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ABSTRACT

OF THE THESIS OF

Sarra Grazza for Master of Science
Major: Food Safety

Title: Survival and Fitness of mcr-1-Harbouring Escherichia coli on Selected Produce.

Antimicrobial resistance is a global public health concern. Colistin, also referred to as
polymyxin E, is a last resort antibiotic used to treat complicated bacterial infections
caused by Gram-negative bacteria when other antibiotics are proven ineffective. It was
believed that colistin resistance was chromosomally mediated; however, Liu et al. have
discovered the mobile colistin resistance gene in the year 2016. Following this
discovery, the mobile colistin resistance gene, mcr-1, has been detected in several
niches in more than 40 countries. Lebanon, a developing country, suffers a serious
antimicrobial resistance issue with the dissemination and spread of the mobile colistin
gene mcr-1 in several matrices. Foodborne outbreaks related to consuming raw
vegetables have been increasing with Escherichia coli reported as the most common
pathogen behind these outbreaks. Multidrug resistanct mcr-1-harbouring E.coli have
been detected in fresh produce in several countries. The sources of contamination of
fresh produce include soil, irrigation water, manure, domestic and wild animals, insects,
processing methods, and handling. Hence, the aim of this study is to quantify the
survival and fitness of mcr-1-harbouring Escherichia coli on selected fresh produce,
lettuce, and spinach. The study also aims to assess the potential changes of
Antimicrobial resistance (AMR) profiles of these E.coli on fresh produce. The isolates
used are from various sources, sewage water, poultry, river water, and pigeon fecal
matter. Results of this study show that all used isolates survived on both lettuce and
spinach for up to 72 hours at room temperature and up to 7 days at 4°C. The final
bacterial load was evaluated to assess the survival potential of these isolates on the fresh
produce samples used. The PCR analysis showed that all tested isolates from the last
time points retained the mobile colistin resistance gene mcr-1. The disc diffusion
method showed that the survived isolates of sewage source (WB3) and that of river
water source (Waz3(1)) retrieved from the last time point did not exhibit any changes in
their AMR profiles when compared to those of the original corresponding isolates. The
other survived isolates showed minor changes in their AMR profiles when compared to
their corresponding original isolates. This is the first study to evaluate the survival of
multidrug-resistant mcr-1-harboring Escherichia coli in lettuce and spinach. The
findings of this study highlight the urge to act to ban colistin use and limit its use to
therapeutical purposes to stop the spread of colistin resistance genes from different
matrices to humans.
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CHAPTER |
INTRODUCTION

A. The Problem of Antimicrobial Resistance

Antibiotics have had a major influence in the medical field and have saved millions
of lives since their discovery. However, microorganisms have been rapidly developing
resistance to antibiotics through natural mutations, and genetic material transfer. Further
escalating the issue, the overuse and misuse of antibiotics by humans have significantly
contributed to the emergence of antibiotic resistance bacteria [1]. In 2013, the US Centers
for Disease Control and Prevention (CDC) claimed that humanity entered the post
antibiotic era. Additionally, in 2014, the World Health Organization (WHO) classified
Antimicrobial Resistance (AMR) as a global crisis. Antimicrobial resistance threatens the
efficacy of antibiotics leading to the persistence of infections and thus increasing the
spread rate of diseases among individuals. New resistance mechanisms are spreading
globally leading to the inability to treat common infections and thus rendering them
deadly. The emergence and spread of AMR are also complicating the routine medical
surgeries and procedures and making them high risk processes. Moreover, the AMR crisis
is placing a significant burden on health care systems since it is contributing to longer
hospitalization periods requiring more intensive care. [2]. This issue is even more crucial
in developing countries such as Lebanon due to many factors including poor

infrastructure, weak antimicrobial stewardship, pollution, and refugee crisis [3].
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1. Antibiotics Use and Consequences in Lebanon

In Lebanon, antibiotics are widely available in pharmacies without prescriptions.
They are even available for online purchasing on websites. Several factors further
complicate the AMR problem in the country such as i) the lack of awareness of the
consumers and providers, ii) the overuse of antibiotics in humans, agriculture, and
animals, iii) the use of antibiotics as growth promoters and prophylactic agents, iv) self-
medication and lack of commitment to treatment timeline and doses. Furthermore,
antibiotics may not be fully metabolized by the human body and large amounts may be
excreted in the fecal matter or urine and enter wastewater treatment facilities. These intact
antibiotics or active metabolites contribute to the spread of resistant microorganisms into
the environment especially when effective sewage water management systems are lacking
[3].

Antimicrobial usage in animals may leave edible tissues contaminated with
antimicrobial residues which are toxic to consumers. Consumption of antibiotic residues
even below the maximum residue limit (MRL) can cause the accumulation of these
substances leading to several complications including allergies, disorder of intestinal
flora, and emergence of resistant bacteria. In Lebanon, several studies investigated
antibiotic residues in dairy and meat products. The results revealed high contamination

of these foods with antibiotics [4,5,6].

2. Emergence of Antimicrobial Resistance in Environmental Settings in Lebanon
Water contaminated with resistant bacteria is a serious problem since it provides
a route for AMR transmission to many niches and environmental settings. Lebanon-a

developing country with poor infrastructure, and weak sewage water management
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systems suffers water contamination and spread of AMR from human, animal, and health
care facilities sources [7].

A study investigated the contamination of irrigation water in two major
agricultural areas in Lebanon; South Lebanon and the Begaa Valley where a total of 27
irrigation water samples were collected in the year 2018. E.coli was detected in 44% of
the samples. AMR analysis revealed that all of the isolates were Multidrug-resistant
(MDR); resistant to at least four classes of antimicrobials. Resistance was observed
against penicillin (100% of isolates), ampicillin (100%), amoxicillin/clavulanic acid
(23%), cefepime (18%), cefotaxime (41%), cephalexin (73%), cefixime (32%),
doripenem (5%), meropenem (5%), gentamicin (36%), kanamycin (64%), streptomycin
(95%), tetracycline  (100%), ciprofloxacin  (36%), norfloxacin  (45%),
trimethoprim/sulfamethoxazole (SXT) (68%) and chloramphenicol (45%). The results
demonstrate the contamination of irrigation water in Lebanon with MDR E.coli and thus
the possibility of the spread of this contamination to other niches. [8]

Another study on the microbial contamination of seawater in Lebanon revealed
that 45.5% of the 22 locations tested were contaminated with E.coli. Disk diffusion assay
showed that all 16 E.coli isolates were multidrug-resistant (resistant to at least three
antibiotic classes), exhibiting resistance to penicillin (100% of isolates), ampicillin
(94%), amoxicillin/clavulanic acid (94%), cefepime (13%), cefotaxime (25%), cefalexin
(75%), cefixime (19%), gentamicin (13%), kanamycin (38%), streptomycin (69%),
tetracycline (81%), ciprofloxacin (63%), norfloxacin (13%),
trimethoprim/sulfamethoxazole (69%) and chloramphenicol (63%) [7].

Moreover, a study published in 2020 investigated multidrug resistance in rainbow

trout farms. Five E. coli were identified and confirmed multidrug-resistant exhibiting
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resistance to penicillin, ampicillin, amoxicillin + clavulanic acid, cephalexin, kanamycin,
streptomycin, tetracycline, trimethoprim-sulfamethoxazole, and chloramphenicol [9].

Furthermore, a study on the molecular characterization as well as antimicrobial
resistance profile of pathogenic bacteria of environmental source in Lebanon found that
94.7% of the tested samples were contaminated with either Escherichia coli, Salmonella,
or both. Samples were collected from seawater, sediment, crab, and fresh water. Two out
of the E.coli detected by PCR were O157:H7. Confirmed E. coli and Salmonella exhibited
high rates of antimicrobial resistance. Given that a similarity in resistance profiles was
observed between Salmonella and E. coli isolates, it was suggested that horizontal gene
transfer may explain this phenomenon. Thus, not only is AMR emerging in environmental
settings in Lebanon, but it is also spreading among different species occurring in nature
[10].

A similar study investigated the presence and the molecular characterizations of
Streptococcus pneumoniae in aquatic environments in Lebanon. The study focused on
ground water, sea water, sediments, and crabs. Interestingly, crab samples were the most
contaminated among the collected samples. Sea water was confirmed to contain S.
pneumoniae. Moreover, twenty isolates from sea water were also confirmed resistant to
vancomycin, gentamicin, and oxacillin. Other isolates were resistant to clindamycin and
erythromycin. Tested freshwater samples contained isolates resistant to erythromycin,
vancomycin, gentamicin, clindamycin, and oxacillin. Similar findings were observed in
tested crab samples [11].

Another study conducted on the environmental settings in Lebanon targeted
Staphylococcus aureus and saprophyticus. Representative samples were collected from

sea water, fresh water, sediments, and crab along the coast of Lebanon. 51% of all tested
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bacteria were resistant to at least one of the antimicrobials used. The resistance pattern
ranged from 45% in fresh water and 54.8% in sea water [12]. These studies illustrate the

increasing antimicrobial resistance rates in Lebanese environment and water sources.

3. Emergence of Antimicrobial Resistance in Food Systems in Lebanon

Since most water sources in Lebanon were confirmed contaminated with
antimicrobial resistant bacteria, further studies were conducted to investigate the AMR
status in fresh produce. A study conducted in the Begaa valley revealed 60 E. coli isolates
from vegetables collected from restaurants, markets, farms, and crop washing areas. All
isolates were resistant to streptomycin and cephalothin. Resistance to ampicillin,
tetracycline, gentamycin and colistin sulphate was detected in 78%, 42%, 22% and 3%
of the isolates, respectively. Overall, 60% of the isolates were multidrug-resistant which
is a high number compared to other studies [13].

Dairy products are also susceptible to contamination due to milk composition and
nutrients [14,15]. The Lebanese diet highly depends on many dairy products (such as
yogurt, labneh, milk, cheese, kishk and shankleesh) [16]. Products made with
unpasteurized milk are more frequently contaminated [14]. In addition, raw milk used for
handmade products is sometimes heated for a few minutes only at temperatures that
cannot kill all bacteria [15]. To investigate the AMR problem in dairy products, a series
of 5 studies was conducted on 3 traditionally consumed Lebanese dairy products from
Begaa region since this area is known to be a major source of dairy products in Lebanon.
Most products are prepared using traditional techniques with minimal hygiene practices
[15]. One-hundred sixty-four samples (83 kishk, 45 baladi cheese and 36 shankleesh)

were collected from houses, markets, and small farms, and were all available for sale
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[14,15]. Each study focused on one specific bacterial type and analyzed the antibiotic
resistance profiles.

The findings illustrated the presence of Brucella abortus in different ready-to-eat
dairy products. Six isolates were confirmed and tested for antimicrobial susceptibility.
Multidrug resistance patterns were observed with all isolates resistant to at least one of
the used antibiotics; streptomycin and ciprofloxacin, and gentamicin [17].

The studies also confirmed that 94 E. coli isolated from 164 samples of dairy
products of which 38.3% belonged to pathogenic species. Antimicrobial susceptibility
tests revealed that all isolated E.coli were resistant to at least one of the ten tested
antibiotics, 84% of which were resistant to tetracyclines. [14]

Furthermore, the samples were tested for the presence of Listeria monocytogenes.
All isolates were resistant to at least one antibiotic, and the highest resistance rates were
to oxacillin, penicillin, and ampicillin. Surprisingly, about 26% of the isolates were
vancomycin resistant which is high comparing to other studies [18]. Yersinia entero-
colitica was also isolated from the same samples and found highly resistant to
streptomycin (87.5%). The isolates were also highly resistant to most antibiotics, which
is odd knowing that Yersinia does not develop resistance easily as it was confirmed by
previous studies [19].

Moreover, same dairy products samples were found to contain Staphylococcus
aureus and Staphylococcus saprophyticus. 45 isolates were confirmed resistant to at least
one antibiotic, 61% of which exhibited resistance to all 6 tested antibiotics with the
highest resistance to oxacillin and clindamycin followed by methicillin, teicoplanin,

vancomycin and gentamicin. [15]. These results indicate high levels of antimicrobial
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resistance prevalence in some of the most consumed dairy products in Lebanon which is
alarming given the lack of AMR control mechanisms in the country.

Other studies investigated the presence and antimicrobial resistance profile of
isolates from meat-based foods in Lebanon. Two of the famous Lebanese foods were
included; Lahm-bi-Ajeen (meat pies) and Shawarma. The isolates were identified and
tested for resistance patterns to a variety of commonly used antimicrobials. Results
indicated contamination of the tested foods with Salmonella paratyphi (serogroup A) and
Shiga Toxin producing E.coli. The confirmed isolates were highly resistant to at least one
of the tested antimicrobials. Almost 69% of E.coli and 77.8% of Salmonella species were
antimicrobial resistant. Moreover, all tested Salmonella species were resistant to
clindamycin, oxacillin, vancomycin, teicoplanin, and erythromycin whereas all E.coli
isolates were resistant to trimethoprim and teicoplanin. These findings highlight the
presence of pathogenic bacterial strains that are highly resistant to different antimicrobials
in two of the commonly consumed meat-based foods in Lebanon [20].

Another study examined 50 minced raw meat samples that were collected from
different stores and butcheries in Beirut, Lebanon. A hundred twenty E.coli were isolated
and tested for antimicrobial resistance profile. 98% of the meat samples contained fecal
coliforms and 76% yielded E. coli above the accepted microbial level. All E. coli isolates
were resistant to more than one antibiotic tested whereas 35 % of the isolates were
multidrug resistant. The findings emphasized the issue of antimicrobial resistance in one
of the most common consumed foods in Lebanon [21].

Moreover, a study identified 51 Campylobacter coli isolates from two
slaughterhouses in Lebanon. Collected samples were both chicken caeca taken during the

evisceration and whole poultry carcass. Antimicrobial susceptibility testing was
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performed involving a variety of B-lactam agents and tetracycline. The AMR profile of
these isolates revealed that all isolates were resistant to cephalothin and aztreonam.
Isolates were also resistant to cefamandole and cefoxitin (98%) tetracycline (94%),
ampicillin (49%), amoxicillin (47%), piperacillin (45%), carbenicillin (37%), ticarcillin
(20%), ceftazidime (18%), cefotaxime (8%) and amoxicillin-clavulanic acid (2%) [22].

Another study investigated the presence of multi-drug resistant Gram-negative
Bacilli in poultry farms across Lebanon through collecting 981 fecal swabs. Two hundred
thirty-five strains were isolated and identified as E. coli (92%), Klebsiella Pneumoniae
(3%), Proteus mirabilis (1%), and Enterobacter cloacae (1%). “The phenotypic tests
revealed that 43.5, 28.5, and 20.5% of the strains were ampC, ESBL, and ampC/ESBL
producers respectively. The putative TEM gene was detected in 83% of the isolates, SHV
in 20%, CTX-M in 53% and CMY ampC b-lactamase gene in 65%.” These findings
confirm that chicken farms across Lebanon present a reservoir of Multi-Drug Resistant
Gram-negative bacilli [23].

Another study investigated the emergence of antimicrobial resistant E.coli in
Lebanese poultry farms. Ninety-three fecal samples were collected from three major
Lebanese broiler chicken farms. The results showed that 97% of the tested samples
yielded E.coli colonies 90 of which were isolated and further purified. Disk diffusion
essay showed that all tested isolates were multidrug resistant (Resistant to 4 or more
classes of antimicrobials). The isolates exhibited resistant to penicillin (100% of isolates),
ampicillin (100%), amoxicillin-clavulanic acid (56%), cefepime (25%), cefotaxime
(70%), cephalexin (94%), cefixime (76%), doripenem (1%), imipenem (1%), meropenem

(2%), gentamicin (61%), kanamycin (76%), streptomycin (80%), tetracycline (89%),
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ciprofloxacin (91%), norfloxacin (68%), trimethoprim-sulfamethoxazole (84%), and
chloramphenicol (95%). [24]

Another study targeted Rainbow Trout in Lebanon where 5 E.coli isolates were
assessed for their antimicrobial susceptibility. All isolates were multidrug-resistant and
disk diffusion assay showed that both F1 isolates (F111 and F112) were resistant to
penicillin (PEN), ampicillin (AMP), amoxicillin/clavulanate (AMC), cephalexin (LEX),
gentamicin (GEN), kanamycin (KAN), streptomycin (STR), tetracycline (TET),
trimethoprim/sulfamethoxazole (SXT), and chloramphenicol (CHL). Moreover, all three
F2 isolates (F211, F212, and F213) exhibited resistance to PEN, AMP, AMC, LEX, KAN,

STR, TET, ciprofloxacin (CIP), norfloxacin (NOR), SXT, and CHL. [9]

B. Colistin Resistance and mcr-1

Colistin, also known as Polymyxin E, is a polypeptide antibiotic that belongs to
the polymyxin family of drugs. It was isolated from the soil bacterium Paenibacillus
polymyxa subsp colistinus in Japan in 1947. It was first used as an intravenous formulation
in 1950 and became available for clinical use in 1959 upon getting approved by the US
Food and Drug Administration (FDA) [25]. The use of colistin to treat bacterial infections
was largely abandoned in the 1970s because of its neurotoxicity and nephrotoxicity.
However, colistin has been reintroduced as a last resort antibiotic in recent years as drug-
resistant infections have emerged. Moreover, plasmid-mediated colistin resistance
conferred by the mobile colistin resistance gene (mcr-1) was identified in the late 2015
and the prevalence of colistin resistance has thus become a public health concern. Before

the discovery of the mcr-1 gene, resistance to colistin has been solely attributed to
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mutational and regulatory changes by chromosomal genes. Mcr-1 gene was first
described in a plasmid carried by an E.coli isolated in China in 2011. [26]

Lipopolysaccharide (LPS), more exactly lipid A is the initial target site of colistin.
Lipid A is located in the outer membrane playing a significant role in cell permeability.
The electrostatic interaction between the positively charged region of colistin and the
negatively charged phosphate groups of lipid A, replace the calcium and magnesium ions
previously linked to the phosphate group. The replacement of theses ions destabilizes
lipid A and increases the outer cellular membrane permeability causing the entry of
colistin and thus the eventual death of the bacteria. Another antibacterial mechanism of
colistin is the inhibition of type Il NADH-quinone oxidoreductase (NDH-2) which is a
crucial respiratory enzyme in the bacterial cell membrane. The overuse of colistin has
resulted in the emergence of colistin resistance worldwide. Resistance to colistin is
achieved through the modification of LPS, and thus reducing or eliminating affinity for
colistin. This mechanism may differ among species although it is common for Gram-
negative bacteria. Changes of lipid A through the addition of positively charged residues
such as phosphoethanolamine (PEtn) and/or 4-amino-4-deoxy-L-arabinose (L-Ara4N)
decrease the overall negative charge of LPS, leading to a weaker electrostatic interaction
with the positive charge of colistin which inhibits cell lysis. [27]

Mobile colistin resistance presents a significant public health concern as it can
spread through horizontal transfer and may imply a lower fitness cost. Mcr-1 has been
identified in several countries and has been observed on plasmids that contain other
antimicrobial resistance genes such as extended-spectrum [-lactamases and
carbapenemases. Mcr-1 has been observed on a variety of plasmid types including Incl2,

IncHI2, and IncX4. The prevalence of mcr-1 has been found high in some environmental
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settings, including the Haihe River in China, fecal samples from otherwise healthy
individuals, and in public urban beaches water in Brazil. [26]

Several studies have documented the dissemination and spread of mcr-1 in several
matrices. To evaluate the potential risk of contamination of food with antibiotic-resistant
bacteria, a study conducted in Egypt found that 78% of the raw beef collected samples
and 53% of ready-to-eat beef products samples were contaminated with Escherichia coli.
Eight E.coli of the 210 isolates were resistant to colistin and harbored mcr-1 gene. Three
E.coli of the colistin-resistant isolates harbored both mcr-1 and extended-spectrum beta-
lactamase (ESBL) genes comprising a significant public health concern. Colistin is
frequently used in livestock production in Egypt. Thus, the results of the study suggest
that colistin-resistant pathogenic E.coli are transferred from food producing animals to
humans via meat and meat-based products. [28]

A study published in 2020 reported the detection of the mobile colistin resistance
gene mcr-1 in multidrug resistant E.coli isolate recovered from lettuce produced and
marketed in Portugal obtained at a retail store in the region of Lisbon and Tagus Valley.
The mcr-1 positive isolate revealed a non-wild-type phenotype to colistin (MIC 16 mg/L).
This study emphasizes the severity of colistin resistance especially that mcr-1 gene was
detected in lettuce that is consumed raw with no further cooking or processing required.
[29]

Several studies have been conducted in China to investigate contamination of
fresh produce with mcr-1-harboring bacteria. One of the studies, where 538 fresh
vegetable samples were collected from 53 supermarkets from 9 provinces in the country,

23 mcr-1 positive E.coli were isolated from 19 fresh produce samples. [30]
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Similarly, a study conducted in Switzerland targeted 60 extended-spectrum beta-
lactamase (ESBL)-producing Enterobacteriaceae isolated from 42 imported vegetable
samples (from Thailand and Vietnam). The study reported the detection of mcr-1 gene in

2 out the 60 isolates that were all confirmed as E.coli. [31]

1. Colistin Resistance and mcr-1 in Lebanon

Several studies have been conducted in Lebanon to evaluate the presence of the
mobile colistin resistance gene (mcr-1) in different matrices. One of the most recent
studies investigated resistance to colistin as well as other antimicrobials in Gram-negative
bacteria isolated from patients in North-Lebanon. Eight colistin-resistant Escherichia coli
were isolated. All E.coli isolates exhibited minimum inhibitory concentration (MICs)

greater than 2mg/L. [32]

Another study investigated the presence and spread of expanded-spectrum
cephalosporin (ESC)-resistant Escherichia coli in healthy broilers in Lebanon. Two-
hundred eighty rectal swabs were screened from 56 farms for the presence of ESC-
resistant E. coli. E.coli (n=102) representative isolates were tested. Out of the 56 farms
concerned, 52 housed broilers carrying ESC-resistant E. coli isolates. Nineteen out of the
102 isolates from 11 unrelated sequence types carried the mobile resistance gene mcr-1
as well as other antimicrobial-resistance genes. The results of this study emphasize the
alarming prevalence of Multi-drug resistant E.coli resistant to critically important
antibiotics in broilers in Lebanon and advocate the urge to control excessive use of

antibiotics in food-producing animals. [33]

Furthermore, a study investigated the occurrence of resistance genes including

mcr-1 gene in the community. For this purpose, 72 fecal samples were randomly collected
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from toddlers diapers from reputable daycares at five major locations across Lebanon.
Thirteen samples yielded E.coli and 24 E.coli samples were purified and further
processed. All isolates were confirmed to harbor mcr-1 gene and the minimum inhibitory

concentration MIC of colistin against the isolates ranged between 4 and 32 pg/ml. [34]

Moreover, two multi-drug resistant E.coli were isolated from drinking reservoirs
and wells water used by refugee camps in Lebanon. The isolates exhibited resistance to

important antibiotics including colistin and harbored the mobile colistin gene mcr-1-1.

[35]

A study conducted in 2019 targeted the Lebanese irrigation water to detect the
emergence of resistance to colistin; a last resort antibiotic to treat Gram negative bacterial
infections. A total of 27 water samples were collected from two main Lebanese
agricultural regions. Twenty-two E. coli were detected and confirmed to harbor the
mobile colistin resistance gene mcr-1. Additionally, an antibiotic susceptibility test

showed that all isolates were multidrug-resistant [8].

Following the prevalence of mcr-1 positive, multidrug-resistant E. coli in
irrigation water in Lebanon, a study focused on the spread of antimicrobial resistance in
the Mediterranean Sea on the coastline of Lebanon. Twenty-two water samples were
collected covering the country from North to South. Ten samples contained E. coli and

16 mcr-1 positive isolates were confirmed. [7]

In another study, 93 fecal swabs were collected from three Lebanese broiler
chicken farms between 2017 and 2018. Ninety E. coli were isolated and screened for mcr-
1 presence. All isolates were 16S rRNA positive and 88 of them harbored mcr-1 (=98%).

All mcr-1 positive isolates were multidrug resistant [24].
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C. Fresh Produce Contamination with E. coli

Lettuce, spinach, and other raw vegetables are incorporated into many dishes
including ready-to-eat salads and sauces [36]. These foods contribute a substantial
nutritional value to the human’s diet. In the USA, an increase of 25% in the average
amount of consumed fresh produce per person has been reported over the last 30 years
[37]. Conversely, foodborne outbreaks related to consuming raw vegetables have been
increasing with Escherichia coli reported as the most common pathogen behind these
outbreaks. Pathogenic E. coli can cause diarrhea, hemolytic uremic syndrome,
hemorrhagic colitis, and other incidences in humans. Fresh produce can be
contaminated with E. coli at any stage from preharvest to postharvest. This
microorganism can survive under many environmental conditions due to various
mechanisms including adhesion to surfaces and internalization in fresh produce. Thus,
limiting the effectiveness of the available processing and sanitizing methods employed

in the food industry [38].

Leafy greens including spinach, lettuce, and fresh herbs are the most frequently
reported vegetables associated with bacterial infections [39]. In the US, the Food Safety
Project reported at least 713 produce-related outbreaks associated with foodborne
disease, 12% of which involved fresh vegetables and fruits [40]. According to a report
published in 2011 by the Advisory Committee on the Microbiological Safety of Food
(ACMSF), 531 cases of reported illness and 1 death in the UK were related to

consuming vegetables and fruits between the years of 2008 and 2010 [41].

The source of contamination of fresh produce may be the manure, sewage, soil,
surface water, or wildlife. This contamination may also occur during soaking, washing,

slicing, packaging, and food preparation with the highest contamination taking place in
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the field, during initial processing, and in the kitchen. When it comes to leafy greens,
the most common source of contamination is contaminated water [42]. According to the
Centers for Disease Control and Prevention (CDC), the main source of fecal
contamination of leafy vegetables in organic food production particularly in the harvest

phase is the use of animal manure [43].

Wildlife and domestic animals are another potential source of pathogenic
bacteria mainly for lettuce and leafy greens at the preharvest levels in the coast of
California and in Yuma, Arizona [44]. Insects may also represent a source of
contamination for plants such as flies that have been proven to transfer E. coli to fruits

and plant leaves [45].

Furthermore, vegetables could get contaminated if they are prepared using
implements that are not clean in restaurants or home kitchens. According to Lynch et
al., contamination of vegetables with pathogens such as E. coli may occur through cross
contamination due to poor hygienic practices when raw meat or poultry are being
prepared [46].The presence of E. coli in produce is important as the vegetables are used

to prepare fresh foods and low doses of infection can cause intestinal disease [38].

1. Internalization of Microorganisms into Fruits and Vegetables

Rich data is available confirming the internalization of human and plant
pathogens into vegetables and fruits, mechanisms employed by these pathogens to enter
fresh produce, and different produce prone to microbial contamination. A variety of
pathways by which microorganisms enter produce exist due to the natural structure of

some produce. For instance, bacteria can enter plant leaves through stomata and enter
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fruits through the stem, stem scar, or calyx. A study conducted in this regard found that
a suspension of E.coli O157:H7 was absorbed by the stomata and cut surfaces of lettuce
leaves. Moreover, birds, insects, and dust can be the source of contamination by acting
as vectors particularly if the vegetables and fruits have injuries. Houseflies for instance
were found to contain 100 pathogens of different species, 65 of which were confirmed

to be transmitted. [47]

Several studies have confirmed that the human pathogen E. coli O157:H7 can be
carried by birds and insects. A field study found E. coli O157:H7 contamination of wild
houseflies on cattle farm that persisted the entire study period; 3 months. The suggested
source of contamination was cow manure that the flies were frequenting. Another
controlled study focused on the possibility for E. coli O157:H7 transmission to injured
apples by fruit flies. The study results demonstrated that injured apples had high
incidences of E. coli O157:H7 contamination when flies inoculated with pathogen

contacted the apples. [47]

2. Survival of E. coli on Vegetables

For a pathogen that has been internalized withing vegetables or fruits to become
a public health hazard, it must be capable of surviving until it reaches the consumer.
Survival of pathogens depends on several factors such as the physical and chemical
properties of fruits and vegetables, the processes applied during the preharvest phase,
and the consumer handling. [47] The consumption of ready-to-eat (RTE) salads has
been increasing worldwide. Thus, an increase in the number of outbreaks associated

with food-borne pathogens, including diarrheagenic E. coli pathotypes (DEPS) linked to
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consuming ready-to-eat salads has been reported. In developing regions of the world,
fresh produce is continuously irrigated with sewage water that is untreated. A study
conducted in Hidalgo, Mexico, aimed to evaluate the microbiological quality and
prevalence of DEPs in salads composed of raw vegetables purchased from restaurants at
Pachuca-City where most of the locally produced and consumed vegetables are irrigated
with sewage water that is untreated. A total of six restaurants were targeted where 130
salads were purchased. The restaurants ranged from national chain restaurants to local
small restaurants. Each collected sample was tested to check for the presence of fecal
coliforms and E. coli. Among the 130 salad samples, 129 (99%) of the samples were
contaminated with fecal coliforms, 85% of which were contaminated with E. coli. The
positive samples for fecal coliforms and E. coli were indifferent among all types of
restaurants. Regardless of the overall hygienic status of the restaurants, most ready-to-
eat salads had poor microbiological quality with some samples harboring diarrheagenic

E. coli pathotypes that were associated with disease in Mexico [37]

In Lebanon, there is a notable lack of data when it comes to survival of
pathogens on fresh produce. Thus, further research needs to be conducted in this regard
given the importance of the issue especially that raw vegetables are incorporated in

several meals in the country.

3. Survival in the Phyllosphere
Studies have been conducted to evaluate the fitness of enteropathogens on the
leaf surface (phylloplane) of fresh produce. The ability of a pathogen to persist on the

leaf surface results in increased chances of the infectious dose remaining at
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consumption. Taking for instance the study conducted on the survival of E.coli
0157:H7 isolated from bovine fecal matter and inoculated in lettuce. The study
demonstrated the ability to retrieve these isolates from lettuce samples up to 15 days
after inoculation suggesting the ability of transient enteropathogens to be incorporated
into the phylloplane biofilms. Another study suggested that bacterial gene expression,
motility, and production of extracellular materials are not required for the primary
attachment but may be vital in the colonization and survival on the leaf surface. Further
research is required to investigate the factors capable of limiting the survival of
enteropathogens in the field. This includes intervention strategies to limit the effects of
bacterial persistence on the plant surface, in water and organic fertilizers, and irrigation

water [48].

In Lebanon, multidrug resistant mcr-1-harbouring Escherichia coli has been
detected in several niches including various water sources, fecal matter, aquaculture, food
producing animals, and humans. The overuse of antibiotics and the ineffective wastewater
management systems are some of the factors that have contributed to the spread of
antimicrobial resistance from different sources to humans. However, no data is available
on the survival of these microorganisms in food products. Thus, the objectives of this
thesis is to quantify the survival of mcr-1-positive E. coli from different origins (sewage
water, chicken, river water, and pigeon fecal matter) on green fresh produce; lettuce and
spinach and to assess potential changes of AMR profiles of mcr-1 positive E.coli on fresh
produce . Thus, the hypothesis of this study is that mcr-1 carriage adversely impacts the

survival and fitness of E. coli on fresh produce.
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CHAPTER I

MATERIALS AND METHODS

A. Preparation of Samples

Fresh produce, including lettuce (Lactuca sativa) and spinach (Spinacia
oleracea), were inoculated with mcr-1 carrying E. coli isolated from different matrices
in Lebanon including sewage water, poultry, river water, and pigeon fecal matter. The
produce samples were divided into pieces of equal surface areas, (5cmx5cm) washed
twice with distilled water, and sterilized with 70% alcohol then rinsed twice with
autoclaved deionized water. The samples were then allowed to dry in a sterile
environment (biosafety cabinet) before the inoculation step. Control samples that were

not inoculated with the test isolates were prepared in the same manner.

Figure 1. Lettuce sample prepared for inoculation

B. Inoculation of Produce
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Previously stocked E. coli isolates were cultured overnight in Luria-Bertani (LB)
broth supplemented with 4 pug/ml colistin. The overnight cultures were then diluted (1/
10), supplemented with 4 pg/ml colistin, and allowed to grow to exponential phase for 2
hours. After that, the cultures were pelted and washed. Specifically, cultures were
centrifuged for 5 minutes at maximum speed (13000 rpm) then the supernatant was
discarded. The resulting pellet was then resuspended in 1 ml Buffered Peptone Water
(BPW), vortexed, and recentrifuged at the same conditions. A second washing step was
conducted, and the resulting pellet was resuspended in 1 ml BPW. The inoculum was
then prepared so that the OD equals to 0.05 at wavelength of 600 nm. The prepared
produce samples were then inoculated with 30 pl of the prepared inoculum distributed

into 3 10 ul drops on produce samples. The resulting spots were then allowed to dry.

Figure 2. Lettuce sample inoculated with 3 (10 pl) drops of bacterial inoculum

C. Storage of Inoculated Samples and Quantification of E. coli Survival and
Persistence of mcr-1
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The inoculated produce pieces as well as control samples that were kept un-
inoculated were placed in a stomaching bag and placed at room temperature. Replicate
bags were placed in the 4 °C to evaluate survival of the isolates under refrigeration. At
different time points (With 6, 12 and 24 hour-intervals for samples at room temperature,
and 24 hour-intervals for samples at 4°C), the produce pieces were weighed and
suspended in the corresponding volumes of BPW. Homogenization was then conducted
through stomaching for 5 minutes. Different serial dilutions (1/10) were prepared and
100 pl were spread on TBX Agar media supplemented with 4 pg/ml colistin. The plates
were then incubated at 37 °C for 24 hours to count the colonies. The experiments were
done in duplicates. The colonies from the last time point were then heavy streaked on
Tryptone Bile X-glucuronide (TBX) Agar media supplemented with 4 pg/ml colistin
and incubated at 37 °C for 24 hours. Un-inoculated sterile vegetable samples were also
incubated in similar conditions (control) with enumeration of bacterial count at similar
time intervals. The mean CFU/g was used to plot the CFU/g vs time graphs. Stocks
were prepared and stored in 1 ml LB broth with 0.5 ml 80% glycerol and stored at -

80°C for further analysis.

D. Polymerase Chain Reaction-Based Analysis

Genomic DNA was extracted from bacterial colonies using boil preparation.
Bacterial colonies were suspended in 100 pl DNase free water and placed in a water
bath at 95°C for 13 minutes. The tubes were then centrifuged for 2 minutes at 13000
rpm. The supernatant was collected and transferred into sterile tubes. The tubes were
then placed at -20°C for further analysis. The extracted genomic DNA was used as a

template for the polymerase chain reaction analysis.
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1. Detection of Mobile colistin Resistance Gene Using PCR
The extracted genomic DNA was used to screen for the presence of the mobile

colistin resistance gene (mcr-1). The reaction was carried using two specific primers,
the forward CLR5 primer (CLR5-F 5-CGGTCAGTCCGTTTGTTC-3’) and the reverse
CLR5-R primer (5'-CTTGGTCGGTCTGTA GGG-3”). The reaction mixture was
prepared in sterile pcr tubes by adding 3 pl of genomic DNA to a mixture consisting of
12 pl of DNase free water, 4l of Master Mix (5x FIREPol® Master Mix Ready to
Load), and 0.5ul of each of the two primers, forward and reverse. The polymerase chain
reaction consisted of 38 cycles, each cycle includes a denaturation step at 95°C for 1
minute, followed by annealing of the primers at 56°C for 45 seconds and finally an
extension step at 72°C for 1 minute. A final extension step also took place at 72°C for
10 minutes. The expected size of the amplified gene product is 309 bp.

Following the polymerase chain reaction, detection of the mcr-1 amplicon was
done using gel electrophoresis. The amplified gene product was inoculated in 1%
agarose gel, stained with ethidium bromide, and subjected to electrophoresis for 35

minutes at 100V.
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Gene and Primers Denaturation  |[Annealing |Extension |Size

mcr-1 gene CLR5-F (5'- 95°C for Imin  |56°C for |72°C for 1 |309
CGGTCAGTCCGTTTGTTC-3") and 45 sec min bp
CLR5-R (5-CTTGGTCGGTCTGTA

GGG-3")

Table 1. PCR conditions for the tested mcr-1 gene

E. Antibiotic Resistance Using the Disc Diffusion Assay

Disc Diffusion Sensitivity method was used to assess antibiotic resistance
phenotypes of the mcr-1 positive E. coli isolated at the last time point from each
experiment. Using Muller Hinton broth, the optical density of the samples was adjusted
using a 0.5 McFarland standard. Using sterile cotton swabs, the samples were spread on
Muller Hinton agar plates. Nineteen antibiotics were used including penicillin (PEN),
ampicillin (AMP), amoxicillin + clavulanic acid (AMC), cefepime (FEP), cefotaxime
(CTX), cephalexin (LEX), cefixime (CFM), doripenem (DOR), meropenem (MEM),
imipenem (IPM), gentamicin (GEN), kanamycin (KAN), streptomycin (STR),
tetracycline (TET), ciprofloxacin (CIP), norfloxacin (NOR), trimethoprim-
sulfamethoxazole (SXT), chloramphenicol (CHL), and erythromycin. Four antibiotic
discs were added to each plate. The plates are then incubated at 37°C for 18-24 hours.
Erythromycin was used as a control due to the natural intrinsic resistance of E. coli to
this antibiotic. Antibiotic resistance was determined by measuring the diameter of zone
of inhibition around each antibiotic disk and compared to Clinical and Laboratory

Standards Institute [49, 50].

F. Assessment of Reduction or Increase in Bacterial Load
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In order to assess the survival potential of the inoculated bacterial strains in the
sample studies, comparing the initial and the final bacterial load (CFU/g) was carried
out. This allowed to infer the reduction or increases of microorganisms inoculated in the
produce samples, which in turn might indicate the bacterial survival potential as well as
the product stability in microbiological aspect. Furthermore, the data was also analyzed
to deduce which bacterial strains survived better under similar conditions (produce

sample inoculated in and storing temperature).

G. Statistical Analysis

To Evaluate the survival of the test isolates on produce samples at room
temperature and 4°C, ANOVA (analysis of variance) and Bonferroni’s range test was
used in SPSS version 22. Produce, time after inoculation, and storing temperature were
the categorical variables and the CFU/g of each isolate was the dependent variable.
Difference of CFU/g was considered significant when P-value<0.05. Same method of
analysis was conducted to evaluate which isolate survived better under similar

inoculation conditions (produce and storing temperature).
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CHAPTER 111

RESULTS

A. Survival of mcr-1-Positive Bacteria in the Produce Samples Studied

1. Survival of mcr-1-Positive Bacterial Strains on Lettuce at Room temperature
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Figure 3. Survival of mcr-1-positive E.coli isolate of sewage source labeled (WB3) on
lettuce at room temperature
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Figure 4. Survival of mcr-1-positive E.coli isolate of sewage source labeled (WB12 (1))
on lettuce at room temperature
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Figure 5. Survival of mcr-1-positive E.coli isolate of poultry source labeled (65) on
lettuce at room temperature

37



1.00E+09

1.00E+08

1.00E+07

1.00E+06

1.00E+05

1.00E+04

Bacterial Load (CFU/g)

1.00E+03

1.00E+02
0 10 20 30 40 50 60 70 80

Time after inoculation (Hours)

Figure 6. Survival of mcr-1-positive E.coli isolate of poultry source labeled (58) on
lettuce at room temperature
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Figure 7. Survival of mcr-1-positive E.coli isolate of pigeon fecal source labeled
(PN41) on lettuce at room temperature
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Figure 8. Survival of mcr-1-positive E.coli isolate of pigeon fecal source labeled
(PN43) on lettuce at room temperature
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Figure 9. Survival of mcr-1-positive E.coli isolate of river water source labeled (Waz3
(1)) on lettuce at room temperature
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Figure 10. Survival of mcr-1-positive E.coli isolate of river water source labeled (Wazl
(1)) on lettuce at room temperature

Isolate WB3 | WB12(1) | 65 |58 |PN41 | PN43 | Waz3(1) | Wazl(1)
Initial bacterial load | 5.30 | 4.64 5581489 505 |503 |4.64 423
(log CFU/qg)

Final bacterial load |8.71 |5.09 7311841646 |7.88 |591 5.42
(log CFU/qg)

Table 2. Survival of mcr-1-harbouring E.coli on lettuce at room temperature

Our results portrayed the survival pattern of different mcr-1-positive E.coli
strains in lettuce and spinach samples up to 70-120 hours at room temperature and up to
7-10 days at 4°C. The initial bacterial loads ranged from 10+-10° CFU/g. For the first
isolate of sewage source labeled (WB3) inoculated in lettuce at room temperature, the
bacterial load increased throughout the first 45 hours after inoculation followed by a
slight decrease then another increase (>8 log) towards the last time point. A significant
increase in CFU/g was detected between time 0 and time 70 hours (P<0.05) and
between time 0 and time 74 hours (P<0.05). (Fig.3). The second isolate of sewage

source labeled (WB12) (1) inoculated in lettuce at room temperature showed a slight

40




increase in bacterial load throughout the first 92 hours after inoculation followed by a
slight decrease in bacterial load towards the last time point. (Fig.4) The difference in the
mean CFU/qg at time 0 and the mean CFU/g at t=120 hours was significant (P<0.05).
The bacterial load of the isolate of poultry source labeled (65) inoculated in lettuce at
room temperature exhibited an increase (>7 log) 60 hours after inoculation followed by
a slight decrease at 78 hours then an increase towards the last time point. (Fig.5). The
difference of the mean CFU/g at time 0 and the mean CFU/g at t=102 hours was not
significant (P>0.05); however, the mean CFU/g at time 0 and the mean CFU/g at the
last time point t=108 hours was significant (p<0.05). The isolate of poultry source
labeled (58) exhibited an increase in bacterial load throughout the time of the
experiment (10*-10® CFU/g) upon inoculation in lettuce at room temperature (Fig.6).
The difference in the mean CFU/g at t=0 the last time point (t=74 hours) was significant
(P<0.05). The isolate of pigeon fecal source labeled (PN41) inoculated in lettuce at
room temperature also exhibited an increase in bacterial load throughout 68 hours after
inoculation before a slight decrease at the last time point (t=74 hours) as indicated in
(Fig.7). The increase in CFU/g was significant at t=68 hours compared to that at t=0
(P<0.05). Similarly, the second isolate of pigeon fecal source labeled (PN43)
inoculated in the same conditions exhibited a significant increase in bacterial load at
t=78 hours compared to the initial bacterial load at time 0 (P<0.05) (Fig.8). Figures 9
and 10 represent the bacterial loads for both E.coli isolated from river water source
labeled (Waz3 (1)) and (Wazl (1)) respectively both inoculated in lettuce samples and
stored at room temperature. The isolate (Waz3 (1)) exhibited a significant increase in
CFU/g when comparing bacterial load at t=0 and t=68 hours (P<0.05). The isolate

labeled (Wazl (1)) also inoculated in lettuce at room temperature exhibited a significant
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increase in CFU/g when comparing bacterial loads at t=0 and the last time point t=74
hours.

Upon comparing the bacterial loads at the last time point of the above isolates
inoculated in lettuce and stored at room temperature, we deduce that the isolate of
sewage source labeled (WB3) survived better under the aforementioned conditions (> 8

log CFU/qg). The final bacterial load of isolate (WB3) was significantly greater than the

final bacterial loads of all other isolates when inoculated in lettuce at room temperature.

(P<0.05).

2. Survival of mcr-1-Positive Bacterial Strains on Lettuce at 4°C
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Figure 11. Survival of mcr-1-positive E.coli isolate of sewage source labeled (WB3) on
lettuce at 4°C
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Figure 12. Survival of mcr-1-positive E.coli isolate of sewage source labeled (WB12
(1)) on lettuce at 4°C
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Figure 13. Survival of mcr-1-positive E.coli isolate of poultry source labeled (65) on
lettuce at 4°C

43



1.00E+06

1.00E+05 ﬁ

1.00E+04

1.00E+03

Bacterial Load (CFU/g)

1.00E+02
0 1 2 3 4 5 6 7 8 9 10

Time after inoculation (Days)

Figure 14. Survival of mcr-1-positive E.coli isolate of poultry source labeled (58) on
lettuce at 4°C
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Figure 15. Survival of mcr-1-positive E.coli isolate of pigeon fecal source labeled
(PN41) on lettuce at 4°C
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Figure 16. Survival of mcr-1-positive E.coli isolate of pigeon fecal source labeled
(PN43) on lettuce at 4°C
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Figure 17. Survival of mcr-1-positive E.coli isolate of river water source labeled (Waz3
(1)) on lettuce at 4°C

45



1.00E+05

?n //Q___i
S’ 1.00E+04 \\\f
L
L
®
O 1.00E+03
-
©
‘=
]
O 1.00E+02
(5]
(aa]

1.00E+01

0 1 2 3 4 5 6 7 8 9 10

Time after inoculation (Days)

Figure 18. Survival of mcr-1-positive E.coli isolate of river water source labeled (Wazl
(1)) on lettuce at 4°C

Isolate WB3 | WB12(1) | 65 |58 PN41 | PN43 | Waz3(1) | Waz1(1)
Initial bacterial 467 |4.64 5581489505 |503 |4.64 423
load (log CFU/Q)

Final bacterial 451 | 3.12 3.88 547|343 |3.61 |3.47 4.09
load (log CFU/Q)

Table 3. Survival of mcr-1-harbouring E.coli on lettuce at 4°C

Furthermore, the data obtained from assessing the survival of the different
bacterial strains inoculated in lettuce at 4°C revealed the survival pattern of these
isolates through comparing the initial and final bacterial loads. The first isolate of
sewage source labeled (WB3) exhibited a significant increase in bacterial load at t=day1

after inoculation compared to the initial bacterial load (P<0.05) followed by non-
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significant decrease in bacterial load throughout the experiment duration when
comparing CFU/g values at t=0 and at all other time points including the last time point
(day7). (P>0.05) (Fig.11). Similarly, the second isolate of sewage source labeled
(WB12 (1)) exhibited a significant increase in bacterial load at t= day2 after inoculation
compared to the initial bacterial load (P<0.05). The final bacterial load recorded at day7
was significantly lower than the initial bacterial load (P<0.05) (Fig.12). The poultry
isolate labeled (65) inoculated in the same conditions with an initial load of around 10°
CFU/g exhibited a final bacterial load significantly lower than the initial bacterial load
(P<0.05) (Fig. 13). Moreover, the second poultry isolate labeled (58), inoculated in
similar conditions, exhibited a significantly higher final bacterial load at the last time
point (day9) compared to the initial bacterial load recorded at t=0 (P<0.05) as
demonstrated in (Fig.14). The isolate of pigeon fecal source labeled (PN41) inoculated
in lettuce at 4°C exhibited a significant decrease in bacterial load at the last time point
of the experiment (t= day8) compared to the initial bacterial load recorded at t=0

(Fig.15),

The second isolate of pigeon fecal matter; however, with an initial bacterial load
of ~10° CFU/g exhibited increases and decreases of bacterial load throughout the
duration of the assessment before reaching a final load of around 103 CFU/g that is
significantly lower than the initial bacterial load. (Fig.16). The isolate of river water
source labeled (Waz3 (1)) inoculated in lettuce at 4°C exhibited a final bacterial load at
t=day9 that is significantly lower than the initial bacterial load (P<0.05). The second
isolate of river water source labeled (Waz1(1)) inoculated in the same conditions
exhibited a final bacterial load that is not significantly lower that the initial load

(P>0.05) (Fig.17, Fig.18 respectively).
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When comparing the bacterial load at the last time point of the above isolates
inoculated in lettuce and stored at 4°C, we deduce that the isolate of poultry source
labeled (58) survived better under the aforementioned conditions (final bacterial load >
5 log CFU/qg). The difference of the final bacterial load of the isolate (58) was
significantly greater than the final bacterial loads of other isolates all inoculated in

lettuce at 4°C (P<0.05)

3. Survival of mcr-1-Positive Bacterial Strains on Spinach at Room Temperature
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Figure 19. Survival of mcr-1-positive E.coli isolate of sewage source labeled (WB3)
on spinach at room temperature
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Figure 20. Survival of mcr-1-positive E.coli isolate of sewage source labeled (WB12
(1)) on spinach at room temperature
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Figure 21. Survival of mcr-1-positive E.coli isolate of poultry source labeled (65) on
spinach at room temperature
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Figure 22. Survival of mcr-1-positive E.coli isolate of poultry source labeled (58) on
spinach at room temperature
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Figure 23. Survival of mcr-1-positive E.coli isolate of pigeon fecal source labeled
(PN41) on spinach at room temperature
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Figure 24. Survival of mcr-1-positive E.coli isolate of pigeon fecal source labeled
(PN43) on spinach at room temperature
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Figure 25. Survival of mcr-1-positive E.coli isolate of river water source labeled
(Waz3 (1)) on spinach at room temperature
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Figure 26. Survival of mcr-1-positive E.coli isolate of river water source labeled
(Wazl (1)) on spinach at room temperature

Isolate WB3 | WB12(1) | 65 58 PN41 | PN43 | Waz3(1) | Wazl1(1)
Initial bacterial 5.42 | 4.78 47015111533 |516 |4.75 4.28
load (log CFU/Q)

Final bacterial 6.41 | 6.45 769 (840|7.15 | 750 |6.40 5.01
load (log CFU/Q)

Table 4. Survival of mcr-1-harbouring E.coli in spinach at room temperature

Moreover, the data obtained from assessing the survival of the different bacterial
strains inoculated in spinach at room temperature revealed that most of the isolates
exhibited a survival potential under the aforementioned inoculation and storing

conditions.

The assessment of the survival of the isolate of river source labeled (WB3) on
spinach at room temperature showed that the final bacterial load reached 107 CFU/g
from an initial load of around 10° CFU/g at several time points before decreasing to 10°

CFU/qg at the last time point (t= 110 hours) as demonstrated by (Fig.19). The difference
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between the initial mean bacterial load (t=0) and final mean bacterial load (t=110 hours)
is; however, not significant (P>0.05). The second isolate of sewage source labeled
(WB12 (1)) inoculated in the same conditions exhibited a continues increase in bacterial
load (up 10° CFU/g) from the initial load of around 10* CFU/g before significantly
decreasing at the last time point (t=98 hours) compared to the initial mean bacterial load
(t=0) (P<0.05) (Fig.20). As for the isolate of poultry source labeled (65) also inoculated
in spinach at room temperature, the bacterial load had a continuously increasing pattern
reaching a final load of more than 107 CFU/g from an initial bacterial load of around 10*
CFU/g. (Fig.21). The difference of the mean CFU/g at the first and last time points was
significant (P<0). Similarly, the second isolate of poultry source labeled (58) and
inoculated in the same conditions, the isolate exhibited a continuous increase in
bacterial load reaching a final mean bacterial load of more than 108 CFU/g from an
initial mean bacterial load of around 10° CFU/g.(P<0.05) (Fig.20). As for the two
isolates of pigeon fecal matter (PN41 and PN43) inoculated in the same aforementioned
conditions, both isolates exhibited an overall increasing pattern in bacterial load both
starting with an initial load of around 10° CFU/g and reaching a final load of more than
107 CFU/g. (Fig.23, Fig.24) (P<0.05). Lastly, the isolate of river source labeled
(Waz3(1)) inoculated in spinach at room temperature, exhibited a continuous increase in
bacterial load reaching a final mean bacterial load of around10¢ CFU/g from an initial
mean bacterial load of around 10* CFU/g (P<0.05) (Fig.25). As for the second isolate of
river water source labeled (Waz1(1)) inoculated in the same conditions, the isolate
reached a final mean bacterial load of around10° CFU/g from an initial mean bacterial

load of around 10* CFU/g (P>0.05) (Fig.26).
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When comparing the mean bacterial loads at the last time point of the above
isolates inoculated in spinach and stored at room temperature, we deduce that the isolate
of poultry source labeled (58) survived better under the aforementioned conditions (> 8
log CFU/qg) with the difference of the mean CFU/g at the last time point of this isolate

significantly greater than the mean CFU/qg of all other isolates. (P<0.05)

4. Survival of mcr-1-Positive Bacterial Strains on Spinach at 4°C
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Figure 27. Survival of mcr-1-positive E.coli isolate of sewage source labeled (WB3) on
spinach at 4°C.
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Figure 28. Survival of mcr-1-positive E.coli isolate of sewage source labeled
(WB12(1)) on spinach at 4°C.
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Figure 29. Survival of mcr-1-positive E.coli isolate of poultry source labeled (65) on
spinach at 4°C.
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Figure 30. Survival of mcr-1-positive E.coli isolate of poultry source labeled (58) on
spinach at 4°C.
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Figure 31. Survival of mcr-1-positive E.coli isolate of pigeon fecal source labeled
(PN41) on spinach at 4°C.
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Figure 32. Survival of mcr-1-positive E.coli isolate of pigeon fecal source labeled
(PN43) on spinach at 4°C.
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Figure 33. Survival of mcr-1-positive E.coli isolate of river water source labeled
(Waz3(1)) on spinach at 4°C.
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Figure 34. Survival of mcr-1-positive E.coli isolate of pigeon fecal source labeled
(Waz1(1)) on spinach at 4°C.

Isolate WB3 | WB12(1) |65 |58 | PN41 | PN43 | Waz3(1) | Wazl(1)
Initial bacterial |5.42 | 4.78 516 511|533 |516 |4.75 4.28
load (log CFU/Q)

Final bacterial | 3.60 | 3.69 440|598 |3.86 |4.03 |3.94 3.57
load (log CFU/Q)

Table 5. Survival of mcr-1-harbouring E.coli spinach at 4°C

Lastly, assessing the survival potential of the used mcr-1-harbouring E.coli
inoculated in spinach and stored at 4°C revealed the different patterns in changes of
bacterial loads throughout the inoculation time. The first sewage source isolate labeled
(WB3) exhibited fluctuations in bacterial load ranging from a continuous decrease the
first 5 days after inoculation reaching a lowest mean bacterial load of around 103 CFU/g
which was significantly lower than the initial mean bacterial load (P<0.05). The final
mean bacterial load reached around 103 CFU/qg at the last time point; day 9 which was
significantly lower than the initial mean bacterial load (P<0.05) (Fig.27). The second
isolate of sewage source labeled (WB12(1)) inoculated in similar conditions exhibited a

sudden increase in mean bacterial load on day 1 (which was significantly greater than
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the initial mean bacterial load P<0.05) before exhibiting a continuous decreasing pattern
and reaching a final mean bacterial load of around 103 CFU/g on the last day; day8 that
was significantly lower than the initial mean bacterial load (P<0.05) (Fig.28). As for the
isolate of poultry source labeled (65) also inoculated in spinach under refrigeration
conditions, the isolate exhibited a slight decrease in bacterial load on day 1 after
inoculation before increasing during day 2 and day 3, then decreasing again before
almost stabilizing the last four days of inoculation at around 10* CFU/g (Fig.29)
However, these fluctuations in mean bacterial load were not significant compared to the
initial mean bacterial load (P>0.05). Similarly, the isolate of poultry source labeled (58)
inoculated in the same conditions exhibited an increase in mean bacterial load the first 3
days of inoculation compared to the initial mean bacterial load (P<0.05). The final
bacterial load reached an average CFU/g of around 10° that was significantly greater
than the initial mean bacterial load (P<0.05) (Fig.30). The two isolates of pigeon fecal
source (PN41 and PN43) exhibited a continuous decrease in bacterial load starting with
an initial mean bacterial load of around 10° CFU/g and reaching a final mean bacterial
load of 103 CFU/g and 10* CFU/g respectively (Fig.31, Fig.32) When comparing the
final mean CFU/g of isolate (PN41) to that of the initial mean bacterial load, the
difference was significant (P<0.05). Similarly, the final mean bacterial load of isolate
(PN43) was significantly lower than the initial mean bacterial load (P<0.05). Lastly, the
isolate of river water source labeled (waz3(1)) reached a final mean bacterial load that
was significantly lower than the initial bacterial load (P<0.05) (Fig.33). Similarly, the
isolate of river water source labeled (Waz1(1)) reached a final mean bacterial load that
is significantly lower than the initial mean bacterial load (P<0.05) as demonstrated in

(Fig.34).

59



When comparing the bacterial loads at the last time points of the above isolates
inoculated in spinach and stored at 4°C, we deduce that the isolate of poultry source
labeled (58) survived better under the aforementioned conditions with a final mean
bacterial load of around 6 log CFU/g that was significantly greater than the final

bacterial loads of other bacterial isolates (p<0.05).

B. The Effect of Produce Samples on the Survival of mcr-1-Positive E.coli

The final bacterial load was used to compare the survival of the bacterial

isolates on lettuce and spinach under the same storing temperature conditions:

1. Room Temperature

The first isolate of sewage source (WB3) reached a final bacterial load of (> 8
log CFU/g) when inoculated in lettuce compared to the final bacterial load of the same
isolate inoculated in spinach (> 6 log CFU/g). On the other hand, the second isolate of
sewage source (WB12(1)) reached a final bacterial load of (> 6 log CFU/g) when
inoculated in spinach compared to a final bacterial load of (5 log CFU/g) when
inoculated in lettuce. As for the isolates of poultry source, the isolate labeled (65)
reached a final bacterial load of (>7.5 log CFU/g) when inoculated in spinach
compared to the final bacterial load of the same isolate inoculated in lettuce (>7 log
CFU/g). The second isolate of poultry source (labeled 58); however, reached the same
final bacterial load of (>8 log CFU/g) once inoculated in lettuce and in spinach. The
isolate of pigeon fecal source labeled (PN43) reached a final bacterial load of (>107)

when inoculated both in lettuce and spinach. The second isolate of pigeon fecal source
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labeled (PN41); however, reached a final bacterial load (>7 log CFU/g) compared to a
final bacterial load of (> 6 log CFU/g) when inoculated in lettuce. Similarly, the isolate
of river water source labeled (Waz3 (1)) reached a final bacterial load of (> 6 lo CFU/qg)
when inoculated in spinach compared to a final bacterial load of (> 5 log CFU/g) when
inoculated in lettuce. The second isolate of river water source labeled (Wazl (1));
however, reached a final bacterial load of (>5 log CFU/g) when inoculated in both

spinach and lettuce.

Inoculation produce Lettuce | Spinach
sample

Final bacterial load

(log CFU/qg)

WB3 8.71 6.41
WB12 (1) 5.08 6.45
65 7.31 7.69
58 8.41 8.40
PN41 6.46 7.15
PN43 7.88 7.50
Waz3 (1) 5.91 6.40
Wazl (1) 5.42 5.01

Table 6. Survival of mcr-1-harbouring E.coli on lettuce and spinach at room
temperature

2. Refrigeration Conditions (4°C)
The first isolate of sewage source (WB3) reached a final bacterial load of (> 4

log CFU/g) when inoculated in lettuce compared to the final bacterial load of the same
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isolate inoculated in spinach (> 3 log CFU/g). On the other hand, the second isolate of
sewage source (WB12(1)) reached a final bacterial load of (almost 4 log CFU/g) when
inoculated in spinach compared to a final bacterial load of (3 log CFU/g) when
inoculated in lettuce. As for the isolates of poultry source, the isolate labeled (65)
reached a final bacterial load of (>4 log CFU/g) when inoculated in spinach compared
to the final bacterial load of the same isolate inoculated in lettuce (>3 log CFU/qg).
Similarly, isolate (58) of poultry source reached a final bacterial load of almost (6 log
CFU/g) when inoculated in spinach compared to a final bacterial load of (>5 log
CFU/g) when inoculated in lettuce. As for the isolates of pigeon fecal source, isolate
(PN43) reached a final bacterial load of (>4 log CFU/g) when inoculated in spinach
compared to a final bacterial load of (>3 log CFU/g) when inoculated in lettuce. As for
the second isolate of pigeon fecal source labeled (PN41), the final bacterial load when
the isolate was inoculated in spinach almost reached 4 log CFU/g while it was more
than 3 log CFU/g when the isolate was inoculated in lettuce. Similarly, the isolate of
river water source labeled (Waz3 (1)) reached a final bacterial load of (almost 4 log
CFU/g) when inoculated in spinach compared to a final bacterial load of (> 3 log
CFU/g) when inoculated in lettuce. The second isolate of river water source labeled
(Wazl (1)); however, reached a final bacterial load of (>4 log CFU/g) when inoculated
in lettuce compared to a final bacterial load of (>3 log CFU/g) when inoculated in

spinach.
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Inoculation produce | Lettuce | Spinach
sample

Final bacterial load

(log CFU/qg)

WB3 451 3.60
WB12 (1) 3.12 3.69
65 3.88 4.40
58 5.47 5.98
PN41 3.43 3.86
PN43 3.61 4.03
Waz3 (1) 3.47 3.94
Wazl (1) 4.09 3.57

Table 7. Survival of mcr-1-harbouring E.coli on lettuce and spinach at 4°C

C. The Effect of Temperature on the Survival of mcr-1-Positive E.coli in Lettuce
and Spinach

As predicted, by comparing the final bacterial loads of the same isolate
inoculated in the same produce sample but stored at different temperatures, all isolates
exhibited higher final bacterial loads when inoculated at room temperature compared to

the final bacterial loads reached at 4°C (Table.8)
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Final bacterial load (log CFU/qg)

Inoculated in lettuce | Inoculated in spinach
Isolate Room Room

temperature 4°C | temperature 4°C
WB3 8.71 451 6.41 3.60
WB12 (1) 5.08 3.11 6.45 3.69
65 7.31 3.88 7.69 4.40
58 8.41 5.47 8.40 5.98
PN41 6.46 3.43 7.15 3.86
PN43 7.88 3.61 7.50 4.03
Waz3 (1) 5.91 3.47 ]6.40 3.94
Waz1 (1) 5.42 409 |5.01 3.57

Table 8. Survival of mcr-1-harbouring E.coli on lettuce and spinach at room
temperature and at 4°C

D. PCR Analysis to Detect the Persistence of mcr-1 on Produce

The survived isolates from the last time points from lettuce and spinach at room
temperature and at 4°C all showed positive mcr-1 bands on PCR analysis. Four isolates
from each time point were tested for mcr-1 gene. All tested isolates from each last time

point (n=4) retained the mcr-1 gene.

E. The Impact of mcr-1 Persistence on AMR Profiles

Minor changes in AMR profiles were recorded when comparing the original
isolates to the survived isolates. The survived isolates from sewage source labeled WB3

had identical AMR profiles compared to the original isolate. Both isolates showed the
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AMR profile below; PEN-AMP-AMC-LEX-GEN-KAN-STR-TET-CIP-NOR-SXT-

CHL.

Similarly, the survived isolates from river water source labeled Waz 3 (1) had
identical AMR profiles to that of the original isolate. Both isolates showed the AMR
profile below; PEN-AMP-AMC-FEP-CTX-LEX-CFM-GEN-KAN-STR-TET-CIP-

NOR-SXT-CHL.

On the other hand, the survived isolates of sewage source labeled WB 12 (1);
had an AMR resistance profile PEN-AMP-AMC-FEP-CTX-LEX-CFM -TET-CIP-
NOR-SXT-CHL and were not resistant to doripenem (DOR), kanamycin (KAN), and
streptomycin (STR) while the original isolate had an AMR resistance profile PEN-
AMP-AMC-CTX-LEX-CFM-DOR-KAN-STR-TET-SXT-CHL and an intermediate
profile FEP-GEN-CIP-NOR. The survived isolates did not show an intermediate
resistance profile to cefepime (FEP), gentamicin (GEN), ciprofloxacin (CIP), and
norfloxacin (NOR) while the original isolate had an intermediate profile for these
antibiotics. The survived isolates were also resistant to cefepime (FEP), ciprofloxacin

(CIP), and norfloxacin (NOR) which was not the case for the original isolate.

As for the isolates of poultry source, minor changes on AMR profiles were also
recorded when comparing the survived isolates to the original ones. The survived
isolates had an AMR profile PEN-AMP-AMC-LEX-GEN-KAN-STR-TET-CHL. The
original isolate had an AMR profile PEN-AMP-AMC-CFM-GEN-KAN-STR-TET-
CHL. The difference in the AMR profile included resistance to cefixime (CFM) and
cephalexin (LEX) in the original and survived isolate respectively, both labeled (65). As

for the second isolate of poultry source labeled (58), the survived isolates had an AMR
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resistance profile PEN-AMP-AMC -LEX-CFM-GEN-KAN-STR-TET -SXT-CHL and
an intermediate profile CIP while the original isolate had an AMR profile PEN-AMP-
AMC-CTX-LEX-CFM-GEN-KAN-STR-TET-SXT-CHL. The survived isolates were
not resistant to cefotaxime (CTX) whereases the original isolate was resistant to the
antibiotic. On the other hand, the survived isolates had an intermediate resistance profile

to ciprofloxacin (CIP) which was not the case for the original isolate.

Moreover, the isolates of pigeon fecal source revealed minor changes of AMR
profiles when comparing the survived isolates to the original isolates. The survived
isolates labeled (PN41) had an AMR resistance profile PEN-AMP-AMC-LEX-GEN -
TET -SXT-CHL and an intermediate profile KAN-STR while the original isolate had an
AMR profile PEN-AMP-AMC-LEX-GEN -SXT-CHL. The survived isolates were
resistant to tetracycline (TET) and had intermediate resistance profiles to kanamycin
(KAN) and streptomycin (STR) which was not the case for the original isolate. The
second original isolate of the same source labeled (PN43), with an AMR profile PEN-
AMP-AMC-CTX-LEX-CFM-GEN-KAN-STR-TET-SXT-CHL, was resistant to
cefotaxime (CTX), cefixime (CFM), and kanamycin (KAN) while the survived isolates
with an AMR resistance profile PEN-AMP-AMC-LEX-GEN-STR-TET -SXT-CHL and
an intermediate profile KAN, were not resistant to cefotaxime (CTX), cefixime (CFM),
and kanamycin (KAN). The survived isolates; however, had an intermediate resistance

profile to kanamycin (KAN).

The original isolate of river source labeled (waz1(1)) with an AMR profile PEN-
AMP-AMC-FEP-CTX-LEX-CFM-GEN-KAN-TET-CIP-SXT-CHL, was not resistant
to streptomycin (STR) and norfloxacin (NOR) whereases the survived isolates had an

AMR profile PEN-AMP-AMC-FEP-CTX-LEX-CFM-GEN-KAN-STR-TET-CIP-
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NOR-SXT-CHL, were resistant to these antibiotics streptomycin (STR) and norfloxacin

(NOR).
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CHAPTER IV

DISCUSSION

The increasing production of fresh produce to meet the increasing demand
within the shortest periods of time has on the other hand increased the risks of
contaminations of these elements with pathogenic microorganisms, compromising the
consumers safety. Fresh produce comprises a substantial nutritional value and can help
preventing several chronic diseases such as obesity, diabetics, and heart diseases.
Consuming raw or slightly cooked vegetables has been recognized as a major path of
transmitting human pathogens and an important source for several food-borne
infections. Fresh vegetables can be contaminated at either preharvest stages; from soil,
irrigation water, fecal matter, manure, dust, and human interaction with the produce, or
at postharvest stages; from feces, harvesting tools, handling, domestic and wild animals,

insects, processing, and rinsing water. [51]

A. AMR and MDR bacteria

Antimicrobial resistance has led to the ineffectiveness of clinical antimicrobial
therapy and brought up a major challenge to public health. Humans can acquire
antimicrobial resistance from drugs through different sources including food chain or
the environment. Although antimicrobials have been regularly supplied in agriculture
and food producing animals to increases productivity, the overuse of these drugs has

significantly contributed to the emergence of multidrug resistance bacteria. [52]

Colistin has been extensively used in agriculture and food producing animals. It

is considered a last resort antibiotic against multidrug-resistant Gram-negative bacteria
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such as carbapenemase-producer Enterobacterales, and Pseudomonas aeruginosa.
Mobile colistin gene mcr-1 has been reported in isolates from both human and animal

sources. Thus, research has been conducted to actively reduce colistin resistance. [53]

A study conducted in South Korea in 2018 aimed to evaluate the prevalence of
and the antimicrobial susceptibility of mcr-harboring Enterobacteriaceae in retail
vegetables and food producing animals. The study revealed the contamination of tested
vegetables with mcr-1-harboring E.coli. All mcr-1 positive isolates exhibited multidrug
resistance and co-produced B-lactamases. The results demonstrated the emergence of
mcr-1 gene in vegetables emphasizing the urge to continuously controlling and
monitoring colistin-resistance Enterobacteriaceae to limit their transmission to humans

through the food chain. [54]

In this study, the survival on both lettuce and spinach of 8 multidrug-resistant,
mcr-1-harboring Escherichia coli from 4 different sources including sewage water,
poultry, pigeon fecal matter, and river water, was evaluated. Information on the survival
potential of mcr-1-harbouring E.coli on vegetables that are consumed raw may help in
lowering the risk of food poisoning and thus contribute to food safety and quality. The
results showed that all tested isolates survived up to 72-120 hours at room temperature
and up to 7-10 days under refrigeration conditions in both types of fresh produce used.
In some tested samples, after a period of a gradually declining bacterial load, sudden
increase in bacterial load was observed before returning to another decreasing pattern.
One possible reason could be that the sample were tested beyond its shelf life, or stored
in conditions that promoted spoilage, leading to a period in which bacterial cells
recovered resulting in increased bacterial load in product. [55]. Some E.coli isolates

exhibited high survival potential on both lettuce and spinach. This could be an alarming
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fact, given that these isolates are multidrug resistant and harbor the mobile colistin gene
mcr-1, thus contributing to the spread and dissemination of this gene. This could also
indicate high levels of support for the growth of organisms, which can be easily
transmitted through fecal contamination. Frequent exposure to enteric diseases upon
consumption of raw vegetables might be thus explained through the survival of these

bacteria. [56]

The decrease in bacterial load could be due to the normal growth inhibitory
strategy which results from the turning down of several sets of genes in the stationary
phase [57] or due to the limiting substrates. Conversely, as observed in some cases, the
increase in bacterial load after the reduction was expected due to the expression of
certain stress responsive genes [58]. Nevertheless, the final reduction in bacterial load in
maximum cases was assumptive of the gradual utilization of substrates to the limiting
concentration by the bacterial population. Several intrinsic factors might also account
for such variations in the survival patterns. Moreover, some isolates reached higher final
bacterial loads when inoculated in lettuce and other isolates reached higher final
bacterial loads when inoculated in spinach. This could be due to the properties of each
produce that might either facilitate or suppress the survival of these microorganisms.
Finally, all isolates reached higher final bacterial loads when inoculated produce
samples were stored at room temperature compared to storing at refrigeration
conditions. This could be due to several adaptation mechanisms that bacteria use to
survive cold temperatures. The primary cue for low temperature sensing appears to be
membrane rigidification. A membrane-associated sensor is activated through the
physical change in the packing of fatty acids in the membrane. The sensor thus

perceives and transduces the signal to a response regulator, which induces up-regulation
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of genes involved in the modulation of membrane fluidity. Additionally, cold-
responsive mechanisms may also be triggered due to changes in DNA topology caused

by changes in temperature [59]

The PCR analysis showed that all survived isolates from the last time points
retained the mcr-1 gene suggesting that this gene did not adversely affect the fitness of
the bacterial isolates. Several studies have showed no considerable fitness cost due to
acquiring the mcr-1- bearing plasmids in E.coli. Other studies found that that mcr-1-
bearing plasmid initially cause a fitness cost, but this cost was largely reduced after

serial cultures. [60]

Disc Diffusion Susceptibility test revealed that the tested isolates from the last
time points exhibited minor or no changes in their AMR profiles compared to those of
the original isolates suggesting that under stressful conditions, bacteria might have lost
some resistance genes. As for the new resistant profiles recorded for the survived
isolates that were not part of the AMR profiles of the original isolates, this could be due

to the artifacts of the disc diffusion method.

The results obtained imply that the mobile colistin gene; mcr-1 persists under
conditions that are not optimal for the bacterium and that the only way to limit the
spread and dissemination of the mobile colistin resistance gene is through banning
colistin use in agriculture and food producing animals and limiting its use to therapeutic

purposes.

This study is the first to evaluate the survival of multidrug-resistant mcr-1-
harboring Escherichia coli in two of the most commonly consumed raw vegetables,

lettuce and spinach under room temperature and refrigeration conditions.
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The results obtained emphasize the persistence of the mobile colistin resistance
gene and the urge to act to ban colistin use as a prophylactic and growth promoting
agent. This also implies that refrigerating fresh produce before selling it does not affect
the persistence of the mcr-1 gene hence the necessity to properly wash vegetables that
are consumed raw to minimize the risk of microbial contamination. Thus, several
measures should be considered to limit the spread of antimicrobial resistance and
colistin resistance in particular. Cooperation to achieve these measures is necessary
through joining efforts form different disciplines with the effective contribution of

medical doctors, veterinary surgeons, and environment experts. [53]
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CHAPTER V
CONCLUSION

Contamination of fresh produce with multidrug resistant bacteria is increasing
with the continuous increase of production to cater for the equally increasing demand.
Raw consumed vegetables including lettuce and spinach have been reported as major
sources of food-borne pathogens due to their microbial contamination. Several sources
of contamination of fresh produce have been recognized including soil, irrigation water,
wild and domestic animals, insects, and human handling and processing. Antimicrobial
resistance is a global concern to public health rendering antibiotics ineffective in
treating sever bacterial infections. Another issue facing public health is the increased
resistance of Gram-negative bacteria to the last resort antibiotic; Colistin. The mobile
colistin resistance gene mcr-1 has been emerging and persisting in several niches
including vegetables rising the issue of its transmission to humans through the food
chain. In this study, survival of multidrug mcr-1-harboring Escherichia coli on lettuce
and spinach was reported. The E.coli used in this study were previously isolated from
sewage, poultry, pigeon fecal matter, and river water. The findings emphasize a major
challenge that requires immediate act to limit colistin resistance and prevent the global
dissemination of mcr-1. Limiting the use of antibiotics to therapeutical purposes and
banning the use of colistin in food production are thus critical measures to prevent the

escalation of the AMR problem and the spread of mcr-1 to humans.
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