

were from Becton, Dickinson, and Company (Sparks, MD USA), except for the EC broth that 

was purchased from bio-WORLD (Dublin, OH USA).  The detection limits of the assay for 

peach samples ranged from 0.10 to 0.64 log CFU/g based on the weights of peach samples.        

The detection limit of the assay for glove sample was 1.92 log CFU/glove.  

 

4.2.3. Statistical analysis 

The means of TA, YM, and TC counts on fresh peach and glove samples were fit in two 

separate general linear models and tested for significant differences over sampling time by 

Fisher’s least significant difference tests, at different sampling locations and packing operations 

using SAS University Edition (SAS Institute, Cary, NC USA).  The incidences of TTC and EC 
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presence from fresh peaches and glove samples were calculated using the number of positive 

samples divided by the total numbers of samples collected from different packing operations, 

sample locations, or at different sampling times.  

4.3. Results 

4.3.1 Peach samples 

Based on the statistical test results in Table 4-1, the effect of packing operation was a 

significant factor (P < 0.05) influencing the TA and YM counts, but not the TC count.  Although 

there were no significant differences (P > 0.05) among the mean TA and TC counts on samples 

collected at different time intervals, the average counts of all 3 hygiene indicators on samples 

collected at the weighting area were significantly higher than those collected at the dumping area 

(Table 4-2).  Operation N and Q had similar mean TA counts which were significantly lower 

than the average TA count from operation M.  In comparison, operation P had the highest 

average TA count, and the samples from this operation also had an average YM which was 

significantly higher than the same indicator counts from the other 3 operations.  The same trends 

were observed when the TA and YM counts on fruit were analyzed based on the results from the 

dumping area of individual packing operations (Table 4-3), except that the differences in the 

average TA counts between the samples from Operation Q and M were not significant.  The two 

counts on peach samples collected at the weighing area of operation P were significantly higher 

than other operations involved in the study, except for the TA counts on samples from operation 

M.   

Most of the peach samples collected from the dumping area had a significantly lower (P 

< 0.05) level of the 3 indicators than the samples from the weighing area (Table 4-3).  However, 

the mean TA count on peach samples from operation P and the mean TC counts from operations 
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P and Q were not statistically different (P > 0.05) at different sampling locations.  The YM 

counts on peach samples collected at the dumping area was significantly higher than the ones 

collected at the weighing area of operation P.   

Fifty-eight fruit samples tested positive for TTC (43.94%), but only 4 out of the 132 

samples were positive for EC (3.03%) (Table 4-4).  Operation N had the highest TTC incidence, 

followed by operations P and Q, then M; EC was only isolated from operation M and P.  The 

incidences of TTC presence on fruit samples collected at the three different sampling points 

ranged from 42.50 to 45.45% with less than 3% differences between any two of the sampling 

points.  Two samples were positive for EC on samples collected after 3 h into packing (4.55%), 

while only one sample tested positive for EC among samples collected after 0 (2.08%) and 6 

(2.50%) h into packing.  The percentage of samples positive for TTC from the weighing area 

(74.24%) was more than 5 times higher than the samples collected at the dumping area (13.64%). 

Similarly, the number of samples tested positive for EC at the weighing area was more than 

doubled compared to the number of positive samples at the dumping area, although the 

incidences were both less than 5%.   

4.3.2. Glove samples 

Among all 3 effects tested, the levels of TA, YM, and TC on gloves were only affected 

(P < 0.05) by sampling time (Table 4-5).  Although the counts of all three indicators increased 

significantly in samples collected after 3 and 6 h, compared to 0 h, into the packing process, no 

significant differences (P > 0.05) were observed on glove samples collected from sorters and 

packers (Table 4-6).  The highest and lowest TA counts on gloves were found in operation M 

and P, respectively, and the mean YM count on gloves from operation N was significantly higher 

than the same count on samples from operation M.  
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More than one-third of the glove samples (26/66) tested positive for TTC, but only 7.58% 

(5/66) tested positive for EC (Table 4-7).  A higher incidence of TTC presence was noticed in 

operations N, followed by Q, P, and M.  Positive EC samples were only detected in operations M 

and Q.  Similar to the trend of the three hygiene indicators (Table 4-6), a higher incidence of 

TTC presence was found in samples collected after 3 and 6 h into the packing process, compared 

to the lower incidences from samples collected at the beginning of the packing.  Only samples 

collected at the 6 h sampling point tested positive for EC (25%).  Differences in the incidences of 

TTC on glove samples collected from the sorting vs. packing areas were less than 9%, while the 

incidences of EC positive glove samples collected from the two areas differed by less than 3%.    

4.4. Discussion 

In the present study, the levels of TA, YM, and TC counts on peach samples collected 

from the weighing area were 0.79, 0.54, or 0.92 log CFU/g higher than the respective counts on 

samples collected from the dumping areas (Table 4-2).  Similar to these results, a study taking 

place in a satsuma packing shed found 0.90 log CFU/g more mesophilic and fungi counts on fruit 

collected at the packing shed compared to those collected in the field (Izumi, Poubol, Hisa, & 

Sera, 2008).  Heredia et al. (2016) reported that the TC counts on cantaloupes collected in a 

packing environment in Mexico were 0.34 - 0.91 log CFU/fruit higher than the samples collected 

during transport.  The increase in microbial loads on produce during packing could be due to the 

failure in maintaining a sufficient concentration of sanitizers in wash water (Castillo et al., 2004; 

Gagliardi, Millner, Lester, & Ingram, 2003), improper produce handling practice, and poor hand 

hygiene (Bartz et al., 2017), as well as cross-contamination from equipment surface in the 

packing environment (Ilic, Odomeru, & LeJeune, 2008).   
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Different from the samples of other three operations, those from operation P had similar 

average TA and TC counts from the dumping and weighing areas (P > 0.05), and the average 

YM counts on samples from the weighing area were even significantly lower (P < 0.05) 

compared to the counts on samples from the dumping area (Table 4-3).  It is not known whether 

the smaller sample size of operation P (Table 4-2) played a role in the observed phenomena.  

What is known, however, is that the four packing operations used different sanitizers to 

decontaminate their fruit.  Operation P included a maximum of 1 ppm chlorine dioxide in peach 

wash water, while the rest of the operations all used chlorine as the added sanitizer in wash 

water; 50 ppm by operation N and Q, and 50 - 100 ppm by operation M (K. B. Pitts, personal 

communication, November 15, 2019).  Both chemicals rely on the high oxidation ability to 

achieve the bacterial disinfection.  The oxidation power of chlorine dioxide could be 2.5 times 

more than the same molar concentration of chlorine (Benarde, Snow, Olivieri, & Davidson, 

1967), but contact time between the sanitizer and fresh produce may also influence the efficacy 

of the washing step (Praeger, Herppich, & Hassenberg, 2018).  Previous research showed that 

treatment with 1 ppm chlorine dioxide for 1 min decreased the artificially-inoculated yeasts and 

molds on fresh blueberries by only 0.25 log CFU/g and other pathogens such as Listeria 

monocytogenes, Staphylococcus aureus, and Salmonella Typhimurium by less than 0.15 log 

CFU/g (Wu & Kim, 2007).  In a separate study, treating fresh lettuce with 100 ppm chlorine for 

1 min reduced the level of Escherichia coli O157:H7 by 0.7 log CFU/g (López-Gálvez, Gil, 

Truchado, Selma, & Allende, 2010).  These results suggest that the disinfecting effects of 

chlorine dioxide or chlorine in peach wash water used by each of the 4 peach operations, might 

be very limited.   
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It was noticed that peach samples collected from the dumping area of operation P had the 

highest (P < 0.05) average TA and YM counts, as well as the highest level (P>0.05) TC count 

compared to the respective counts on samples collected from the same area at other operations 

(Table 4-3).  Apart from the possible varietal differences of peaches packed in different 

operations, the choice of the adopted cooling process could play a role in affecting the microbial 

loads on peach samples upon arriving at the dumping areas.  Different types of cooling systems 

have been used by fresh produce packers to slow down the enzymatic activities of plant cells and 

spoilage microorganisms to achieve prolonged shelf life and product quality (Fellows, 2009).  In 

this study, peaches from operation P were subjected to air cooling in a cold room, while in other 

operations, peaches went through a hydro-cooling system which contained water with 50-100 

ppm chlorine (K. B. Pitts, personal communication, November 15, 2019).  The lower levels of 

hygiene indicators found on peach samples collected at the dumping areas of operation M, N, 

and Q could be attributed to the disinfecting effect of chlorinated hydro-cooling water.  A recent 

study found that when submerging Salmonella-inoculated blueberries into a simulated hydro-

cooling system with water containing 150 ppm chlorine at 2 ℃ with constant agitation for 6 min, 

more than 4 log CFU/g reduction in Salmonella population could be achieved (De et al., 2019).  

Another study concluded that hydro-cooling was superior to air cooling in controlling inoculated 

Salmonella on strawberries and could reduce the population of the pathogen to below the 

detectable level (Sreedharan, Tokarskyy, Sargent, & Schneider, 2015).  Furthermore, hydro-

cooling was thought to be 15 times more efficient than air cooling in reducing the internal 

temperature of fresh produce (Boyette, Estes, & Rubin, 1992).  Previous studies have, 

nevertheless, reported that if the concentration of the sanitizer in water is not sufficient to 

inactivate pathogens, hydro-cooling may facilitate the internalization of foodborne pathogens, 



85 

e.g. Listeria monocytogenes, into fresh produce such as cantaloupes (Macarisin et al., 2017) and

avocados (Chen, Evans, Hammack, Brown, & Macarisin, 2016) through the surface stem scars. 

Therefore, maintaining the proper concentration of sanitizers in hydro-cooling water is critical 

when this type of system is used in a peach packing operation.  

Sorters and packers in the packing operations involved in the present study were required 

to change gloves every 3 hours.  Interestingly, the findings of this study revealed that gloves 

collected at the 3 and 6 h sampling points had approximately similar levels of microbial 

contamination (Table 4-6).  Montville and Schaffner (2003) stated that the inoculum level of 

bacteria on produce can significantly affect their transfer rate from produce to the surface of 

hands/gloves.  In the current study, the levels of all three indicators on fruit passing the packing 

lines did not change significantly over time (Table 4-2), thus, it was reasonable for the gloves to 

contain similar levels of TA, YM, and TC counts after the first, and the second 3-h intervals on a 

packing day.  Microbial buildup on gloves during produce packing has not been explored 

previously in an industrial setting.  But in a related study in a commercial bell pepper 

packinghouse, it was found that after a 3-h of packing period, the TC counts on 50% of the bare 

hands of pepper sorters and handlers increased from the initial 1.8 log CFU/hand to 3.0 log CFU 

per hand, although on 20% of the sampled hands, the count decreased to the non-detectable level 

(Soto-Beltran, Campo, Campos-Sauceda, Aven-Bustillos, & Chaidez, 2015).  The authors 

attributed the reduction of TC counts on packers’ hands to the residual hand sanitizer of copper 

sulfate and transfer of TC to other contact surfaces (Soto-Beltran et al., 2015).   

The levels of all three indicators on glove samples were not significantly affected (P > 

0.05) by the type of peach handlers, sorters vs. packers (Table 4-5); furthermore, similar numbers 

of TTC/EC positive samples were identified from the two sources (Table 4-6).  These 
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observations are consistent with the findings of a commercial bell pepper packing line study 

where out of the 88 samples analyzed, the number of coliform positive samples from the sorters 

(n = 23) and packers (n = 22) varied only by 1 sample after a 3 h of packing period (Soto-Beltran 

et al., 2015).  Since the sorters and packers in the surveyed packing facilities are all assigned for 

a single, specific task, microbial loads on glove surfaces from both groups of workers should be 

closely linked to the same batch of fruit, if good agricultural and hygiene practices are followed 

and no other source of contamination is involved.  If produce sorters and packers are assigned 

with multiple responsibilities, the microorganisms from other sources, such as equipment 

surfaces, machine frameworks, and packaging containers, could all end up on their hands or 

gloves.  Some of these surfaces may not be cleaned as often as produce-contact surfaces, the risk 

of microbial transmission could be greater.  Therefore, limited activities must be assigned to each 

handler to slow down the microbial buildup on handlers’ hands or gloves and to reduce the risk 

of cross-contamination (Montville, Chen, & Schaffner, 2001; Paulson, 2002).  The authors 

realized that the number of glove samples examined in this study could be higher, future research 

with a large sample size should be conducted to confirm the finding of this study.   

4.5. Conclusions 

 Not affected by sampling time, peach samples from the weighing area had significantly 

higher (P < 0.05) average TA, YM, and TC counts and higher incidences of TTC and EC 

presence, compared to the samples collected from the dumping area, suggesting that the role of 

the packing process in decontaminating fresh fruit is very limited and should be improved.  The 

levels of TA, YM, and TC on gloves of peach sorters and packers were similar, but they were 

significantly higher at the 3 and 6 h sampling points comparing to the 0 h sampling point.  This 
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study indicates that the packing process and the sorters and packers involved are among the key 

elements in maintaining the microbial safety of peach detained for the fresh market.   
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Table 4-1 The results of the significance test for the effects of packing operation, sampling time, 
and sampling location on the levels of hygiene indicators on peach samples 

Indicators Effect DF Type III SS Mean Square F Value Pr > F 

TA Packing operation 3 12.04 4.01 10.78 0.0079 

 Sampling time 2 0.33 0.16 0.29 0.75 

 Sample location 1 17.68 17.68 31.56 <.0001 

YM Packing operation 3 21.93 7.31 37.32 0.0003 

 Sampling time 2 0.30 0.15 0.51 0.60 

 Sample location  1 7.52 7.52 25.81 <.0001 

TC Packing operation 3 0.57 0.19 1.04 0.49 

 Sampling time 2 1.61 0.80 2.08 0.13 

 Sample location 1 15.43 15.43 40.07 <.0001 

TA: total aerobes; YM: total yeasts and molds; TC: total coliforms  
DF: degrees of freedom, the number of degrees of freedom in this model is 25. 
The number of degrees of freedom associated with this model errors is 106.  
Type III SS: Type III sum of square 
Pr > F: P value, the tested effect is significant when the P value is less than 0.05.  
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Table 4-2 Total aerobe, total yeast and mold, and total coliform counts on peach samples 
collected from different packing operations, at different sampling times and locations (n=132) 

Fruit samples TA YM TC 
log CFU/g 

Packing operation 
M (n = 36) 3.36B 2.30B 1.19A 
N (n = 36) 2.83C 2.27B 0.98A 
P (n = 24) 3.95A 3.41A 1.37A 
Q (n = 36) 2.94C 2.18B 1.07A 
Sampling time 
0 h (n = 48) 3.30A 2.61A 1.30A 
3 h (n = 44) 3.15A 2.49A 1.01A 
6 h (n = 40) 3.15A 2.25B 1.01A 
Sampling location 
Dumping area (n = 66) 2.81B 2.19B 0.66B 
Weighing area (n = 66) 3.60A 2.73A 1.58A 

TA: total aerobes; YM: yeasts and molds; TC: total coliforms; the 4 packing operations were 
coded as M, N, P, and Q.  
Results with different letters were significantly (P < 0.05) different within each factor (packing 
operation, sampling time, or sample location). 
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Table 4-3 Total aerobe, total yeast and mold, and total coliform counts on peach samples 
collected at different sample locations and packing operations 

Indicators Sampling location 
Packing operation 

M (n=36) N (n=36) P (n=24) Q (n=36) 

TA Dumping area 2.97Bb 2.18Bc 3.94Aa 2.53Bbc 

 Weighing area 3.75Aab 3.48Abc 3.95Aa 3.35Ac 
YM Dumping area 2.08Bb 1.68Bb 3.55Aa 1.93Bb 

 Weighing area 2.52Ac 2.87Ab 3.28Ba 2.43Ac 
TC Dumping area 0.42Ba 0.49Ba 1.01Aa 0.91Aa 

 Weighing area 1.97Aa 1.48Abc 1.73Aab 1.23Ac 
TA: total aerobes; YM: yeasts and molds; TC: total coliforms; the 4 packing operations were 
coded as M, N, P, and Q.  
Results of each hygiene indicator (TA, YM, or TC) followed by different uppercase letters were 
significantly different (P < 0.05) within the same operation; results with different lowercase 
letters were significantly different among the 4 packing operations. 
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Table 4-4 Incidences of thermotolerant coliforms and enterococci on peach samples collected 
from different packing operations at different sampling times and locations 

Peach samples 

TTC EC 

No. of 
positive 
samples 

No. of 
samples 
per unit 

Percentage 
(%) No. of 

positive 
samples 

No. of 
samples 
per unit 

Percentage 

(%) 

Packing operation 
M 13 36 36.11 3 36 8.33 
N 20 36 55.56 0 36 0.00 
P 10 24 41.67 1 24 4.17 
Q 15 36 41.67 0 36 0.00 
Sampling time 
0 h 21 48 43.75 1 48 2.08 
3 h 20 44 45.45 2 44 4.55 
6 h 17 40 42.50 1 40 2.50 
Sampling location 
Dumping area 9 66 13.64 1 66 1.52 
Weighing area 49 66 74.24 3 66 4.55 
Total 58 132 43.94 4 132 3.03 
TTC: Thermotolerant coliforms; EC: Enterococci; The 4 packing operations were coded as M, 
N, P, and Q.  
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Table 4-5 Results of significance test for the effects of packing operation, sampling time, and 
peach handler on the levels of hygiene indicators on glove samples 
Indicators Effect DF Type III SS Mean Square F Value Pr > F 

TA Packing operation 3 0.91 0.30 0.32 0.81 

Sampling time 2 246.28 123.14 155.94 <.0001 

Peach handler  1 0.20 0.20 0.26 0.61 

YM Packing operation 3 17.79 5.93 4.00 0.070 

Sampling time 2 192.67 96.33 227.64 <.0001 

Peach handler 1 0.07 0.07 0.16 0.69 

TC Packing operation 3 1.45 0.48 0.32 0.81 

Sampling time 2 61.31 30.65 37.37 <.0001 

Peach handler 1 0.59 0.59 0.72 0.41 

TA: total aerobes; YM: total yeasts and molds; TC: total coliforms  
DF: degrees of freedom, the number of degrees of freedom in this model is 25. 
The number of degrees of freedom associated with this model errors is 40.  
Type III SS: Type III sum of square 
Pr > F: P value, the tested effect is significant when the P value is less than 0.05. 
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Table 4-6 Levels of total aerobes, total yeasts and molds, and total coliforms on glove samples 
collected from peach handlers at different packing operations and sampling times (n=66) 

Glove samples   
TA YM TC 

log CFU/glove 
Packing operation    
M (n = 18) 4.03A 2.25B 2.24A 
N (n = 18) 3.88AB 3.44A 2.07A 
P (n = 12) 3.05B 2.88AB 0.73A 
Q (n = 18) 3.71AB 2.83AB 1.78A 
Sampling time    
0 h (n = 24) 1.02B 0.54B 0.14B 
3 h (n = 22) 5.15A 4.10A 2.68A 
6 h (n = 20) 5.40A 4.23A 3.15A 
Peach handler    

Sorter (n = 32) 3.74A 2.82A 1.91A 
Packer (n = 34) 3.70A 2.87A 1.78A 

TA: total aerobes; YM: total yeasts and molds; TC: total coliforms; The 4 packing operations 
were coded as M, N, P, and Q; Sorter: gloves from peach handlers at the manual sorting area; 
Packer: gloves from peach handlers at weighing area.
The results with different uppercase letters within the same factor (packing operation, sampling 
time, or peach handler) were significantly (P < 0.05) different. 
 
 

 

 

 



Table 4-7 Incidences of TTC and EC on glove samples collected from peach handlers at different 
packing operations and sampling times 
 TTC EC 

Glove samples 

 

 

No. of 
positive 
samples 

No. of 
samples 
per unit 

Percentage 

(%)  

 

 

No. of 
positive 
samples 

No. of 
samples 
per unit 

Percentage 

(%)  

 

 

Packing operation       
M 4 18 22.22 3 18 16.67 
N 11 18 61.11 0 18 0.00 
P 3 12 25.00 0 12 0.00 
Q 8 18 44.44 2 18 11.11 
Sampling time       
0 h 1 24 4.17 0 24 0.00 
3 h 14 22 63.64 0 22 0.00 
6 h 11 20 55.00 5 20 25.00 
Peach handler       
Sorter 14 32 43.75 2 32 6.25 
Packer  12 34 35.29 3 34 8.82 
Total 26 66 39.39 5 66 7.58 

TTC: Thermotolerant coliforms; EC: Enterococci; The 4 packing operations were coded as M, 
N, P, and Q; Sorter: gloves from peach handlers at manual sorting area; Packer: gloves from 
peach handlers at weighing area  
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ABSTRACT 

Overhead spray washing and waxing systems (WWS) are used commercially to reduce the risk 

of microbial contamination and improve the quality of fresh produce during packing.  This study 

evaluated the microbiological quality of overhead spray water and spent peach wash water, as 

well as fresh peaches before and after they pass the WWS.  Pre- and post-washed/waxed peach 

samples (n=192) and overhead spray water and spent peach wash water samples (n=54) were 

collected several times over the course of a processing day in three packing facilities located in 

the state of Georgia.  Populations of total aerobes (TA), yeasts and molds (YM), and coliforms 

(TC) and the presence of thermotolerant coliforms (TTC) and enterococci (EC) were measured 

in collected samples.  The average TA and TC counts and the incidences of TTC and EC were 

significantly higher (P < 0.05) on peach samples collected after the WWS compared to those 

collected before the WWS.  Counts and incidences of TA, YM, and TC in spent peach wash 

water were significantly higher than in the overhead spray water where neither TTC nor EC was 

detected.  Results suggest that the commercial washing and waxing systems had little effect in 

improving the microbiological quality of fresh peaches. 
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5.1. Introduction  

 Foodborne pathogens and spoilage microorganisms can be introduced to fresh produce 

during production from contaminated irrigation water, soil and manure, animal shedding and 

feces, harvesting tools and containers, as well as produce handlers (Alegbeleye et al., 2018).  

These organisms are subsequently carried over to fresh produce packing facilities.  Some of the 

disinfection treatments that are commonly used to improve the microbiological quality of 

processed food such as pasteurization do not apply to raw agricultural commodities because they 

may alter the nature of the products (U.S. FDA, 2015).  Washing fresh produce with chemical 

sanitizers during postharvest packing is, nevertheless a common and economical approach to 

mitigate the potential risk of microbial contamination (Yoon and Lee, 2018). 

Washing fresh produce in a dump tank with added sanitizers is usually used in produce 

packing and minimal processing facilities (Castro-Ibáñez et al., 2016; De et al., 2018; Duffy et 

al., 2005; Ilic et al., 2008; Newman et al., 2017).  However, limited disinfection efficacy of these 

systems has been reported in numerous studies (Murray et al., 2018; Yoon and Lee, 2018; Zhou 

et al., 2014).  Cross-contamination between different batches of products could occur if water 

quality and the concentration of sanitizers are not maintained and properly monitored (Banach et 

al., 2017).  Overhead washing systems have therefore been adopted as an alternative in packing 

facilities of various fresh produce such as tomatoes, bell peppers, peaches, and grapefruits. 

(Balaguero et al., 2015; Soto-Beltran et al., 2015; Danyluk, et al., 2019).  The system consists of 

overhead nozzles and revolving brush beds.  The nozzles spray water containing sanitizers to the 

fresh produce to be washed, while the revolving brush beds remove dirt, leaves, and other 

contaminants from the product surface (Pao et al., 2012).  Overhead washing systems have been 

found more effective in reducing bacterial populations on produce surfaces than systems 
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consisting of wash tanks operated with similar sanitizer concentrations and contact times (Chang 

and Schneider, 2012; Balaguero et al., 2015).  However, detailed studies on the efficacies of 

overhead washing systems in improving the microbiological quality of fresh produce in 

commercial packing facilities are currently limited (Danyluk et al., 2019).  The risk of microbial 

contamination associated with the overhead washing system is, nevertheless of great concern to 

the growers who have adopted the system in their packing operations. 

Overhead spray washing systems are usually integrated with wax sprayers (WWS) in the 

fresh peach packing operations of Georgia.  The peach surface is covered with a dense layer of 

waxy trichomes (LaRue and Johnson, 1989).  The brush rollers inside the WWS facilitate the 

removal of the natural wax and possibly pesticide residues during washing (Dorsey and Potter, 

1932).  Subsequently, an artificial wax coating is applied to the peach surface to create a shiny 

and attractive appearance and to slow down fruit respiration and dehydration during storage 

(Baldwin et al., 2011).  Fungicides are occasionally added to the wax to control spoilage and 

extend the shelf-life of the products (Baldwin et al., 2011). 

In the present study, we determined the efficacy of WWS, in three commercial packing 

facilities of Georgia in decontaminating fresh peaches by 1). determining the microbial 

populations on the surface of fresh peaches collected before and after the washing/waxing 

process, and 2). assessing the microbiological quality of overhead spray water and spent peach 

wash water collected at different sampling times over the course of a packing day.   

5.2. Material and methods 

5.2.1. Fresh peach packing facilities involved in the study 

Three fresh peach packing facilities (F1, F2, and F3) in Georgia were involved in the 

current study.  The throughputs of the three facilities ranged from 9, 071 to 20, 411 kg per hour.  
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The WWS on the three packing lines had a similar design.  Fresh peaches are cooled by either 

forced air or non-circulated well water.  The temperature of the well water was ca. 1 ℃, whereas 

peach wash water was at ambient temperature.   

Peaches from the dumping area were conveyed on brush rollers inside the WWS, sprayed 

by the overhead spray water with added chlorine, dried by blowing air and coated with wax 

containing fungicide by the wax coating sprayers.  The chlorine concentration in the overhead 

spray water at F2 and F3 was 50 ppm, while a wider range of chlorine concentrations from 50 to 

100 ppm was used by F1 (Personal communication, 2019).  The wax (Prima Fresh® 220, Pace 

International, Rochester, MN USA) and fungicides were automatically mixed and injected into 

the spray bars based on the demand of daily production.  According to the facility managers, 

0.60 oz. or 0.80 oz. of Scholar® SC fungicide (Syngenta, Greensboro, NC USA) was used by F2 

and F3, respectively, and 2.05 oz. of PacRite FDL (Pace International, Wapato, WA) was used 

by F1 to treat 4, 536 kg of peaches.  The total residence time of a peach from the entrance to the 

exit of the WWS was estimated as 20 s. 

5.2.2. Collection and evaluation of fresh peach samples 

Eight independent samples, each containing 3 peaches, were randomly collected before 

and after the WWS every 2 h immediately after packing started (0 h) till the end of a packing day 

(6 h) in three fresh peach packing facilities (F1, F2, and F3) in Georgia in the summer of 2019.  

The average weights of the peach samples collected before and after the WWS were 349.85 and 

338.20 g, respectively.  Two 40-quart Igloo iceless thermoelectric coolers (Katy, TX USA) were 

used to maintain collected samples at 4 ℃ during transportation to the laboratory.  The peach 

samples were stored at 4 ℃ until analysis on the following day.   
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Each peach sample in a sterile polyethylene sample bag (Fisher Scientific, Pittsburgh, PA 

USA) was rinsed with 200 ml phosphate buffer saline (PBS, pH 7.4) on a platform shaker (Lab-

line Instruments, Melrose, IL USA) at 225 rpm for 30 min, with 15 min for each side of the 

sample bag.  Rinsed samples were subsequently massaged by hand for 1 min.  The rinsates were 

serially diluted in PBS when necessary and spread plated on different microbiological media.  

The counts of total aerobes (TA) and total coliforms (TC) were determined using tryptic soy agar 

and MacConkey agar, respectively at 37 ℃ for 24 h, and those of total yeasts and molds (YM) 

on potato dextrose agar acidified with tartaric acid to pH 3.5 at 25 ℃ for 48 – 72 h.  Presumptive 

enterococci (EC) and thermotolerant coliforms (TTC) were isolated using the m-Enterococcus 

agar and MacConkey agar and incubation at 37 ℃ for 24 – 48 h and 44.5 ℃ for 18 – 22 h, 

respectively.  Isolated EC were subsequently grown in brain heart infusion broth with 6.5% 

sodium chloride and TTC on triple sugar iron slant and EC broth at 37 ℃ for 24 – 48 h (bio-

WORLD, Dublin, OH USA).  The microbiological media used in this study were purchased from 

Becton, Dickinson, and Company (Sparks, MD USA), except for the EC broth, the supplier of 

which has been noted above. 

5.2.3. Collection and evaluation of overhead spray water and spent peach wash water samples 

In the peach harvest seasons of 2018 and 2019, the three packing facilities described in 

Section 5.2.1 were each randomly visited three times.  Three independent samples of overhead 

spray water and spent peach wash water (1,000 ml each) were collected after 0, 3, and 6 h into 

the packing process at each facility.  Each sample was placed in a 1-liter sterile HDPE wide-

mouth bottle (Thermo Fisher Scientific, Waltham, MA USA).  The overhead spray water 

samples were collected from the nozzles of the WWS, whereas spent wash water at the 

catchments located at bottom of the WWS.   
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All collected samples were handled, transported, and stored under the conditions 

described in Section 5.2.2.  Counts of TA, YM, and TC, as well as the incidences of TTC and EC 

in the collected samples were determined using the methodology described above.  Water 

samples (up to 100 ml) with non-detectable microorganisms (<1 CFU/ml) by the plate count 

assay were concentrated using a vacuum membrane filtration system which contained a sterile 

mixed ester cellulose water-testing filter membrane with 47 mm in diameter and 0.45 µm in pore 

size (Fisherbrand®, Pittsburgh, PA USA).  The membranes were placed on the same 

microbiological media and incubated under the same conditions described above.   

5.2.4. Statistical analysis  

Results of peach and water sampling were fitted into separated models in SAS University 

Edition (SAS Institute, Cary, NC USA).  Counts of TA, YM, and TC from peach samples were 

analyzed in a Proc Mixed model with the fixed effects of sampling facility, sampling time, and 

sampling location.  The random error term was created by the 8 replicates collected at each 

location.  The significance of all fixed effects was tested by the Kenward-Roger approximation.  

Counts of TA, YM, and TC from water samples were arranged into a split-plot experimental 

design creased by the Proc GLM model and tested by Fisher’s least significant difference tests.  

The packing facility was considered the whole plot effect, sampling time and sampling location 

were the subplot effects.  The randomization of the water sampling model was the 3 repeated 

visits to each packing facility, while the interaction of visit and packing facility effect was the 

whole plot error term for this model.  The incidences of TTC and EC presence were reported as 

the percentage of positive samples in the total number of samples analyzed within each factor.   
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5.3. Results and discussion 

5.3.1. Microbiological quality of fresh peach samples 

Results of statistical analysis revealed that participating packing facility was a significant 

factor (P < 0.05) influencing the levels of all microbial indicators evaluated in the study (Table 

5-1).  On average, peach samples collected from F2 had significantly higher (P < 0.05) mean TA 

and YM counts than F3 which in turn had significantly higher TA and YM counts than F1 (Table 

5-2).  Significantly different TC counts were seen among the three packing facilities with F1 had 

the highest counts, following by F2 and F3.   

Sampling time also significantly (P < 0.05) affected the mean TA and TC counts but not 

the YM counts (P > 0.05) (Table 5-1).  The mean TA count from samples collected at the 0 h 

sampling point was significantly lower than samples collected at the other three intervals (Table 

5-2).  Samples collected at the 2 h sampling point had a significantly higher YM count than those 

collected at 0 and 4 h sampling points, a significantly lower TC count than those from the 0 h 

sample point, and a significantly higher TC count than samples collected at the 4 h sampling 

point.  Samples collected after the WWS had significantly higher average TA and TC counts but 

a similar YM count compared to the samples collected before the WWS.   

When averaging the microbial loads from the three packing facilities (Table 5-3), the 

mean TA counts in samples collected after the WWS were significantly higher (P < 0.05) at all 

sampling points compared to the samples collected before the WWS, however, differences in the 

microbial loads between the two sets of samples became smaller as the length of packing time 

increased.  A similar observation was, however, not made with the YM and TC counts.  Mean 

YM counts were significantly higher at 0 h but significantly lower at 4 and 6 h in samples 

collected after the WWS compared to those collected before the WWS.  Mean TC counts in 
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samples collected after the WWS were also significantly higher than those in samples collected 

before the WWS.  

Average TA, YM, and TC counts in samples collected after the WWS of individual 

packing facilities were significantly higher (P < 0.05) compared to the counts from the samples 

collected before the WWS, except that the average YM counts in samples collected from F1 and 

F3 (Table 5-4).  Samples from F2 had the highest increase in average TA and YM counts and the 

lowest increase in average TC count between the two sets of samples.  Samples from F1 had the 

lowest average TA and YM count increase and the highest average TC count increases between 

the two sets of samples. 

Among the 192 tested peach samples (Table 5-5), 88 were positive for TTC (45.83%).  

The highest incidence of TTC (54.69%) was found in samples from F1, followed by those from 

F2 (46.88%) and F3 (35.94%).  More than 50% of the samples tested positive for TTC at the 0 

and 6 h sampling points, while incidences were relatively lower (both at 35.42%) in the two 

middle sampling points.  The positive rate of TTC in peach samples (67.71%) was more than 

doubled in samples collected after the WWS than those collected before the WWS (23.96%).  As 

for EC, only 10 samples were confirmed positive in the total of 192 samples collected (5.21%, 

Table 5-5).  Samples from F1 had the highest incidence of positive samples, followed by those 

from F3 and F2.  The incidence of EC was the lowest at the beginning of the packing day 

compared to the rest of the sampling points.  EC was not detected from samples collected before 

the WWS, while 10.42% of samples collected after the WWS tested positive for EC.  

 5.3.2. Microbiological quality of overheard spray water and spent peach wash water 

The packing facility had a significant influence (P < 0.05) on the levels of all three 

microbial indicators in tested water samples (Table 5-6).  Water samples from F1 and F2 had 
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similar (P > 0.05) levels of the three microbial indicators which were significantly lower than the 

levels of microbial loads in samples from F3 (Table 5-7).  The average TC counts at the 0 h 

sampling point were significantly higher than the counts in samples collected at the 6 h sampling 

point (Table 5-7).  The levels of all three indicators were significantly higher in spent peach 

wash water than in the overhead spray water which had a mean TA and YM count of less than 5 

CFU/100 ml and a non-detectable mean TC count (< 0.01 CFU/100 ml).  

Among the 54 water samples tested, TTC has only been detected in 10 spent peach wash 

water samples (37.04%), 9 from F3 (50%), and 1 from F1 (5.56%) (Table 5-8).  At the 0 h 

sampling point, TTC was found in 4 samples (22.22%), while 3 samples each were found at the 

other two time points (16.67%).  With an overall incidence of 9.26%, all 5 EC positive samples 

were from spent peach wash water in F3 (27.78%).  EC was not detected at the beginning of the 

packing day but was found in 16.67 and 11.11% of the samples collected at the 3 h and 6 h 

sampling points, respectively.   

5.3.3. Relevance and significance of the research findings 

The average counts of TA and TC and incidences of TTC and EC presence on peach 

samples collected after the WWS were significantly higher (P < 0.05) than those collected before 

the WWS in the present study (Table 5-2).  One of the possible sources for the additional 

microbial load on washed/waxed peach samples is the overhead spray water.  However, the three 

packing facilities involved in the study regularly monitored the chlorine concentrations and pH 

levels of overhead spray water (Personal communication, 2019).  The low TA and YM counts 

and the non-detectable TC, TTC, and EC counts in the overhead spray water samples (Tables 5-7 

and 5-8) suggest that the monitoring programs were effective in maintaining the microbiological 

quality of overhead spray water.  In comparison, spent peach wash water had significantly higher 
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levels of TA, YM, and TC counts (Table 5-7) and higher incidences of TTC and EC presence 

(Table 5-8), which suggest that the revolving brush beds could be the source of contamination 

and the sanitizer added to peach wash water might be insufficient to completely inactivate the 

microorganisms in the WWS. 

The brush rollers are enclosed inside the WWS on a commercial peach packing line, it is, 

therefore hard to reach, and deeply clean and sanitation are impossible without completely 

dissembling the equipment.  Insufficient sanitation of brush rollers from the previous production 

day could result in the retention of microorganisms within the brush bristles (Wang et al., 2012).  

According to the results of a previous survey of our laboratory where various sites of four 

different fresh peach packing lines were surveyed and microbial loads enumerated, brush rollers 

had an average of 4.29 log CFU/cm2 of TA, 2.95 log CFU/cm2 of YM, and 2.16 log CFU/cm2 of 

TC in the early morning hours before packing started (Wang et al., 2021).  The estimated contact 

time between fresh peach and brush beds during packing was estimated at ca. 20 s (Personal 

communication, 2019).  The microbial cells on brush beds could be transferred to packed 

products.  During fruit passage through the WWS, simultaneous fruit to fruit cross-contamination 

is also likely to occur.  These arguments are supported by some of the observations of the current 

and several previous studies.  In the current study, EC was not detected from peach samples 

collected before the WWS, but 10.42% of the peach samples collected after the WWS tested 

positive (Table 5-5).  TTC was detected in 23.96% of the peach samples collected before the 

WWS, and the incidence increased to 67.71% in samples collected after the WWS.  A study 

performed by another laboratory demonstrated that contact with brush rollers artificially 

inoculated with 6.9 log CFU/cm3 of Salmonella for 10 s added 5.7 ± 0.1 log CFU/cm2 of 

Salmonella cells to tomato surface (Pao et al., 2009).  In a previous study performed in a pilot-
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scale tomato packing experiment, Wang and Ryser (2014) found that after the first batch of 

Salmonella-inoculated tomatoes going through brush rollers, 8% of the subsequent tomatoes 

were contaminated with the pathogen.  These findings emphasized the necessity of daily cleaning 

and sanitizing of brush rollers during the production season.   

The WWS reduces microbial contamination on fresh peaches through the combination of 

mechanical forces of spraying, brushing and flushing, sanitizer disinfection, and fungicide action 

(Pao et al., 2009; Baldwin et al., 2011).  In the current study, the YM counts on peaches collected 

after the WWS were only 0.03 log CFU/g lower than those on fruits collected before the WWS, 

and a similar decrease in the average TA and TC counts was not even observed (Table 5-2).  

These observations could be attributed to the insufficient treatment time and sanitizer 

concentrations used by the three packing facilities.  In a pilot plant study, overhead spray with 

water alone or water containing 50 ppm sodium hypochlorite for 15 s removed a similar number 

of Salmonella cells from the tomato surface (Chang and Schneider, 2012).  However, when the 

spray time increased to 30 s, the Salmonella counts on chlorine-treated tomato surfaces was 

significantly lower (P < 0.05) compared to the water-treated control samples.  As stated 

previously, the chlorine concentration used in overhead spray water at F2 and F3 was 50 ppm, 

while a wider range of chlorine concentrations from 50 to 100 ppm was used by F1.  A fresh 

peach passed through the WWS in about 20 s, the actual spray washing time inside the WWS 

could be even shorter.  To improve the efficacy of WWS, extending the length of spray time 

and/or increasing the concertation of chlorine in peach wash water might be among the feasible 

alternatives for the current practices.  Extending the length of spray time could be accomplished 

by adjusting the speed of peach conveyor beds.  Increasing the concentration of sanitizer in 

overhead spray water is feasible since chlorine at concentrations up to 75-150 ppm is normally 
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used in produce wash water (Suslow, 2000), although the actual concentration of a commercial 

chlorine-based product should not exceed the maximum level specified on its label registered 

with the U.S. Environmental Protection Agency.  

It is worth mentioning that although the levels of TA and TC counts were significantly 

higher on samples collected after than before the washing/waxing process (Table 5-2), the 

differences in the two sets of counts were relatively smaller at the 4 h and 6 h sampling points 

compared to samples collected at the earlier sampling intervals (Table 5-3).  The averages of YM 

counts on samples collected after the WWS at the 4 and 6 h sampling points were even slightly 

lower than those collected before the WWS (Table 5-2).  It was noticed in the current study that 

the WWS was usually running during the lunch break between the 2 h and 4 h sampling points 

for ca. 15-30 min without passing fruits.  This practice may have sanitized the brush rollers to a 

certain degree, making fruit samples collected before and after the WWS at these two sampling 

points had narrower differences in microbial loads.  These results suggest that additional 

mitigation measures other than post-operational sanitation could be adopted to further improve 

the hygiene status of brush rollers.  For instance, a pre-operational running of the WWS may 

potentially improve the hygiene status of brush rollers and reduce the level of microbial carry-

over to incoming peaches.  

In addition to chlorine, Scholar® SC or PacRite FDL fungicide (Greensboro, NC USA) 

was added into wax coating sprayers by the three packers involved in this study (Personal 

communication, 2019).  The active ingredients of the products are fludioxonil which can 

effectively control Rhizopus rot and gray mold, common fungal contaminations associated with 

postharvest peach (Förster et al., 2007).  In addition to this fungicide, chlorine also has antifungal 

activities.  A previous study showed that dipping inoculated fresh tomatoes into 100 ppm 



113 

chlorine for 1 min reduced the YM counts by 0.70 log CFU/g (May and Fickak, 2003).  In the 

present study, the YM was the only microbial indicator that did not increase significantly after 

peach samples passed through the WWS (Table 5-2), this result could be attributed to the 

synergic effects of fungicide and chlorine in the WWS.   

 5.4. Conclusions 

The WWS had limited effect in decontaminating passing fruit according to the results of 

this study.  Mean counts of TA and TC, as well as the incidences of TTC and EC, were 

significantly higher (P < 0.05) on peach samples collected after than before the WWS; although 

opposite observation in YM counts at most of the sampling points were noticed.  The water 

monitoring program of the three facilities was effective as no TC, TTC, and EC were detected in 

the overhead spray water.  The study suggests that additional sanitation mitigation should be 

considered to further improve the hygiene status of brush rollers inside the WWS, subsequently 

the microbiological quality of fresh peaches.  
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Table 5-1 Type III tests for fixed effects by the statistical model of peach sampling (α=0.05) 
Indicator Effect DF F Value Pr > F 

TA Packing facility 2 53.4 <.0001 

Sampling time 3 4.67 0.0037 

Sample site 1 125.72 <.0001 

YM Packing facility 2 20.85 <.0001 

Sampling time 3 2.38 0.072 

Sample site 1 0.45 0.50 

TC Packing facility 2 58.51 <.0001 

Sampling time 3 15.73 <.0001 

Sample site 1 159.58 <.0001 

TA: total aerobes; YM: total yeasts and molds; TC: total coliforms  
DF: Degree of freedom  
The number of degrees of freedom associated with this model errors is 161. 
Pr > F: P value, reflects the significance of the effect; when the value in this column is smaller 
than 0.05, it is a significant effect.  
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Table 5-2 Average counts of total aerobes, total yeasts and molds, and total coliforms on peach 
samples collected from the washing and waxing system (WWS) at different sampling points and 
sites in different packing facilities (n=192) 

Peach samples collected at the 
WWS  

Mean population (log CFU/g) 
TA YM TC 

Of different packing facilities    

F1 (n=64) 2.91±0.05C 2.94±0.05C 1.48±0.12A 
F2 (n=64) 3.53±0.09A 3.29±0.05A 1.03±0.08B 
F3 (n=64) 3.23±0.07B 3.12±0.03B 0.70±0.07C 
At different sampling points    
0 h (n=48) 3.08±0.09B 3.07±0.07B 1.36±0.13A 
2 h (n=48) 3.28±0.09A 3.21±0.05A 1.10±0.12B 
4 h (n=48) 3.22±0.07A 3.06±0.05B 0.79±0.11C 
6 h (n=48) 3.32±0.10A 3.11±0.05AB 1.04±0.10B 
At different sample sites    
After the WWS (n=96) 3.50±0.05A 3.10±0.04A 1.44±0.08A 
Before the WWS (n=96) 2.95±0.06B 3.13±0.04A 0.70±0.07B 

Mean population: mean ± standard error of the mean 
TA: total aerobes; YM: total yeasts and molds; TC: total coliforms   
F1-F3: packing facilities 
The 0 h samples were collected immediately after packing started. 
The results followed by different letters within the same effect (packing facility, sampling time, 
or sample site) were significantly different (P < 0.05). 
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Table 5-3 Mean counts of total aerobes, total yeasts and molds, and total coliforms on peach 
samples collected before and after the washing and waxing system (WWS) at different sampling 
points 

Indicator Sample site Mean population (log CFU/g) 
0 h 2 h 4 h 6 h 

TA After the WWS 
WWS

3.55±0.05A 3.61±0.07A 3.38±0.05A 3.45±0.10A 
Before the WWS 2.60±0.08B 2.96±0.09B 3.05±0.08B 3.19±0.09B 
Difference 0.95 0.65 0.33 0.26 

YM After the WWS 3.24±0.08A 3.21±0.05A 2.98±0.05B 2.97±0.05B 
Before the WWS 2.90±0.06B 3.21±0.05A 3.15±0.04A 3.26±0.04A 
Difference 0.34 0.00 -0.17 -0.29

TC After the WWS 1.76±0.12A 1.67±0.11A 0.96±0.08A 1.37±0.08A

Before the WWS 0.96±0.11B 0.52±0.07B 0.62±0.12B 0.70±0.09B

Difference 0.80 1.15 0.34 0.67
Mean population: mean ± standard error of the mean 
TA: total aerobes; YM: total yeasts and molds; TC: total coliforms  
Difference: counts collect after the WWS minus those collected before the WWS.  
The 0 h samples were collected immediately after packing started. 
Means of TA, YM, or TC followed by different letters within the same sampling time were 
significantly different (P < 0.05) from each other. 
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Table 5-4 Mean counts of total aerobes, total yeasts and molds, and total coliforms on peach 
samples collected before and after the washing and waxing system (WWS) in different packing 
facilities 

Indicator Sample site Mean population (log CFU/g) 
F1 F2 F3 

TA After the WWS 3.06±0.04A 3.95±0.03A 3.49±0.05A 
 Before the WWS 2.77±0.06B 3.11±0.09B 2.97±0.06B 
 Difference 0.29 0.84 0.52 
YM After the WWS 2.82±0.05B 3.43±0.04A 3.04±0.03B 
 Before the WWS 3.05±0.04A 3.14±0.06B 3.19±0.03A 
 Difference -0.23 0.29 -0.15 
TC After the WWS 2.20±0.08A 1.16±0.06A 0.97±0.06A 
  Before the WWS 0.76±0.09B 0.91±0.10B 0.43±0.07B 
 Difference 1.44 0.25 0.54 

TA: total aerobes; YM: total yeasts and molds; TC: total coliforms  
F1-F3: packing facilities  
Difference: counts collected after the WWS minus those collected before the WWS. 
Means of TA, YM, or TC counts followed by different letters within the same packing facility 
were significantly different (P < 0.05). 
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Table 5-5 Incidences of TTC and EC on peach samples collected from the washing and waxing 
system (WWS) at different sampling points and sample sites in different packing facilities 

Peach samples 
collected at the 
WWS 

 
 

No. of 
positive 
samples 

No. of 
samples 
per unit 

Percentage 
(%)  

No. of 
positive 
samples 

No. of 
samples 
per unit 

Percentage 
(%)  

TTC EC 

Of different 
packing facilities  

      

F1 35 64 54.69 7 64 10.94 

F2 30 64 46.88 1 64 1.56 

F3 23 64 35.94 2 64 3.13 

At different 
sampling points 

      

0 h 27 48 56.25 1 48 2.08 

2 h 17 48 35.42 3 48 6.25 

4 h 17 48 35.42 3 48 6.25 

6 h 27 48 56.25 3 48 6.25 

At different 
sample sites 

      

After the WWS 65 96 67.71 10 96 10.42 

Before the WWS 23 96 23.96 0 96 0.00 

       

Total 88 192 45.83 10 192 5.21 

TTC: Thermo-tolerant coliforms 
EC: Enterococci 
F1-F3: packing facilities 
The 0 h samples were collected right after packing started.  
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Table 5-6 Type III tests for fixed effects by the statistical model of water sampling (α=0.05) 
Indicator Effect DF Type III SS Mean Square F Value Pr > F 

TA Packing facility 2 45.22 22.61 15.22 0.0135 

Sampling time 2 0.83 0.42 0.99 0.3828 

Sample site 1 115.60 115.60 273.67 <.0001 

YM Packing facility 2 25.34 12.67 43.82 0.0019 

Sampling time 2 0.10 0.05 0.14 0.8712 

Sample site 1 68.77 68.77 186.44 <.0001 

TC Packing facility 2 22.78 11.39 82.17 0.012 

Sampling time 2 0.70 0.35 2.32 0.1256 

Sample site 1 12.66 12.66 84.14 <.0001 

TA: total aerobes; YM: total yeasts and molds; TC: total coliforms 
DF: degrees of freedom, the number of degrees of freedom in this model is 24. 
The number of degrees of freedom associated with this model errors is 99.  
Type III SS: Type III sum of square 
Pr > F: P value, reflects the significance of the effect; when the value in this column is smaller 
than 0.05, it is a significant effect.  
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Table 5-7 Average counts of total aerobes, total yeasts and molds, and total coliforms in 
overhead spray water and spent peach wash water at different sampling points and sample sites 
in different packing facilities (n=54) 

Water samples collected at the WWS  Mean population (log CFU/100 ml) 
TA YM TC 

Of different packing facilities    
F1 (n=18) 1.12±0.28B 0.75±0.23B 0.06±0.05B 
F2 (n=18) 0.59±0.24B 0.60±0.21B NDB 
F3 (n=18) 2.74±0.65A 2.13±0.49A 1.72±0.43A 
At different sampling points    
0 h (n=18) 1.60±0.52A 1.18±0.37A 0.77±0.38A 
3 h (n=18) 1.53±0.46A 1.20±0.38A 0.58±0.31AB 
6 h (n=18) 1.31±0.46A 1.10±0.36A 0.43±0.23B 
At different sites    
Overhead spray water (n=27) 0.02±0.01B 0.03±0.03B NDB 
Spent peach wash water (n=27) 2.95±0.39A 2.29±0.30A 1.19±0.32A 
Mean population: mean ± standard error of the mean 
TA: total aerobes; YM: total yeasts and molds; TC: total coliforms 
F1-F3: packing facilities  
The results with different letters within each effect (packing facility, sampling time, and sample 
type) were tested significantly different (P < 0.05).  
ND: The detection limit is 1 CFU/100 ml.  
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Table 5-8 Incidences of TTC and EC in water samples collected at various sampling points and 
sample sites in different packing facilities 

Water samples collected at the 
WWS 

No. of 
positive 
samples 

No. of 
samples 
per unit 

Percentage 
(%) 

No. of 
positive 
samples 

No. of 
samples 
per unit 

Percentage 
(%) 

TTC EC 

Of different packing facilities 
F1 1 18 5.56 0 18 0.00 
F2 0 18 0.00 0 18 0.00 
F3 9 18 50.00 5 18 27.78 
At different sampling points 
0 h 4 18 22.22 0 18 0.00 
3 h 3 18 16.67 3 18 16.67 
6 h 3 18 16.67 2 18 11.11 
At different sample sites 
Overhead spray water 
waterwawaterwater 

0 27 0.00 0 27 0.00 
Spent peach wash water 10 27 37.04 5 27 18.52 

Total 10 54 18.52 5 54 9.26 
TTC: Thermo-tolerant coliforms; EC: Enterococci 
F1-F3: packing facilities 
The 0 h samples were collected immediately after packing started. 
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      CHAPTER 6  

CHARACTERIZATION OF GENERIC ESCHERICHIA COLI ISOLATED FROM FRESH 

PEACH PACKING ENVIRONMENTS 

6.1. Introduction 

Escherichia coli is an important member of the Enterobacteriaceae, and most strains of 

E. coli are harmless to the healthy population.  However, some members of E. coli are

pathogenic and may cause severe foodborne illnesses.  These E. coli are categorized into 

different virogroups, i.e., enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC), 

enteropathogenic E. coli (EPEC), enteroaggregative E. coli (EAEC), and enterohemorrhagic E. 

coli (EHEC), a subset of Shiga-toxin producing E. coli (STEC) (U.S. FDA, 2012).  Virulence 

genes in each group of pathogenic E. coli have been identified (Hornes, Wasteson, & Olsvik, 

1991; Oswald et al., 2000; Pass, Odedra, & Batt, 2000; Ratchtrachenchai, Subpasu, & Ito, 1997; 

Sethabutr, Venkatesan, Murphy, Eampokalap, Hoge, & Echeverria, 1993; Tamanai-Shacoori, & 

Jolivet-Gougeon, 1994; Yamasaki et al., 1996).  Oligonucleotide primers for multiplex PCR 

assays developed by Toma et al. (2003) have been widely used to determine the 

presence/absence of 6 virulence genes in E. coli isolated from a variety of sources such as human 

feces (Canata et al., 2016), surface water (Akter et al., 2013; Ndlovu, Le Roux, Khan, & Khan, 

2015; Widmer et al., 2013), raw milk cheese (Bernini, Sgarbi, Bove, Gatti, & Neviani, 2010; 

Zago et al., 2007), seafood (Kambire, Adingra, Yao, & Koffi-Nevry, 2017), and fresh produce 

(Feng et al., 2014).   
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Apart from bacterial virulence genes, one other critical characteristic of enteric bacterial 

pathogens is the expression of bacterial adhesins that are involved in not only bacterial 

pathogenicity but also their survival outside animal hosts (Nagy et al., 2015).  Genes responsible 

for adhesin expression have been identified in E. coli O157:H7 and other serotypes of E. coli 

(Low et al., 2006b), and these genes are critically important for the initial bacterial attachment to 

biotic and abiotic surfaces, and the formation of the secondary structure of biofilms (Berne, 

Ducret, Hardy, & Brun, 2015).  Pathogen cells, once introduced into the fresh produce 

packing/processing environment, can survive and multiply and form biofilms in niches where 

sanitation measures are lacking or inaccessible (Srey, Jahid, & Ha, 2013). 

Consequently, bacterial cells embedded in mature biofilms on these niches may disperse, 

further contaminating the environment (Sauer, Camper, Ehrlich, Costerton, & Davies, 2002) and 

increasing the risk of microbial contamination of fresh produce.  Due to the lack of killing steps, 

contaminated fresh produce can be an effective vehicle in transmitting foodborne illness among 

consumers.  

The objectives of this study were to determine the distribution of selected virulence, as 

well as putative adhesin, genes among a few generic E. coli isolated from the fresh peach 

packing environments.    

6.2. Material and methods  

6.2.1. Bacterial strains used in the study  

Generic E. coli (n = 7) previously isolated from fruit, equipment surface, glove, and 

peach wash water samples in fresh peach packing environments were preserved at -20 ℃ prior to 

the current study.  The isolates were resuscitated on tryptic soy agar (Becton, Dickinson and 
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Company, Sparks, MD USA) plates at 37 ℃ overnight and sub-cultured under the same 

condition on the following day.     

6.2.2. Characterization of the generic E. coli isolates 

6.2.2.1. DNA extraction 

A loopful of each resuscitated bacterial culture was transferred into 1 ml tryptic soy broth 

(Becton, Dickinson, and Company) in a 1.5 ml Eppendorf tube (ThermoFisher Scientific, 

Waltham, MA USA) to grow overnight at 37 ℃, followed by centrifugation at 10,000 g for 10 

min.  After discarding the supernatant, the bacterial cell pellet was washed with 1 ml distilled 

water and then centrifuged for 10 min under the same condition described above.  This process 

was repeated twice to thoroughly wash off the broth residue from bacterial cells.  Sterile distilled 

water in the amount of 100 µl was then added to the Eppendorf tube after the final wash and 

suspended bacterial cells were heated in a boiling water bath for 10 min, followed by immediate 

cooling on ice.  The total cellular DNA in the supernatant, obtained by centrifugation under the 

same conditions described previously, was stored at 4 ℃ before use.  E. coli O157:H7 F4546 

was used as a positive control for the identification of the putative adhesin genes. 

6.2.2.2. PCR amplification and data analysis 

A 25 µl PCR mix was prepared, including 2.5 µl a DNA template, 1 μM primers, 1 mM 

deoxynucleoside triphosphates, 0.5 U Taq polymerase, and 2.5 µl of 10x PCR buffer 

(ThermoFisher Scientific).  Primers used to amplify the virulence, and putative adhesin, genes 

were listed in Tables 6-1 and 6-2, respectively based on the studies of Toma et al. (2003) or Low 

et al. (2006b).  PCR reactions were conducted in a DNA thermal cycler 480 (Perkin Elmer, 

Norwalk, CT USA) with a 5 min initial denaturation cycle at 94 ℃, followed by 30 cycles of 1 
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min denaturation at 92 ℃, 1 min annealing at 52 ℃, and 45 s extension at 72 ℃.  The final 

extension step was at 72 ℃ for 10 min.   

PCR products were loaded on 1% agarose (ThermoFisher Scientific) gel in Tris-borate-

EDTA buffer (pH 8.0) and separated using a gel electrophoresis system (ThermoFisher 

Scientific).  After staining the gel with 1% ethidium bromide (MilliporeSigma, St. Louis, MO 

USA), PCR amplicons were visualized under the UV trans-illuminator in the Gel Doc System 

2000 (Bio-Rad 183 Laboratories, Hercules, CA USA).  The presence and absence of the 6 typical 

virulence genes and 14 putative adhesin genes in each generic E. coli isolate were reported, 

along with the prevalence of each gene in the total number of generic E. coli isolates used in the 

study.  

6.3. Results 

The six virulence genes of pathogenic E. coli were not detected in any of the generic E. 

coli isolates used in the study.  However, all the 7 isolates tested positive for loc 3, 5, 7, and 14, 

while none of them tested positive for loc 2 and 9 (Table 6-3).  The incidence of loc 11 presence 

was the second highest (71.43%) among the evaluated putative adhesin genes, followed by loc 8 

(57.14%), and loc 4 and 10 (42.86%).  Loc 1, 6, 12, and 13 were only detected in one of the 

generic E. coli isolates (14.29%).  Each isolate carried at least 5 putative adhesin genes (35.71%) 

tested in the study, but not more than 9 of them (64.29%).  Isolates from the fruit sample and one 

of the glove samples were found to be positive for 7 or more putative adhesin genes (50%) 

tested, while isolates from the equipment surface only carried 5 or 6 putative adhesin genes 

(35.71% or 42.86%) per isolate.  None of the isolates had the same number of putative adhesin 

genes evaluated in the study.   
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6.4. Discussions 

The oligonucleotide primers used in the study targeted 6 different virulence genes of 

diarrheagenic E. coli (Table 6-1). The eae gene encodes an adhesin, known as intimin, which 

facilitates bacterial attachment to host epithelial cells, forming the typical attaching and effacing 

lesions (Nataro & Kaper, 1998).  The intamin is a critical virulence factor for EPEC and EHEC, 

a subgroup of STEC capable of causing illness in humans (Blanco et al., 2005).  STEC is known 

to produce potent cytotoxins, referred to as Shiga toxins (STX) which are encoded by the stx1, 

stx 2, or related variant genes (Nataro & Kaper, 1998).  In addition to cytotoxins, E. coli also 

produced two enterotoxins, heat liable toxin (LT) and heat-stable toxin (ST) which are encoded 

by elt and est, respectively.  They are the key virulence factors of ETEC.  The invasion-

associated plasmid antigen gene, ipaH, can be found on the chromosome or plasmid of EIEC 

(Venkatesan, Buysse & Kopecko, 1989).  The primers from the aggR target the pathotype 

EAEC, as it encodes the essential transcriptional activator AggR which regulates the expression 

of the aggregative adherence fimbriae genes in EAEC (Harrington, Dudley, & Nataro, 2006; 

Nataro, Yikang, Yingkang & Walker, 1994).   

The generic E. coli used in the present study tested negative for all selected virulence 

genes.  The explanation for this observed phenomenon could be multiple folds.  First, the 

presence of pathogenic E. coli in the environment is usually sporadic (Devleesschauwer et al., 

2019) and at a very low level (Van Pelt et al., 2018), and the chances to find them from food 

processing/packing environment could be even lower.  Secondly, the virulence genes were 

screened by the PCR assays using short oligonucleotide primers.  Owing to the specificity of 

each primer, any variation on the DNA template, for instance, partial deletion, would lead to 

false-negative results (Bekal et al., 2003; Johnson & Stell, 2000; Schmidt et al., 1995).   
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The current study only used PCR assays to characterize the generic E. coli.  In addition to 

the molecular test, some phenotypic tests such as tissue culture assays (e.g. HEp-2 adherence 

assay) or animal tests (e.g. rabbit ligated ileal loop assay) could help further characterize the E. 

coli isolates (Nataro & Kaper, 1998).   

In the present study, loc 3 (sfm), 5 (ycb), 7 (curli), and 14 (fim) were detected in all 7 

generic E. coli isolates, followed by loc 11 (yra) and loc 8 (F9) (Table 6-3).  In the study of Low 

et al. (2006b) where the same 14 putative adhesin genes were screened among different 

serotypes of EHEC and EPEC, these 6 genes were also present more prevalently than the other 

examined adhesin genes.  Loc 7 encodes curli, one of the well-characterized adhesins found on 

the cells of numerous enteric bacteria (Evans, & Chapman, 2014), and this adhesin has been 

proven to be one of the key factors of bacteria initial attachment and biofilm formation on biotic 

and abiotic surfaces (Leech, Golub, Allan, Simmons, & Overton, 2020; Nagy et al., 2015).  Loc 

14 encodes type 1 fimbriae, the most classic chaperone-usher pathway adhesin (Berne, Ducret, 

Hardy, & Brun, 2015; Larsonneur, et al., 2016), which is widely conserved in 

Enterobacteriaceae (Low et al., 2006b).  It is believed that type 1 fimbriae are essential for E. 

coli to achieve a stable attachment to abiotic surfaces (Pratt & Kolter, 1998).  Another putative 

adhesin gene, sfm was found, in one study, in E. coli K-12, but its sequence was not conserved in 

Klebsiella pneumoniae or several common serovars of Salmonella (McClelland, et al., 2000).  

Korea, Badouraly, Prevost, Ghigo, & Beloin (2010) reported that without type 1 fimbriae, the 

ycb in E. coli K-12 was express and promoted biofilm formation on polyvinyl chloride and 

polystyrene surfaces at 37 and 30 ℃.  In addition, about half of the isolates of this study tested 

positive for loc 8 (F9), which was also frequently found in the EHEC and EPEC tested by Low et 

al. (2006b).  In a different study, Low et al. (2006a) observed that the expression level of F9 
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fimbriae at 28 ℃ was higher than at 37 ℃, and since F9 fimbriae could facilitate the formation 

of biofilm (Ulett, Mabbett, Fung, Webb, & Schembri, 2007), it could be extrapolated that the 

expression of F9 fimbriae could promote bacteria adapting to the environment outside of human 

or animal hosts.  

Putative fimbriae genes yeh and yad were not found in any isolates tested in the current 

study (Table 6-3).  The negative test results could be caused by the absence of the genes or the 

variation in the target DNA sequences, as the oligonucleotide primers were derived from an E. 

coli O157:H7 strain.  Ravan and Amandadi (2015) proposed that the yeh gene could be used as a 

marker for the detection of E. coli O157:H7, as so far it was only detected in this serotype.  

Similarly, in the study conducted by Low et al. (2006b), yeh was detected in the only E. coli 

O157:H7 isolate among all the 20 EHEC and EPEC isolates screened.  Spurbeck et al. (2011) 

reported that yad was more prevalent in UPEC isolates than in human commensal E. coli 

isolates.   

Putative fimbriae genes lpf, stc, and sfa were only detected once among all the isolates 

tested in the study (Table 6-3).  According to the results of Low et al. (2006b), these three genes 

were solely present in E. coli O157:H7 not in E. coli K-12.  Nevertheless, the gene for long polar 

fimbriae (lpf) on loc12 and loc13 were also found in most E. coli virogroups (EPEC, EAEC, 

ETEC, EIEC, STEC), as well as in non-pathogenic E. coli by Toma, Higa, Iyoda, Rivas, & 

Iwanaga (2006), and the fimbriae were involved in the adherence and colonization of Salmonella 

Typhimurium and E. coli O157:H7 on host cells (Baumler, Tsolis & Heffron, 1996; Low et al., 

2006b).  The rest of the two putative adhesin genes, ybg and stf, were each detected in 3 isolates 

in the current study.  Two of these genes were detected in isolates with serotypes O157 and O145 

in the study of Low et al. (2006b).  Wurpel, Beatson, Totsika, Petty, & Schembri (2013) found 
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that Ybg fimbriae were expressed by both diarrheagenic and commensal E. coli strains.  

However, information about the specific function of these two genes is minimal in the current 

body of literature.   

Considering the putative genes screened were quite diversely distributed among the 

tested isolates in the current study, their roles in conferring the abilities of bacterial cells in 

biofilm formation on peach and the surface of peach packing equipment surface should be 

verified in future studies.  

6.5. Conclusions 

Selected virulence genes were not detected in the generic E. coli isolated from fresh 

peach packing environments.  Putative adhesin genes, sfmA, ycbQ, csgA, and fimA, were found in 

all tested isolates.  The number of adhesin genes varied in the tested isolates, ranging from 5 to 9 

genes per isolate.  This study expanded our knowledge on the potential virulence and surface 

attachment potentials of generic E. coli isolated from the fresh peach packing environments.   
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Table 6-1 Oligonucleotide primers (Toma et al., 2003) used for the screening of virulence genes 
in the generic E. coli isolated from fresh peach packing facilities. 

Primer Target genes  Primer sequence Amplicon size (bp) 

SK1 

SK2 

eae CCCGAATTCGGCACAAGCATAAGC  

CCCGGATCCGTCTCGCCAGTATTCG 

881 

VT com-u 

VT com-d 

stx GAGCGAAATAATTTATATGTG 

TGATGATGGCAATTCAGTAT 

518 

AL 65 

AL 125 

est TTAATAGCACCCGGTACAAGCAGG  

CCTGACTCTTCAAAAGAGAAAATTAC 

147 

LTL 

LTR 

elt TCTCTATGTGCATACGGAGC 

CCATACTGATTGCCGCAAT 

322 

Ipa III 

ipa IV 

ipaH GTTCCTTGACCGCCTTTCCGATACCGTC 

GCCGGTCAGCCACCCTCTGAGAGTAC 

619 

aggRks1 

aggRkas2 

aggR GTATACACAAAAGAAGGAAGC 

ACAGAATCGTCAGCATCAGC 

254 
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Table 6-2 Putative adhesin gene subunits and primers derived from E. coli O157:H7 Sakai strain 
(Low et al., 2006b) 

Primer Protein Target gene* Sequence  

Loc 1  Stc  stcA 5′-CGACAACGTTGATGTTTAGC 
3′-GCCTTTTGTAACAGGATTGC 

Loc 2 Yad yadN 5′-GGTATGCATAGCGTTACC 
3′-CTGCTGGCAAATCTTATGC 

Loc 3 Sfm  sfmA  5′-GCGGTACAATTCACTTTGAAGG 
3′-CATTTGCTTGCCCTGCTGATGC 

Loc 4 Ybg  ybgD  5′-GCCATATCTCTACTATTCGC 
3′-GTTATCCATCTGTTCCATCC 

Loc 5 Ycb  ycbQ  5′-CTGTGGTATGTGCAACGTCC 
3′-CCCCGTAGCGATATAATCAAC 

Loc 6 Sfa  sfaA  5′-CCTACAGTCACTTTTCAGGG 
3′-GATTAATTAGAGGTAGCTCAGG 

Loc 7 Csg  csgA  5′-CTTCATTTAATCAGGCAGCC 
3′-GAGTACCATACTGTGTAATATTTGC 

Loc 8 F9 fimA 5′-GGTGATGAATCAGTAACGACC 
3′-GTGCCATCAATCAAGTCGG 

Loc 9 Yeh  yehD  5′-CACCATGTACATTTGTCGC 
3′-CAGTACGTCACTGCTATCTCC 

Loc 10 Stf  stfG  5′-GCTGCAACAATGGTAATGGG 
3′-GTAATCTGGAAGGTCGTGTTGGC 

Loc 11 Yra  yraH 5′-CTTTTCGCAGGTAATGCCG 
3′-GATTTCGGATGCTTCAACG 

Loc 12 Lpf lpfA 5′-GTGGTATCGCAATCTTCC 
3′-GGTAAAGTAGAGAACCG 

Loc 13 Lpf lpfA 5′-GATTGTAGGAGCATTAGCG 
3′-CTATCGATCTGACTCAATGCC 

Loc 14 Fim  fimA  5′-GTCGTTGCTGCCAATGTTTGC 
3′-GAAATGTAGCGAAGTAGAGCC 

The molecular sizes of amplified PCR products are 300-500 bp. 
*The name of each putative fimbrial gene listed in this table is referred to the working name in 
the paper of Low et al. (2006b).
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Table 6-3 Distribution and incidence of putative adhesin genes among the generic E. coli isolates included in the study 

   
  

 

Adhesin genes (loc) 
Incidence 
(%) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14  

Sample source ID                

E. coli O157:H7  F4546 + + + + + + + + + + + + + + 100 

Fruit 1212 - - + - + - + + - + + + + + 64.29 

Glove-1 1238 + - + + + + + + - + - - - + 64.29 

1243 - - + - + - + + - + + - - + 50.00 

Glove-2 2470 - - + - + - + + - - + - - + 42.86 

Surface-1 2561 - - + - + - + - - - + - - + 35.71 

Surface-2 2901 - - + + + - + - - - + - - + 42.86 

2902 - - + + + - + - - - - - - + 35.71 

Incidence (%) 14.29 0 100 42.86 100 14.29 100 57.14 0 42.86 71.43 14.29 14.29 100  
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CHAPTER 7 

CONCLUSIONS 

The main research findings of this dissertation are as follows. 

1) Levels of hygiene and pathogen indicators on selected packing lines surveyed in

the present study increased overtime during a packing day.  Higher levels of TA, YM, and TC 

counts and higher incidences of TTC and EC were observed on optical sizers and brushes/rollers 

inside the washer compared to other sites sampled.  Harvest bins had a comparable YM count to 

the brush rollers within the washer.  Samples from the manual sorting area had the highest TTC 

incidence among all collected samples compared to other sites sampled.  This study identified 

the most heavily contaminated areas of the fresh peach packing process and emphasizes the 

necessity of daily cleaning and sanitation after packing.   

2) Not affected by sampling time, peach samples from the weighing area had

significantly higher (P < 0.05) average TA, YM, and TC counts and higher incidences of TTC 

and EC presence, compared to the samples collected from the dumping area, suggesting that the 

role of the packing process in decontaminating fresh fruit is very limited and should be 

improved.  The levels of TA, YM, and TC on gloves of peach sorters and packers were similar, 

but they were significantly higher at the 3 and 6 h sampling points comparing to the 0 h sampling 

point.  This study indicates that the packing process and the sorters and packers involved are 

among the key elements in maintaining the microbial safety of peach detained for the fresh 

market.   
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3) The WWS played a limited role in the decontamination of passing fruits

according to the results of this study.  Mean counts of TA and TC, as well as the incidences of 

TTC and EC presence, were significantly higher (P < 0.05) on peach samples collected after than 

before the WWS; although opposite observation in YM counts at the majority of the sampling 

points were noticed.  The water monitoring program of the three facilities was effective as no 

TC, TTC, and EC were detected in the incoming peach wash water.  This study suggests that 

additional sanitation mitigation should be considered to further improve the hygiene status of 

brush rollers inside the WWS, subsequently the microbial quality of fresh fruit.   

4) Selected virulence genes were not detected in the generic E. coli isolated from

fresh peach packing environments.  Putative adhesin genes, sfmA, ycbQ, csgA, and fimA were 

found in all tested isolates.  The number of adhesin genes varied in the tested isolates, ranging 

from 5 to 9 genes per isolate.  This study expanded our knowledge on the potential virulence and 

surface attachment potentials of generic E. coli isolated from the fresh peach packing 

environments.   


