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ABSTRACT 

Variations in the Produce-Associated Microbiota and the Occurrence Frequency of 
Extended-Spectrum Beta-Lactamase Gram-Negative Bacteria Result in Different Level of 

Ingestion Risks 

Thesis by  

Osama Bokhari  

 

          A monitoring effort that spanned across one and a half years was conducted to 

examine three types of produce-associated microbiota. Produce type was determined to 

be the predominant factor affecting the microbial communities. Other significant factors 

that resulted in differences in the microbial populations were the origin and sampling 

date. Specifically, produce-associated microbiota among lettuce and tomatoes clustered 

based on the sampling period. Through molecular and cultivation-based approaches, 

sporadic presence of extended spectrum beta-lactamase (ESBL)-positive Klebsiella 

pneumoniae and Acinetobacter baumannii was detected on lettuce and cucumbers 

during certain periods of sampling. Quantitative microbial risk assessment denoted 

varying levels of ingestion risks associated with different types of produce. In particular, 

the risks arising from ESBL-positive K. pneumoniae in the lettuce were higher than the 

acceptable annual risk of 10-4. Commonly used approaches to clean and wash the 

produce were insufficient in removing majority of the produce-associated microbiota. 

More invasive cleaning approaches or thorough cooking of the produce would be 

required to mitigate the associated risks. Most of the current reports of ESBL-positive 
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bacterial isolates were identified in nosocomial environment. However, the carriage of 

such drug-resistant bacteria in food that is consumed daily suggests a possible 

connection between daily diet and human health. 
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1 Introduction  

Despite being a water-scarce country, Saudi Arabia produces its fruits and 

vegetables using groundwater, stored water from surface runoffs and/or desalinated 

water for irrigation (Abdulla Ali 1991, Chowdhury and Al-Zahrani 2015). Large 

abstraction of groundwater for irrigation has resulted in surface water infiltration and 

compromised groundwater quality which can in turn contaminate the irrigated produce. 

Besides contamination at the point of harvest, produce can also become contaminated 

at any point post-harvest especially during the transportation and distribution of 

produce to the markets, and during food preparation in the kitchen. Most of the fruits 

and vegetables (e.g. tomatoes, cucumbers, lettuce and parsley) produced locally go 

towards the making of fattoush or tabbouleh, the Middle Eastern version of salad. In 

other geographical locations like in the US, the same types of fruits and vegetables also 

constitute a typical salad dish. Since these food types are consumed raw, they were 

hence frequently associated with foodborne disease outbreaks.  

Unsafe food can cause over 200 diseases and the risk of incurring illness from raw food 

is particularly high (WHO 2015). Consumers of raw food are particularly vulnerable to 

the most common foodborne pathogens such as Salmonella, Campylobacter, Listeria 

and enterohaemorrhagic strains of Escherichia coli since the lack of cooking would mean 

a higher probability of these pathogens remaining viable at the point of ingestion. The 

problem with produce-associated pathogens is further compounded by the presence of 

drug-resistance among the pathogenic strains, particularly those that possess extended 
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spectrum beta-lactamase (ESBL) or carbapenemase genes (Rahal 2000). Antibiotics 

within the beta-lactam family are commonly used to treat infected hosts against gram-

negative bacterial pathogens. ESBL- and carbapenemase confers resistance against a 

wide spectrum of beta-lactam, and such drug-resistant bacterial pathogens are hence 

harder to treat and may result in increased mortality or morbidity upon host infection. 

Previous studies reported the presence of ESBL-producing Enterobacteriaceae in 

retailed vegetables (Ruimy, Brisabois et al. 2010, Raphael, Wong et al. 2011, Zurfluh, 

Nuesch-Inderbinen et al. 2015). Similarly, viable antibiotic-resistant bacteria can be 

recovered from produce that were sampled at the point-of-harvest (Schwaiger, Helmke 

et al. 2011, Alsalah, Al-Jassim et al. 2015). Given the ubiquity of antibiotic-resistant 

bacteria in food produce, foodborne pathogens that are resistant to antibiotics are of 

higher concern. Most of the past studies utilize cultivation-based method to assess for 

pathogens and heterotrophic bacteria but there exists a large spectrum of bacterial 

isolates that cannot be easily recovered (Amann, Ludwig et al. 1995). Besides the 

presence of pathogens, bacteria associated with produce when ingested play a critical 

role in shaping the gut microbiota of animal hosts (Berg, Erlacher et al. 2014). 

Cultivation on selective media would impose cultivation bias and cannot fully depict the 

total microbiota associated with the produce.  Depending on the predominant type of 

produce consumed, hosts are exposed to different microbiota and subsequent diet-

driven differences in gut microbiota among the same host genus have been observed 

(Ley, Lozupone et al. 2008, Hong, Croix et al. 2011). An earlier study has found that the 

produce type was one of the dominant factors governing the produce-associated 
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microbiota (Leff and Fierer 2013). However, it remains unknown if different produce 

would result in different extents of ingestion risks since most of the studies did not 

attempt to examine for temporal variations in the different types of produce-associated 

microbiota and the consequential occurrence frequency of foodborne pathogens. A 

combination of cultivation-based and molecular-based methods to examine the 

produce-associated microbiota would facilitate subsequent assessment of the different 

risks associated with ingesting different produce types.  

In this study, we performed a comparative analysis on the produce-associated 

microbiota in three types of produce, namely lettuce, cucumbers and tomatoes that 

were collected over a period of one and half years. Background information on the 

environmental factors concerning the different sets of produce were collected to 

determine if any of the environmental factors would play a dominant role in shaping the 

produce-associated microbiota. 16S rRNA gene-based high-throughput sequencing was 

used to evaluate the produce-associated microbiota in combination with cultivation of 

antibiotic-resistant bacteria. Particular attention was made to determine the occurrence 

of antibiotic-resistant opportunistic pathogens that may be present in the fruits and 

vegetables. Quantitative microbial risk assessment (QMRA) was used to estimate the 

risk arising from the ingestion of these produce, and to determine if different produce 

would result in differing risks upon ingestion. 
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2  Literature review  

2.1 Types of foodborne pathogens within fruits and vegetables  

Foodborne disease outbreaks associated with fresh fruits and vegetables have been 

increasing in occurrence worldwide. A lot of investigations have identified fruits and 

vegetables are the source of many disease outbreaks. Now believed to be a much larger 

contributor to produce-associated outbreaks than previously reported in many 

countries. (Berger, Sodha et al. 2010) For instant, a study that took place in the United 

States and European Union during the period 2004-2012 aimed to study outbreaks due 

to fruits and vegetables. Researchers conducted that Norovirus was responsible for 

most of the produce-related outbreaks, followed by Salmonella. In the United States, 

salmonella was the leading cause of many outbreaks in multistate and was the pathogen 

involved in the majority of sprouts-associated outbreaks. Although consumption of 

salad was a major risk factor for Norovirus infection in the United States, berries were 

the most common cause of outbreaks in the European Union (Callejón, Rodríguez-

Naranjo et al. 2015).  In Canada, many studies reviewed foodborne outbreaks related to 

fruits and vegetables from 2001 through 2009. They concluded that bacterial infection 

outbreaks represented 66% out of 1549 cases of illness. Among these, Salmonella was 

the most common etiology (50% of outbreaks) followed by Escherichia coli (33%) and 

Shigella (17%). (Kozak, MacDonald et al. 2013). Researchers who reviewed outbreaks 

reported to the Centers for Disease Control and Prevention's Foodborne Disease 

Outbreak Surveillance System during 1973-2011 for a single melon type found that 

Salmonella was the most common etiology followed by norovirus. The point of 
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contamination was known for 20 outbreaks which occurred most commonly during 

growth, processing, or packaging. (Walsh, Bennett et al. 2014). Center for Science in the 

Public Interest Washington had reviewed many outbreaks linked to fruits and 

vegetables. They found that in all produce outbreaks; Norovirus was the top cause of 

outbreaks (40%), followed by Salmonella (18%), E. coli (8%) and Clostridium (6%). The 

main hazards associated with fruits were Norovirus (39%), Salmonella (28%), and 

Cyclospora (8%). In vegetable outbreaks, the major pathogens were Norovirus (26%), 

Salmonella (21%), and Clostridium (12%). The major pathogens in produce dish 

outbreaks were Norovirus (51%), Salmonella (13%), E. coli (6%) and Shigella (6%) 

(Control and Prevention 2013). 

        2.2 Carbapenemase-producing foodborne pathogens in food supply 

Antimicrobial resistance is becoming a global problem, including multidrug resistance 

pathogens (MDR). MDR bacteria can be detected in humans and animals from both less- 

and more- developed countries and it is raising serious concerns for human health. 

Infections caused by MDR microbes may prolong patient’s hospitalization, require usage 

of expensive broad spectrum antibiotics and increase morbidity and mortality (Doyle 

2015). 

Humans are susceptible to MDR pathogens through exposure to environments at 

health-care facilities and farms, human food, and exposure to other individuals carrying 

MDR microbes (Berger, Sodha et al. 2010).  
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Although fresh produce consumption is associated with many illnesses, Salmonella is 

still one of the most costly foodborne pathogens. Other important pathogens are 

Escherichia coli and Listeria according to the U.S. Department of Agriculture 

Microbiological Data Program (MDP) that have many antibiotic resistant activities. 

(Reddy, Wang et al. 2016). 

Many factors have been associated with antibiotic resistance; one of the most 

important factors is antibiotic over use. Despite warnings regarding such issues, a lot of 

antibiotics are overprescribed worldwide. Incorrectly prescribed antibiotics also 

associated with bacterial resistance. Studies have shown that treatment indication and 

duration of antimicrobial are incorrect in 30% to 50% of cases. The extensive agricultural 

use of antimicrobial agents also plays a rule in the antibiotic resistance (Ventola 2015). 

Antibiotics given to livestock are excreted in urine and stool in up to 90% that widely 

scattered through fertilizer and groundwater. In addition, antibiotics are used as 

pesticides (tetracyclines and streptomycin) in the western and southern U.S. have 

caused resistant in some microbes (Bartlett, Gilbert et al. 2013). Although this behavior 

accounts for small proportion of overall antibiotic use, the resultant geographical spread 

can be considerable. This practice has also changes environmental ecology by increasing 

the resistant microbes’ proportion that was exposed to growth-inhibiting agents 

(Ventola 2015). Antibiotics resistant required the usage of broad spectrum agents such 

as carbapenem for treating serious infections. Carbapenem antimicrobials are one of 

the only remaining effective antibiotics for such infections and resistance to these drugs 
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is considered a public health emergency. Such resistance is increasingly encountered in 

gram negative bacteria by acquiring carbapemease enzymes (Morrison and Rubin 2015).  

In 2013 the U.S. Centers for Disease Control and Prevention classified carbapenem 

resistance (specifically among the Enterobacteriaceae) as an "urgent threat" requiring 

immediate action as they are untreatable or difficult to treat cases. Some 

Enterobacteriaceae bacteria (notably Escherichia coli and K. pneumoniae) are harboring 

a specific enzyme called New Delhi metallo-beta-lactamase (NDM-1) makes them 

resistant to all beta lactam agents including carbapenem (Control and Prevention 2013).  

 

        2.3 Pathogen present in produce found in Saudi Arabia 

In the Kingdom of Saudi Arabia (KSA), Food lifestyle has changed among Saudi 

population and special attention has been paid to eating salads because of many health 

issues (Al-Mazrou 2004). A recent nation-wide survey on the dietary habits revealed 

that 50% of Saudi populations are eating green salad is a daily habit. As a result, food 

poisoning is increasing and becoming a very important health problem as millions of 

individuals become ill from food borne diseases (Khiyami, Noura et al. 2011). Salmonella 

is the top important pathogen among the others (Al-Mazrou 2004). The incidence of the 

foodborne diseases and the variations of pathogen are increasing in specific regions 

especially during specific time. For instance; the outbreak incidence of foodborne 

disease in Makkah is increasing during pilgrimage because of many factors, most 

importantly; the huge crowd of people with different behaviors and cultures 
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compromising the food hygiene standards (Al-Joudi 2007) .There are many type of 

salads in KSA, commonly Tabbouleh, Fattoush, Hummus, Mutabbel which are minimally 

processed vegetable salads and Cesar salad which is not processed prior to formulation. 

A study that took place in Riyadh (the capital city of Saudi Arabia) showed that 

minimally processed vegetable salads have more contamination by potential food borne 

pathogens such as Escherichia coli, Salmonella, and Shigella compared to the 

unprocessed prior to formulation  (Khiyami, Noura et al. 2011). Food handling and 

storing are other important factors. A cross-sectional study was carried out among 

women in Riyadh from March to July, 2013 where participants' responses indicated that 

they were at risk of foodborne diseases through improper food-holding temperature, 

inadequate cooking and food from unsafe sources and inadequate knowledge about 

food handling and storing (Alsayeqh 2015). Groundwater quality plays a rule in terms of 

food safety. A study stated that the groundwater quality in specific parts of agricultural 

site in western Saudi Arabia was not pristine and concluded that better agricultural 

management practices are needed alongside groundwater treatment strategies to 

improve food safety (Alsalah, Al-Jassim et al. 2015). 
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3 Material and Method  

3.1 Food Sampling  

Five sampling trips to local vegetable markets in Taif, Thuwal and Jeddah were made in 

January 2014 (i.e., Set E), February 2015 (i.e., Set A and B), March 2015 (i.e., Set C) and 

June 2015 (i.e., Set D). Each sampled set of produce include approximately 1 kg each of 

tomatoes, lettuce and cucumbers. The food samples were produced locally in northwest 

(Tabuk), central (Hail, Al Qassim), southwest (Najran), east (Al Dwaser) and west (Al 

Madinah, Taif, Asir) municipalities of Saudi Arabia. Produce were shipped to the 

vegetable markets in Taif, Thuwal and Jeddah through local distributors. All food 

samples were irrigated with either groundwater or desalinated water. Food samples 

collected in January 2014 and June 2015 were irrigated with surface runoff from flash 

floods due to the unusual rain events that occurred in Saudi Arabia during late 

November 2013 (http://thewatchers.adorraeli.com/2015/11/18/) and late March 2015 

(http://floodlist.com/asia/saudi-arabia-floods-11-killed-3-missing). All fruits and 

vegetables were placed in plastic bags provided by the stall owners, and placed in a 

cooler to be transported immediately to the laboratory. All samples were stored in 4 oC 

and processed for microbiological analysis within one to two days.  

http://thewatchers.adorraeli.com/2015/11/18/strong-flash-floods-batter-saudi-arabia/
http://floodlist.com/asia/saudi-arabia-floods-11-killed-3-missing
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3.2 Preparation of produce and bacterial cultivation 

Fruits and vegetables from Set E, A and B were processed without any washing, while 

those in Sets C and D were divided into four subgroups. Each subgroup of fruits and 

vegetables was either unwashed or washed for 5 min in various types of water matrix. 

Water matrix included (i) 2 L of tap water, (ii) 2 L of deionized water containing 25 g/L of 

salt, and (iii) 2 L of deionized water containing 25 mL/L of vinegar as they were reported 

to be the common washing methods by our surveyed cohort (Supplementary Data S1). 

In the laboratory, all samples were processed with gloved hands to prevent cross-

contamination of samples with the skin microbiota of handler. The lettuce leaves were 

peeled off from the stalks to obtain 50 g of leaves prior to washing. Tomatoes and 

cucumbers were washed as a whole and then aseptically peeled to obtain 50 g of their 

skins. The leaves or fruit peels were then further processed based on procedures 

described previously. Briefly, 50 g of each sample was individually blended with 250 mL 

of deionized water to approximate typical household food preparation conditions. A total 

of 50 mL of the blend was mixed with 50 mL of Miller LB broth (Sigma-Aldrich, Buchs, 

Switzerland) and incubated for 24 h at 37 °C to enrich the bacterial community. After 

incubation, the enrichment was left to stand for approximately 15 min, diluted 

accordingly in 1X PBS and spread onto MacConkey (Sigma-Aldrich, Buchs, Switzerland) 

or Brilliant Green (HiMedia Laboratories, Pennsylvania, US) agar. Agar plates were 

added with either 8 µg/mL meropenem (Sigma-Aldrich, Buchs, Switzerland) or 8 µg/mL 

ceftazidime (Sigma-Aldrich, Buchs, Switzerland). Meropenem was used because it is a 

carbapenem within the new class of beta-lactam antibiotics and are typically used as a 
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last line of defense for the treatment of many gram-negative bacterial infections 

(McKenna 2013). Ceftazidime is a third-generation cephalosporin and bacterial isolates 

resistant to ceftazidime typically encode for extended-spectrum beta-lactamase. 

Opportunistic bacterial pathogens isolated from meropenem- and ceftazidime-

supplemented agar plates are hence likely to be those associated with nosocomial 

infections (Zowawi, Balkhy et al. 2013). 

3.3 Characterization of bacterial isolates  

Colonies growing on the media plates were randomly selected and re-streaked twice to 

acquire pure cultures. All colonies were then extracted for DNA by the heat-lysis method 

or using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) based on the 

manufacturer’s protocol. The 16S rRNA genes of bacterial isolates were amplified and 

sent in for Sanger sequencing at the KAUST Genomics core lab based on procedure 

described earlier (Ansari, Harb et al. 2015). The sequencing results were BLASTN (Basic 

Local Alignment Tool) against the National Center for Biotechnology Information (NCBI) 

16S rRNA genes database. Isolates that were identified to be K. pneumoniae at the 16S 

rRNA gene level (n = 21) were further tested for the presence of beta-lactamase genes 

(e.g. blaCTX-M-15, blaIMP, blaKPC, blaNDM, blaOXA-48 and blaVIM) using primer sets and protocols 

detailed previously (Zowawi, Sartor et al. 2014). Gram-negative K. pneumoniae that 

were determined to be positive for at least one of the beta-lactamase genes were 

further identified by multi-locus sequence-typing (MLST). Seven housekeeping genes 

were used for the K. pneumoniae MLST analysis (rpoB, gapA, mdh, pgi, ph2.2oE, infB 
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and tonB). Thermal cycling conditions correspond to initial denaturation at 95 °C for 2 

min, followed by 35 cycles of 94 °C for 20s, 50 °C (or 60 oC for gapA and 45 oC for tonA) 

for 30 s and 72 °C for 30 s, and a final elongation step at 72 °C for 5 min (Diancourt, 

Passet et al. 2005). Isolates that were identified to be A. baumannii at the 16S rRNA 

gene level (n = 2) were also tested for the presence of beta-lactamase (e.g. blaIMP, blaKPC, 

blaNDM, blaVIM, blaOXA-23, blaOXA-40, blaOXA-51 and blaOXA-58) using primer sets and protocols 

detailed previously (Zowawi, Sartor et al. 2015) Seven housekeeping genes were used 

for the A. baumannii MLST analysis (rpoD, gltA, gyrB, gdhB, recA, cpn60 and gpi). 

Thermal cycling conditions correspond to initial denaturation at 94 °C for 2 min, 

followed by 30 cycles of 94 °C for 60 s, 55 °C for 60 s and 72 °C for 2 min, and a final 

elongation step at 72 °C for 2 min (Bartual, Seifert et al. 2005). Positive PCR amplicons of 

the anticipated sizes for both antibiotic resistance genes and housekeeping genes were 

purified and verified for identities using Sanger sequencing. Antibiotic resistance genes 

were identified using BLASTN against the nucleotide database on NCBI. MLSTs were 

identified using K. pneumoniae and A. baumannii MLST database from Institut Pasteur 

and Oxford Scheme, respectively. 

        3.4 DNA extraction of enriched microbial community  

The enriched culture for samples from Sets A through D as described in section 3.2, with 

an approximate volume of 100 mL, were centrifuged at 9,400 g for 20 min to obtain 

biomass pellets. The pellets were extracted for DNA using the UltraClean® Soil DNA 

Isolation Kit (MoBio, Carlsbad, CA, USA) with minor adjustments applied to the protocol 
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[18]. All DNA concentrations were quantified using an Invitrogen Qubit® 2.0 fluorometer 

(Thermo Fisher Scientific, Carlsbad, CA, USA). 

          3.5 Preparation of enriched microbial community for high-throughput sequencing 

Illumina MiSeq amplicon sequencing was performed to provide information on the total 

microbial community in the enriched cultures of Sets A through D. To prepare the 16S 

rRNA gene amplicon libraries, 515F (5’- Illumina overhang- GTGYCAGCMGCCGCGGTAA- 

3’) and 907R (5’- Illumina overhang- CCCCGYCAATTCMTTTRAGT- 3’) primers were 

modified to encode the overhang adaptor sequences, and used to amplify for the 16S 

rRNA genes. The thermal cycling program included an initial denaturation stage at 95 °C 

for 3 min, followed by 25 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for 

30 s and extension at 72 °C for 30 s, and then a final extension stage at 72 °C for 5 min. 

PCR amplicons were then purified by AMPure XP beads (Beckman Coulter, CA, USA) 

prior to the index PCR. Nextera XT Index (Illumina, CA, USA) was incorporated into each 

of the individual samples during PCR. The thermal cycling program included 

denaturation stage at 95 °C for 3 min, followed by 8 cycles of denaturation at 95 °C for 

30 s, annealing at 55 °C for 30 s and extension at 72 °C for 30 s, and then a final 

extension stage at 72 °C for 5 min.  The final indexed PCR amplicons were again purified 

by AMPure XP beads and quantified for the concentrations using Invitrogen Qubit® 2.0 

fluorometer. The controls for all PCR reactions were negative for amplification. Purified 

amplicons were submitted to KAUST Genomics Core lab for unidirectional sequencing 

read on an Illumina MiSeq platform. 
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          3.6 High-throughput sequencing data analysis 

Raw sequence reads from Illumina MiSeq sequencing were handled in similar procedure 

as that described earlier (Ansari, Harb et al. 2015). To annotate the 16S rRNA gene 

sequences obtained from high-throughput sequencing, RDP Classifier was used for 

taxonomical assignments at a 95% confidence level (Cole, Wang et al. 2009). After 

annotation, the relative abundances of the individual bacterial and archaeal genera were 

calculated, collated and then square-root transformed. The transformed dataset was then 

computed for their Bray-Curtis similarities and represented graphically for spatial 

distribution in a non-metric threshold multidimensional scaling (nMDS) plot using 

Primer-E version 7 (Clarke and Gorley 2015).  ANOSIM analysis was used to determine if 

the observed clusters on nMDS were significantly different. Permutational multivariate 

ANOVA (PERMANOVA) was also performed using Primer-E version 7 to determine which 

of the factors (i.e., produce type, origin, sampling date, water source and washing 

method) would have a simultaneous response on the clustering pattern of microbial 

communities on the nMDS. All other significance tests were conducted using two-tailed 

t-test on Microsoft Excel 2013. 

          3.7 Quantitative microbial risk assessment  

The microbial risks arising from the presence of K. pneumoniae and A. baumannii in the 

produce were further evaluated by QMRA. Phylogenetic identification of isolates 

denoted the presence of K. pneumoniae at an individual fraction of 0.03, 0.01 and 0.004, 

respectively, relative to the average plate counts of viable antibiotic-resistant isolates 

obtained from the plates spread with enrichment culture of lettuce, tomato and 
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cucumber. The presence of A. baumannii was only detected in the plates spread with 

enrichment culture of cucumber, and accounted for a fraction of 0.004. The probability 

of bacteria remaining on the surface of the fruits and vegetables after preparation was 

estimated to be 1 x 10-6 (Karapinar and Gonul 1992). The risk from the opportunistic 

pathogenic species was characterized using the exponential distribution model for daily 

risks: 

P (response) = 1−e (−k × dose)  

where k is a numerical constant that denotes the probability of an organism to survive 

to reach and infect a host, and P is the probability of infection or death. The k constant for 

K. pneumoniae was estimated at 7.68 x 10-7 with a lower-bound value of 3.84 x 10-7 and 

higher-bound value of 1.54 x 10-6 (Struve and Krogfelt 2003). The k constant for A. 

baumannii was estimated at 6.93 x 10-6 with a lower-bound value of 3.47 x 10-6 and higher-

bound value of 1.39 x 10-5 (Ketter, Guentzel et al. 2014).  

Annual risk was calculated based on the equation below: 

P annual = 1−(1−Pdaily) number of exposure days per year  

The main exposure route considered for QMRA was through ingestion. Two 

questionnaire-based surveys were sent out to a total of 200 individuals residing in Saudi 

Arabia so as assess the local consumption rates of fruits and vegetables.  The average 

body weight of the surveyed cohort was 67 kg per person. The number of exposure days 

per year was determined to be 327 days, and calculated based on the survey results in 
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which 45% of the respondents consumed fruits or vegetables at least once per day, and 

with 50-100 g per serving and each serving is constituted of at least four types of 

produce. The remaining portion of the surveyed cohort (42%) consumes in a weekly or 

less frequency, while 13% reported a consumption rates of every meal per day 

(Supplementary Dataset S1). For cucumbers and tomatoes, it was assumed that 2% of 

the consumed mass was derived from the fruit peels. Majority of the individuals 

reported tomato, lettuce and cucumbers as the three types of produce that were eaten 

raw on a regular basis. Several other produce were also listed but on a less frequent 

basis. There is currently no legislation or guideline to denote the permissible level of risk 

incurred from consuming fruits and vegetables. To provide perspectives on the microbial 

risk outcomes, the annual risk evaluated in this study was compared against a microbial 

risk of 10−4 (Smeets, Medema et al. 2009). 

3.8 Nucleotide accession number  

All high-throughput sequencing files were deposited in the Short Read Archive (SRA) of 

the European Nucleotide Archive (ENA) under study accession number PRJEB12021. All 

Sanger-based sequences associated with K. pneumoniae and A. baumannii are listed in 

Supplementary Dataset S2.  
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4 Results 

4.1 Statistical differences in produce-associated microbiota  

Bootstrap non-metric dimensional scaling plot of the microbial populations showed 

significant clustering trends (Figure 1, ANOSIM, R = 0.862, p = 0.001). The produce type 

was the predominant factor that accounted for the clustering pattern (Table 1). Other 

significant factors that resulted in differences in the microbial populations were the 

origin and sampling date (Table 1). Within each of the clusters observed on nMDS, 

microbial communities associated with cucumbers formed a single group and shared 

73.5 ± 5.5% Bray-Curtis similarity within the cluster. This average similarity among 

cucumber samples across all sets were higher than that observed for lettuce and 

tomatoes, which further formed two subgroups within each type of produce. The 

average Bray-Curtis similarity within lettuce set A and C subgroup was 72.5 ± 6.6% while 

that for lettuce B and D was 69.7 ± 7.3%. Similarly, the Bray-Curtis similarity among both 

clusters of tomatoes set A and C was 68.3 ± 8.3% and 71.7 ± 9.2% for set B and D.  A 

significant interaction effect between the produce and the origin as well as an 

interaction between produce and sampling date were observed (Table 1). However, the 

type of water source used in irrigation and the washing preparation method were not 

significant in accounting for the clustering effect of microbiota (Table 1). At a 

sequencing depth of 1100 sequences, the average number of unique OTUs identified at 

97% 16S rRNA gene similarity for cucumber, lettuce and tomatoes were 591 ± 86, 603 ± 

93 and 598 ± 147, respectively. There was no significant difference in microbial richness 

between the different produce types (p > 0.05, Supplementary Figure S1). The microbial 
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communities in all three produce types were distinctly different from that in the control 

(i.e., deionized and tap water), and shared a low average 22.3 ± 9.5% Bray-Curtis 

similarity with the controls. Microbial richness in the three produces were also at least 

1.6-fold higher than that detected in the controls (Supplementary Figure S1) 
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Table 1 PERMANOVA result for preduce-associated microbial community composition. 

 

Figure 1 Bootstrap non-metric dimensional scaling plot of the microbial populations. Significant clustering trends 
were observed based on the type of produce. Microbial communities associated with lettuce and tomatoes were 
further clustered into two subset.  

Source  d.f. MS Pseudo-F P-value 

Type of produce 2 4093.2 12.0 0.001 

Origin 7 1354.5 3.96 0.001 

Sampling date 2 2462.6 5.87 0.001 

Water source 1 624.2 0.862 0.48 

Washing 
procedure 

3 261.8 0.289 1.00 

Type x Origin 1 1643.6 4.80 0.001 

Type x Date 4 1386.9 3.31 0.001 
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         4.2 Variations in microbial populations between produce types  

Acinetobacter spp. accounted for an average 28.9 ± 8.7% of the total microbial 

community associated with cucumbers (Figure 2). Acinetobacter spp. was also present in 

significantly higher relative abundance and as a major genus in the cucumbers 

compared to all four sets of tomatoes (t-test, p = 2.3 x 10-6) and to lettuce sets A and D 

(t-test, p = 2.0 x 10-5). Cucumbers also had significantly higher average relative 

abundance of unclassified Moraxcellaceae (4.5 ± 1.8%) against all other produce types 

(1.2 ± 1.1%). In comparison, Stenotrophomonas albeit accounting for a low relative 

abundance among the total microbiota associated with lettuce (e.g. 0.6 ± 0.3% of total 

microbiota in lettuce set A and C; 3.1 ± 1.9% of total microbiota in lettuce set B and D) 

was present in significantly higher relative abundance compared to tomatoes (p < 0.05). 

With the exception of set D cucumbers that had a high relative abundance of 

Stenotrophomonas (1.9 ± 0.8%), the average relative abundance of Stenotrophomonas 

in lettuce was more than 6-fold higher than in all other remaining sets of cucumbers. In 

comparison, Lactococcus accounted as the major genus in the microbiota associated 

with tomatoes, and was present in an average relative abundance of 23.7 ± 14.9% in 

tomatoes set A and C and 39.3 ± 9.7% in set B and D (Figure 2). Additional to 

Lactococcus, tomatoes set B and D also had significantly high relative abundance of 

Weissella (37.3 ± 15.6%) than all other produce types (p < 0.01) (Figure 2).  
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Figure 2 Relative abundances of the predominant bacterial families and genera that were associated with the 
produce. Relative abundances were determined using 16S rRNA gene-based high-throughput sequencing. 

 

4.3 Variations in microbial populations between sampling sets of tomatoes and 
lettuce  

Given observed differences between the sampling sets of tomatoes and lettuce (Figure 

1), a further examination of the resulting variation in microbial populations was made. 

For the lettuce, there was a significantly higher average relative abundance of 

Arcobacter (1.1% in set B and D; 0.0% in set A and C), unclassified Burkholderiales 



31 

 
(16.0% in B and D; 0.03% in A and C), unclassified Comamonadaceae (3.4% in B and D; 

0.04% in A and C), Acinetobacter (23.2% in B and D; 8.1% in A and C), Aeromonas (1.6% 

in B and D; 0.0% in A and C), Stenotrophomonas (3.1% in B and D; 0.6% in A and C) in 

lettuce set B and D compared to set A and C (p < 0.05). On the other hand, there was 

significantly high relative abundance of unclassified Gammaproteobacteria (8.7% in set 

A and C; 3.3% in set B and D), unclassified Enterobacteriaceae (22.7%; 14.7%), and 

groups associated with Firmicutes (Figure 2). A similar observation was made between 

the microbiota of set A and C of tomatoes when compared to set B and D. The 

differentiation in the microbiota of both sets in tomatoes was due to a significantly high 

relative abundance of unclassified Gammaproteobacteria (4.3% in set A and C; 0.08% in 

set B and D) and unclassified Pseudomonadaceae (6.5%; 0.02%). Tomatoes set B and D 

however had significantly high relative abundance of Lactococcus and Weissella, each 

corresponding to 39.3% and 37.3%, respectively. This is in contrast to the relative 

abundance of 23.8% Lactococcus and 3.9% of Weisella detected in tomatoes set A and 

C. 

4.4 Occurrences of foodborne opportunistic pathogens  

The relative abundance of various genera associated with common foodborne 

opportunistic pathogens was evaluated and shown in Table 2. Genera Acinetobacter, 

Enterococcus and Pseudomonas were ubiquitously detected in all of the sampled 

produce. Unlike the detected genera, Acinetobacter accounted for > 3.2% relative 

abundance of total microbiota, and with particularly high relative abundance in 
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cucumbers and lettuce set B and D. Genera Escherichia/Shigella, Stenotrophomonas, 

Staphylococcus, Streptococcus, Yersinia and Salmonella were sporadically detected in 

some of the produce-associated microbiota, albeit generally at low relative abundance 

of < 1% of total microbiota except Stenotrophomonas in lettuce set B and D. High-

throughput sequencing did not detect any sequences classified to genera Listeria, 

Klebsiella and Campylobacter. 
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Table 2 Relative abundance of genera associated with opportunistic pathogens as determined by 16S rRNA gene-
based high-throughput sequencing. 

 

All 
cucumbers 

Lettuce  

Set A and C 

Lettuce  

Set B and D 

Tomatoes  

Set A and C 

Tomatoes 

Set B and D 

Genus Average relative abundances (%) 

Acinetobacter 28.9 8.13 23.2 3.17 0.03 

Enterococcus 0.05 0.46 0.03 0.02 0.003 

Pseudomonas 0.19 0.11 0.19 0.22 0.00 

Stenotrophomonas 0.83 0.60 3.11 0.00 0.001 

Escherichia/Shigella 0.04 0.001 0.03 0.07 0.00 

Campylobacter 0.00 0.00 0.00 0.00 0.00 

Staphylococcus 0.001 0.00 0.00 0.00 0.00 

Streptococcus 0.005 0.00 0.46 0.00 0.00 

Yersinia 0.00 0.00 0.003 0.00 0.00 

Clostridium sensu stricto 0.20 0.69 0.06 0.16 0.00 

Salmonella 0.00 0.001 0.004 0.00 0.00 

Listeria 0.00 0.00 0.00 0.00 0.00 

Klebsiella 0.00 0.00 0.00 0.00 0.00 
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       4.5 Profile of cultivated bacterial isolates among the different produce 

Heterotrophic bacterial cultivation was performed to recover viable isolates from the 

different sets of produce (i.e., set A through E). A total of 480 isolates (nlettuce = 187, 

ntomatoes = 10, ncucumber = 192) was obtained and identified at the species level based on 

16S rRNA gene sequencing. Majority of the isolates that were ubiquitously recovered 

from the three types of produce across all five sampled sets were Stenotrophomonas 

spp., Pseudomonas spp., Enterococcus spp., Klebsiella spp., Enterobacter spp., 

Ochrobactrum spp., Acinetobacter spp., and Staphylococcus spp. (Figure 3). In particular, 

Stenotrophomonas, Pseudomonas, Enterococcus and Klebsiella were the four genera 

that accounted for the predominant percentage of isolates that were recovered, albeit 

at different frequencies among the produce. For example, Stenotrophomonas spp. 

accounted for 10.4% and 18.8% of isolates recovered from cucumber and lettuce, 

respectively, but accounted for 1.7% of isolates recovered from tomatoes. Likewise, 

Klebsiella spp. accounted for 3.1% of total isolates recovered from lettuce, but 

accounted for 1.3% and 0.6% of isolates recovered from tomatoes and cucumbers, 

respectively (Figure 3). A further evaluation at the species level revealed several types of 

opportunistic pathogenic species to be present in the produce. To illustrate, 

Enterococcus faecalis and E. faecium, both of which are commonly associated as fecal 

indicators, accounted as the predominant Enterococcus spp. isolated from the produce 

(Figure 3A). K. pneumoniae accounted for up to 70% of 24 isolates identified to be 

Klebsiella spp. (Figure 3B). Besides K. pneumoniae, two A. baumannii were also 

recovered along with A. bereziniae and A. calcoaceticus (Figure 3C). P. aeruginosa were 
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recovered less frequently relative to other Pseudomonas spp. (Figure 3D) but S. 

maltophilia accounted for up 61.5% of the 148 isolates identified to be 

Stenotrophomonas (Figure 3E). 

 

Figure 3 Profiles of the heterotrophic bacterial isolates recovered from the lettuce, tomato and cucumbers (middle 
circles). Numbers denoted in the circles are the percentage of isolates that are identified to be affiliated to that genus 
relative to the total isolates recovered from that particular produce. Numbers that are > 0.8% are shown. Bacterial 
species classified within (A) Enterococcus, (B) Acinetobacter, (C) Pseudomonas, and (D) Stenotrophomonas were 
further shown at the species level.  
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4.6 Quantitative microbial risks assessment for the presence of K. pneumoniae and 

A. baumannii in produce  

The average amount of antibiotic-resistant bacteria that grew on the MacConkey plates 

supplemented with antibiotics (ceftazidime or meropenem) were 1.02 x 1010, 2.05 x 107 

and 4.78 x 109 cells per 50 g of lettuce, tomato and cucumber, respectively. QMRA was 

performed to assess the risks associated with K. pneumoniae and A. baumannii because 

these two microbial agents have been reported to be common causative agents in 

nosocomial and non-nosocomial infections in Saudi Arabia (Uz Zaman, Aldrees et al. 

2014, Yezli, Shibl et al. 2014, Sonnevend, Ghazawi et al. 2015). Both bacterium were 

isolated at different frequencies in the three types of examined produce. Majority of the 

K. pneumoniae isolated were recovered from the lettuce while both of the A. baumannii 

were recovered from the cucumbers. Point and annum estimates of the microbial risk 

arising from both bacterium were compared against the acceptable limit of 10-4 (i.e., the 

risk of infecting 1 individual per 10,000 persons). It was determined that the high-bound 

and low-bound point risks arising from K. pneumoniae ranged from 2.22 x 10-4 to 3.97 x 

10-10, with the high-bound point risk estimation slightly above 10-4 risks due to ingestion 

of K. pneumoniae in lettuce (Table 3). In comparison, the point estimates of risk from A. 

baumannii in cucumbers ranged from 3.35 x 10-7 to 2.68 x 10-6 and were considerably 

lower than the acceptable risk of 10-4. Based on the surveyed consumption rates per 

annum, the annual risk arising from K. pneumoniae was of concern when consuming 

lettuce as the annual risks ranged from 9.05 x 10-3 to 7.01 x 10-2 (Table 3) but annual 

risks were within acceptable limits when consuming tomatoes and cucumbers. On the 



37 

 
other hand, the presence of A. baumannii in cucumbers can result in an annual risk that 

ranged from 1.10 x 10-4 to 8.76 x 10-4, which was slightly higher than the acceptable 

limit of 10-4 (Table 3). 

  



38 

 
 

Table 3 Quantitative microbial assessment for Klebsiella pneumoniae and Acinetobacter baumannii present in the 
produce. 

Parameters Annotation Assumed 
Value Reference 

Average weight per person among surveyed cohort (kg) A 67 

[27] Average meals per day that included raw produce B 0.97 

Weight of produce consumed per meal (g/d) C 50-100 

Total amount of produce consumed (g/d) D = B*C 48.5-97 [26] 

Actual weight of lettuce consumed per body weight per day, 
assuming that the total amount of produce consumed is made 

up of 4 produce types in equal portions (g/kg/d) 
D/A 

0.72-1.45 

 

 

 

Actual weight of cucumber or tomato skins consumed per 
body weight per day, assuming that the total amount of 

produce consumed is made up of 4 produce types in equal 
portions and that skins account for 2% of total weight (g/kg/d) 

D/A *0.02 
0.01-0.03 

 

 

 

Average total antibiotic resistant bacteria from respective 
produce enrichment culture per 50 g E 

Lettuce: 1.02 x 1010 

Tomato: 2.05 x 107 

Cucumber: 4.78 x 109 

Range of probability of bacteria remaining after handling F 

High bound: 
1.0 x 10-3  Low 
bound: 1.0 x 

10-6 

 

Fraction of K. pneumoniae isolates  

Lettuce: 0.03 

Tomato: 0.01 

Cucumber: 
0.004 
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Range of K. pneumoniae dose ingested from lettuce  7.23x 101 to 
1.45 x 102  

Range of K. pneumoniae dose ingested from tomato  1.04 x 10-3 to 
2.07 x 10-3  

Range of K. pneumoniae dose ingested from cucumber  9.67 x 10-2 to 
1.93 x 10-1  

k of  K. pneumoniae 

Mean: 7.68 x 10-7 

High bound: 1.54 x 10-6 

Low bound: 3.84 x 10-7 

[29] 

Point estimate of risk arising from K. pneumoniae = 

1 − exp (−k × exposure dose) 

Lettuce: 2.78 x 10-5 to 2.22 x 10-4 

Tomato: 3.97 x 10-10 to 3.18 x 10-9 

Cucumber: 3.71 x 10-8 to 2.97 x 10-7 

Annual risk arising from K. pneumoniae = 

1 − (1-point estimate)^327 days per year 

Lettuce: 9.05 x 10-3 to 7.01 x 10-2 

Tomato: 1.30 x 10-7 to 1.04 x 10-6 

Cucumber: 1.21 x 10-5 to 9.71 x 10-5 

Fraction of A. baumannii isolates  

Lettuce: 0.00 

Tomato: 0.00 

Cucumber: 
0.004 

 

Range of A. baumannii dose ingested from cucumber  9.67 x 10-2 to 
1.93 x 10-1  

k of  A. baumannii 

Mean: 6.93 x 10-6 

High bound: 1.39 x 10-5 

Low bound: 3.47 x 10-6 

[29] 
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Point estimate of risk arising from A. baumannii = 

1 − exp (−k × exposure dose) 
Cucumber: 3.35 x 10-7 to 2.68 x 10-6 

Annual risk arising from A. baumannii = 

1 − (1-point estimate)^327 days per year 
Cucumber: 1.10 x 10-4 to 8.76 x 10-4 

 

4.7 Presence of beta-lactamase genes among K. pneumoniae and A. baumannii 
isolates  

The K. pneumoniae and A. baumannii isolates were further evaluated for the presence 

of carbapenemase encoded by blaCTX-M-15, blaIMP, blaKPC, blaNDM, blaVIM, blaOXA-48 and 

blaOXA-51 genes. Positive PCR amplification of the correct anticipated size were observed 

for blaCTX-M-15gene among 13 out of the 21 K. pneumoniae isolates. All 13 K. pneumoniae 

that were tested positive from blaCTX-M-15gene were isolated from antibiotics-

supplemented MacConkey plates that were spread-cultivated with enrichment culture 

from lettuce. Multi-locus sequence typing (MLST) of the blaCTX-M-15-positive K. 

pneumoniae revealed different serotypes namely ST661 (3 out of 13 isolates), ST37 (3 

out of 13), ST789 (2 out of 13), ST101 (2 out of 13), and the remaining isolates were 

individually classified under ST 1593, ST661, ST889 (Supplementary Dataset S2). Both A. 

baumannii were isolated from cucumbers from set D and were positive for only blaOXA-51 

gene. MLST of both A. baumannii isolates suggest high sequence similarity of their 

housekeeping genes, and that both isolates were not classified into any of the existing 

ST that are present in the database. 
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5  Discussion  

Similar to the findings reported by an earlier study (Leff and Fierer 2013, Erlacher, 

Cardinale et al. 2015), this study demonstrated variations in the produce-associated 

microbiota among three different types of fruits and vegetables and that 

Enterobacteriaceae accounts for the predominant bacterial family on the different types 

of produce (Figure 2). Despite similarities in an overall predominance of 

Enterobacteriaceae, it was observed that cucumbers and lettuce had a high 

predominance of Acinetobacter compared to the tomatoes.  Tomatoes, on the other 

hand, had a high predominance of Lactococcus. Several isolates that were 

phylogenetically identified within the predominant Enterobacteriaceae and 

Acinetobacter groups were viable and recovered from enrichment cultures of the 

blended produce.  By further coupling with sequencing of their 16S rRNA genes, 

identification was made at the species level and revealed the presence of Enterobacter 

hormaechei, Enterobacter asburiae, Enterobacter cancerogenus and Escherichia 

fergusonii which were mainly of environmental origins.  

Although high-throughput sequencing did not denote the presence of Klebsiella 

in any of the enrichment cultures (Table 2), Klebsiella isolates were recovered from the 

produce sampled in set E and D by cultivation. It is likely that the subsequent overnight 

enrichment and growth on MacConkey agar may have favored the growth of Klebsiella 

compared to other bacterial populations, hence facilitating the detection of this genus 

compared to other genera via cultivation approaches. Among the Klebsiella and 
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Acinetobacter genera isolates that were cultivated successfully were species that were 

also identified to be pathogenic (e.g. K. pneumoniae and A. baumannii) (Figure 3).  

However, K. pneumoniae and A. baumannii were only isolated from set E and set D 

produce, and not from any of the other remaining sets. Based on information gathered 

during the sampling trips, differences were noted in the water source, produce origin 

and temporal variation among the sample sets. Multivariate analysis on the produce-

associated microbial communities revealed that the water sources played a lower 

contribution to the overall dynamics of the microbiota compared to the produce origin 

and temporal effect (Table 1). However, both sets E and D were coincidentally collected 

some months after heavy rainfall events were reported in many parts of the Kingdom. 

As the localized soil and sand are highly permeable and porous (Missimer, Hoppe-Jones 

et al. 2014), it is likely that the heavy rainfall events may have perturbed the water 

quality at the vadose zones, and hence detrimentally impacted the quality of produce 

associated with sets E and D. It was logistically challenging to trace back to the exact 

water that were used to irrigate the produce and sample for their water quality. 

However, localized anthropogenic activities had been shown to result in significant 

perturbation to the groundwater supplies although the subsequent transfer of microbial 

contaminants to the produce were limited to those of fecal origins, for example 

Enterococcus faecalis or E. faecium, and at sporadic instances (Alsalah, Al-Jassim et al. 

2015).  
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However, produce can still be contaminated by foodborne pathogens at any 

point post-harvest. The presence of both microbial pathogens in produce associated 

with sets E and D is further compounded by the presence of ESBL genes. To illustrate, 

blaCTX-M-15-positive K. pneumoniae were found only in lettuce of both sets E and D while 

blaOXA51-positive A. baumannii were also only found in cucumbers from set D. The 

presence of the ESBL or carbapenem-resistant bacterial pathogens in only specific type 

of produce and in only sets E and D was hypothesized to arise as a culmination of 

various factors. Firstly, irrigation water quality and farming practices may be different 

across the farms and hence predispose the produce to different frequencies of microbial 

contaminants. Lettuces positive for ESBL-resistant K. pneumoniae mainly originated 

from Taif while those negative for the same ESBL-resistant pathogen were from other 

geographical locations (i.e., Al-Madinah and Asir). Secondly, the leafy arrangements of 

lettuce heads may have shielded the bacterial pathogens from solar irradiation and/or 

other harsh environmental conditions, and hence facilitated a longer persistence of 

bacterial pathogens. Thirdly, cucumbers were observed during handling to have rougher 

apparent surface topography than tomatoes, and it was previously found that the 

adhesion of microorganisms onto surfaces were positively correlated with rougher 

surface topography (Pang, Hong et al. 2005). Lettuces were also previously found to 

have a higher contamination index than tomatoes and that once a bacterial 

contaminant was attached onto lettuce, higher populations may be retained in the 

phyllosphere of lettuce compared to tomatoes (Barak, Liang et al. 2008).  
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The implications of isolating drug-resistant bacterial isolates from produce can 

be of concern. Both K. pneumoniae and A. baumannii had been listed as common 

pathogens in the Arabian Peninsula region (Zowawi, Balkhy et al. 2013). However, 

documented outbreaks tend to originate from nosocomial environment and there had 

not been any other reports of blaCTX-M-15-positive K. pneumoniae and blaOXA51-positive A. 

baumannii isolated from local produce in community settings. Quantitative microbial 

risk assessment conducted based on the surveyed consumption frequency and dietary 

habits suggest an annual risk arising from blaCTX-M-15-positive K. pneumoniae in lettuce to 

range between 9.05 x 10-3 to 7.01 x 10-2 (Table 3), and that the risk was higher than the 

acceptable probability of 10-4. Although the annual risk of consuming blaOXA51-positive A. 

baumannii in cucumber ranged from 2.1 x 10-4 to 8.39 x 10-4, the quantified risk was 

only slightly higher than the acceptable probability of 10-4 despite being a worst case 

scenario analysis. Furthermore, both A. baumannii isolates recovered from cucumbers 

were likely to be of clonal origin given that the ST profile and antimicrobial resistance 

pattern were similar. A local survey for the carbapenem resistance mechanisms among 

A. baumannii isolated between 2006 to 2011 at various Saudi medical centers had 

identified genes for blaVIM, blaOXA-23, blaOXA-40, blaOXA-89, blaOXA-66 and novel chromosomal 

blaOXA-51-like among these isolates (Alsultan, Hamouda et al. 2009, Alsultan, Evans et al. 

2013). A more recent study that looked into 117 Acinetobacter spp. collected from 

hospitals between 2011 to 2013 also found all isolates to be positive for blaOXA-51-type 

(Zowawi, Sartor et al. 2015). Along with these studies, our findings suggest a frequent 
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occurrence of blaOXA-51 genes in A. baumannii isolated from both nosocomial and 

community settings.  

In both instances, there were no direct evidence to suggest there had been any 

dissemination of K. pneumoniae and A. baumannii from the community via ingestion of 

the produce to the infect any of the hospitalized patients. However, MLST of the K. 

pneumoniae isolates grouped them into ST661, ST1593, ST37, ST43, ST101, ST889 and 

ST789. Isolates belonging to the ST37 and ST661 type were also isolated from 

vegetables imported to Switzerland from Dominic Republic and other Asian countries 

(Zurfluh, Nuesch-Inderbinen et al. 2015), and were also found to be ESBL producers. 

Among these STs, K. pneumoniae belonging to ST661, ST37 and ST101 had been 

reported to cause urologic infections in Italy, USA and in some Mediterranean countries 

such as Spain and Tunisia (Mammina, Bonura et al. 2012, Little, Qin et al. 2014, Cubero, 

Cuervo et al. 2015). Coincidentally, blaCTX-M-15-positive K. pneumoniae had also been 

identified as one of the main mechanisms for ESBL resistance among nosocomial K. 

pneumoniae isolates studied in Saudi Arabia (Zowawi, Balkhy et al. 2013). Unlike K. 

pneumoniae, MLST of A. baumannii isolated in this study was not assigned to any of the 

known STs and it was not possible to establish a link to the nosocomial strains based on 

the current experimental design.  

Given the sporadic occurrences of ESBL or carbapenem-resistant pathogens in 

certain types of produce, this study looked into whether any of the commonly used 

washing and preparation procedures would change the dynamics of produce-associated 
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microbiota. No significant difference among each type of produce-associated microbiota 

was observed when washing was performed (Table 1). There was also no significant 

difference in the microbial richness observed among the washed produce 

(Supplementary Figure S1). This is further verified with cultivation-based method which 

showed only a low 0.5-log reduction of antibiotic-resistant bacterial counts. Our findings 

concurred with the high variation in the log reduction, ranging from 0.2 to 2.2 log 

reduction in fecal coliforms that were obtained by either dipping produce in tap water 

or a 2 min contact with tap water, salt water or acidic water (Amoah, Drechsel et al. 

2007). In this study, the reduction in the number of viable bacteria obtained by washing 

the produce would need to be as high as 4.6-log so as to achieve the acceptable annual 

risk level of 10-4. A more disruptive type of washing procedure, for example by washing 

the lettuce with free chlorine, was demonstrated to achieve up to 3-log reduction of 

microbial contaminants (Adams, Hartley et al. 1989) and may be needed in order to 

achieve the acceptable risk level. However, the reaction of chlorine with organics and 

nitrogenous compounds in the produce can result in the formation of chemical 

disinfectant byproducts (Mitch and Sedlak 2002, Mitch and Sedlak 2004, Yang, Fan et al. 

2010) that have been shown to impose mammalian toxicity even at low concentrations 

(Plewa, Wagner et al. 2008). Hence, a feasible and practical way to mitigate both 

microbial and chemical risks in produce would have to be attained through heat 

inactivation of drug-resistant pathogens during cooking.   
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6 Conclusion  

         In summary, through a 1.5-year monitoring effort on the produce-associated 

microbiota, we have demonstrated sporadic presence of drug-resistant bacterial 

pathogens on certain types of produce. Although this study mainly emphasized on the 

local occurrences of ESBL and the produce-associated microbial communities in Saudi 

Arabia, our findings revealed several cause of concerns that can be applied to food 

safety on a global context. This study, along with others reported from other 

geographical locations, has highlighted the presence of drug-resistant bacteria 

associated with produce. Most of the current reports of ESBL or carbapenem-resistant 

bacterial isolates were identified in nosocomial samples. However, the carriage of such 

drug-resistant bacteria in the food that we consume daily suggests a possible 

connection between our daily diet and our health. Our findings suggest that different 

produce have varying extents of predisposition towards adherence and subsequent 

occurrence of pathogens. This can result in varying levels of ingestion risks associated 

with different types of produce. In addition, the commonly used approaches to clean 

and prepare the produce by the surveyed group were insufficient in removing majority 

of the produce-associated microbiota. Either more invasive cleaning approaches or a 

more thorough cooking of the produce would be required to mitigate the associated 

ingestion risks. 
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SUPPLEMENTARY DATA  

 

 
Figure S1: Microbial richness among the different produce types were denoted based on the 
number of unique operational taxonomic units (OTUs) identified at a sequencing depth of 1100 
reads and at 97% 16S rRNA gene similarity.  
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