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food safety risk isevident through

persistence and survival of human pathogens on f
GS produce for extended periods of time. Additional
contaminated irrigation water has been reported ¢
major source of contamination in fresh prodtL

/\Z Limited information is available regarding irrigation water used during c
production and the microbiological safety of the fresh produce sold formall
informally in the markets of South Africa. Furthermore, antimicrobial resist:
has been reported as an emerginghén health threat, yet limited informatic
is available about microbial dissemination within the watantfood interface.

No studies have reported on the prevalence of Enterobacteriaceae
expanded antimicrobial resistance in fresh produce suppinshvithin South

Africa.

The main aim of this thesis was to evaluate the microbiological safety status and prevale
multidrug resistant potential pathogens in South African fresh produce supply chains, focu:

the densely populated Gauteng Province.



The thesis consists of eight chapters (Figure 1), of which Chapter 2 presettslaeview of the

existing body ofliterature describing the significance of Enterobade=within fresh produce

supply systems and fresh produce microbiological safety. The review further high

antimicrobial resistance from a food safety perspective. Chapters 3, 4, 5, 6, andeg fottse

three hypothesis statements addressed in thalbyroject. Based on the results from the ovel

project, the thesis is presented as a compilation of publications, as Chaptess@add 7 have

been published.
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Abstract

Contaminated fresh produce has increasingly lr@phicated in foodborne disease outbreaks
with antimicrobial resistance reported as a major emerging health fhineastudy aimed to
determine the microbiological qualigndprevalence opotential pathogeniEscherichia coli

and foodbornepathogengSalmonellaspp., andListeria monocytogengsn fresh produce
retailed formally and informallyas well as two commercial spinach production systems on
farm, through processing and up to retail, in Gauteng, the most densely populated province of
South Africa(SA). Additionally, theprevalence and molecular charactiéesof multidrug
resistantextendees p e c t -lactamaséESBL) and AmpC-producing Enterobacteriaceae

were investigated.

A total of 833 samples were analysétis includedb45 spinach, tomatoes, lettuce, cucumber
and green beans samples purchased from formal and informal retailers in Gzratdnge
Furthermore, 288 samples were collected from two commercial spinach production scenarios
with different irrigaton water (river and borehole) sourcésom the supply chainspinach
sampleswere takerat harvest, during processing and from the associated reté#itayation
waterfrom each respective farm were talkarthe source, storage dams, irrigation pjpaint

in the field and water used during processinastly, soil at harvest andwab samples from
contact surfaces including crates, floors and cutting surfaces throughout the respective

production systemwere analysed

Coliforms,E. coliandotherEnterobacteriaceae enumerated from fresh produce at the point of
sale were mostly not significantly different between formal and informal markets, with
exceptions noted on occasion. In the spinach production systems, where river water was
directly used as ovkead irrigationE. coliwas enumerated from spinach at harvest, during
processing as well as from the reddyeat retail samples. Following selective enrichment and

plating onto chromogenic media, potential pathogens were identified using -assisted

vii



laser desorption ionization tira-flight (MALDI -TOF) analysis. In total, 17,5% (n=146) of
the samples harbourdfl. coli, which included 81 samples from the peafitsale and 65
samples from the spinach production systems. Except fatgBpositiveE. coli isolate from
river irrigation water, no virulence genes, st, bfpA eagg eaeA stx], stx2 ipaH) were
detected in any of thie. coliisolates (n=147) following PCR and sequenciran®nellaspp.
isolates (n=11) were only recovered from river water samples, whilktsteria spp. were
isolated from any of the sampleSource tracking showed a connection betwgewoli in

source water and on the irrigated crop using ERER analysis withieach supply chain.

Phenotypic antimicrobial resistance profiles (KuBguer disk diffusion) revealed multidrug
resistancéMDR) in 38,8 % of the generig. coliisolates (n=147). Overall, 16,4 % (137/833)

of the samples were found to be contaminated wHESBL/AmpGproducing
Enterobacteriaceae which included 95/545 vegetable samples at the point of sale and 42/288
samples throughout spinach production. Dominant species incladedli, Enterobacter
cloacae Enterobacter asburiaandK. pneumoniadrom vegetables at the point of sale and
Serratia fonticolaE. coliandK. pneumoniadrom the spinach supply chains. In total, 96.8 %
(121/125) of the ESBL/Amp@roducing Enterobacteriaceae isolates were multidrug resistant.
With PCR analysis, domination of tiI'X-M group 9 ESBL type in isolates from vegetables

at the point of sale were seen, while the GW)group 1 ESBL type were the most prevalent

in Enterobacteriaceae from the spinach supply chains. Selected ESBL/pnogh@ing
isolates (n=19) that represedteritical priority pathogens listed by the World Health
OrganisatioWHO) isolated from the spinach supply chains were subjected to whole genome
sequencingln one E. coli and five K. pneumoniasstrains, integron In191 wengresent
Relevansimilaritesto human pathogens were predicted with PathogenFinder for all 19 strains,
with a confidence of 0.63%.721 inS. fonticola 0.852i 0.931 inE. coli, 0.796i 0.899 inK.

pneumonia@nd 0.939 in th&. entericastrain. The presence of MDR ESBL/Amypoducing
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E. coli, K. pneumoniae, S. fonticotand S. entericawith confirmed similarities to human
pathogens reflect the agricultural production environment link in the emergence and spread of
antibiotic resistanceemes.

The necessity of using clean and safe irrigation water in fresh produce production and the need
for standardised microbiological safety parameters for irrigation water andtaeady fresh
vegetables was highlighted. For the first time, the prseaf multidrug resistant
ESBL/AmpGCproducing Enterobacteriaceae in formally and informally retailed raw vegetables
in Gauteng Province were reported. These results contribute to the global knowledge base
regarding the prevalence and characteristics of E&BpC-producing Enterobacteriaceae in
fresh vegetables and the agricultural environm&his will contribute towards dataquired

for future risk analysis, and emphasises the need for mitigation strategies for combatting the

spread of multidrug resistaanvironmental strains.
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Chapter 1

General Introduction

Fresh produce is globally promoted as an essential component of a healthy diet, with the
positive association between adequate consumption of fresh fruit and vegetables and human
healthbeingwell documentedOlaimat ad Holley, 2012; Claasen et al., 201B)rthermore,

amidst the COVIB19 pandemic, the value of eating healthy food has globally been promoted
as vital in maintaining a healthy immune defence sys&milar to dietary guidelines globally,

the South African Department of Health encourages a daily diet rich in fruit and vegetables
(Vorster et al., 2013)However, due to economic constraints and a lack of awarehéss o
health benefits, low intake of fruit and vegetables are observed in certain communities,
especially in food insecuteomesof South Africa(SA) (RonquesiRoss et al., 2015; Kop et

al., 2019)

In SA, a wide range of fruit and vegetables are produced locally, with fruit accounting for up
to35% of agricultural expor t sFPEFf 202k RreslPr od uc
vegetables, on the other hand, are mainly produced and retailed nationally, although some
products are exported to the South African Development Community (SADC) countries,
Swaziland, the United Kingdom, the Netherlands, the Middle East and Asian markets
[Department of Agriculture, Forestry and Fishe(2aFF), 2012a2012b; 2016; FPEF, 2021]
Commercial producers have to comply with different food safety standardsccess
international markets andlue tovoluntaryretailerrequirementsin SA there is a dual food
system, a weltegulated formal and a less regulated informal supply chain. The commercial
farmers provide fresh produce to the formal retailers,engniallscale farmers mainly supply

to the informal market However, some commertiproduceis also retailed in the informal

marketas it is sold on the regional fresh produce markitsse markets cater for different
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income groups/living standards measures gro{fpsuth African Audience Research
FoundationSAARF), 2012; Skinner and Haysom, 2Q1&hereforeproducinghandling and
retailing fresh produce often happen under different situations from being highly regulated to

unregulatedmaking the food safety statuspredictabléMethvinet al.,2015)

Diverse bacterial communities are found on vegetables, includwtnobacteria
Bacteroidetes Firmicutes and Proteobacteria,with compositionsthat differ significantly
between vegetable typéBerg et al., 2014)As an exampld,eff and Fierer (2013)eported

that produce types includingisach, lettuce, tomatoes, sprouts, and peppers all had high
relative loads of taxa belonging to the Enterobacteriaceae family, and tended to share more
similar bacterial communities, when compared to other vegetable types. As Enterobacteriaceae
forms partof the normal epiphytic microflora of vegetables, and include members ubiquitous

in terrestrial and aquatic environments as well as human foodborne pathogens, assessing the
microbiological safety at the time of consumption is more complicated, with rapeeta to
consider in monitoring (Rajwar et al., 2016jpncomitantly fecalcoliforms/Escherichia coli

has beersuggested as better indicators for contaminatioinesh produce productiofrAO

and WHO, 2019)

Bacterial contamination of fresh produce can occur via varsousces during production
(contaminated irrigation watermanureamended soil), processing (cutting, washing,
packaging), distribution and sal€ope et al., 2016; Koutsoumanis et al., 20Zf)interest to

the safety of fresh vegetables are the human foodborne pathogenic bacteria often implicated in
foodborne disease outbreaks. Typical foodborne pathogens include selected organisms from
the Enterobacteriaceae famdlych apathogenid&scheichia coliandSalmonellaspp., as well

as Listeria monocytogeneCarstens et al., 2019%poils amended with treated or untreated
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animal manure as fertilizers have been reported as a reservoir of pathogenic microorganisms
(GutierrezRodriguez and Adhikari, 2018y he crop may additionally become contaminated if

the plant surfaces are in direct contact with marjategbeleye et al., 2018Furthermore,
microbial transport from contaminated soil to the produce ocauispiashing from water
droplets,from both rain and irrigation wat€FAO and WHO, 2019; Machaeldoreira et al.,

2019) In fact, irrigatiorwater is considered as one of the most important routes of transmission
of enteric human pathogens to vegetable crops and much attention has been given to the
microbiological safety of water from different sources used to irrigate fresh prédluag et

al., 2014; Jongman and Korsten, 2017 dand WHO, 2019)

Irrigation water used in South African fresh produce production is often seeerefyromised

mainly due to densely populated human settlements close to the surface water sources as well
as mining and industry activitie@berholster and Botha, 201du Plessiset al., 2015;
Duvenage and Korgte2017; Iwu and Okoh, 2019joreover, the deteriorating state of South
African wastewater treatment plar@/WTPs) contribute to numerous pollution problems

such as frequently releasing effluents of infegaality into receiving rivers used by farmers
downstream for irrigatiofHerbig, 2019. During processing, microbial cressntamination
opportunities also arise; when vegetables are cut or shredded, exudates containing nutrients are
released that suppagtowth of enteric pathogegdung et al., 20143 astrolbarez et al., 2017;

FAO and WHO, 2019)Furthermore, wash water of unsatisfactory microbial quality may aid

in dissemination of potential pathogemgile unfavourable conditions such as temperature
during packaging and storage can contributehi® growth and survival of spoilage and
pathogenic microorganisms on the vegetal§lesg et al., 2014)Unhygienically handled
vegetables during distribution and sale, especially for produce which are usually consumed

raw, adds an additional potential contamination source within fresh produce supply.
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Including surveillance of antimicrobial resistance and the genetic determir@ntbacteria

found on fresh produce in food safety research has become more cdBemoBaid et al.,

2016; Holzel et al.,, 2018; Koutsoumanis et al., 202&)timicrobial resistance genes in
addition to acquisition of virulence genes increases the pathogenicity of microorganisms and
consequently the severity of infectigi&l-Baky et al., 2020)In addition to the threat of
foodborne pathoges on fresh producehé prevalence and disseminatioranfibioticresistant
potential pathogenic bacteria on these products are therefore also regarded as an emerging
public-health concerrfvan Hoek et al., 2015; Rico and Falomir, 2020; Koutsoumanis et al.,

2021)

Antimicrobial resistance is recognised as a global health challenge. The increasing emergence
and spread of drugesistant pathogens and bacteria acquiring new resistance mechanisms
threatertreatment options upon human infection [World Health Organis@irO), 2015]

Three groups of Gramegative bacteria have been identifiad critical antimicrobial
resistanceelated threats globally i.e. QarbapenennesistantAcinetobacter baumannii)
carbapenennesistantPseudomonas aerugingsand iii) carbapenemand 3¢ generation
cephalosporin resistant Enterobaates, includingKlebsiella pneumonigEscherichia coli
Enterobacterspp.,Serratiaspp.,Proteusspp.,Providenciaspp, andMorganellaspp.(WHO,

2017) The most important within fresh produce and the production environment i& the 3
generationcephalosporinand carbapenemase resistant members of the Enterobacteriaceae

family, as they also occur naturally in these environm@ktdO, 2017) An increasing number

1A taxonomy change was adopted in 2020 to use HAENnter
"Enterobacteriaceaed are now one of seveBerratiaspp. | i es wi
now members of the family Yersiniaceaile Providenciaspp. andMorganellaspp. are members of the family
Morganellaceae. This thesis however presents theadatading to the previous classificatiomere the order
AEnt erobacterialesd had a single Enterobacteriaceae f

5
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of antibioticresistant Enterobacteriaceae strains laging detected worldwide, including
multidrugresistant human pathogenic bacteria and their genetic determinants in,diotidal
animal,and environmental settingkocsis and Szabo, 2013; Iredell et al., @0doneDias et
al., 2016b; Koutsoumanis et al., 2021 SA, significantinfection outbreakscaused by
antimicrobial resistanpathogenshave previously included extendedp e c t -laatamasé®
(ESBLY) producingKlebsiella pneumoniaand carbapenemageoducing Enterobacteriaceae
in clinical settinggEkwanzala et al., 2018; Essel et al., 2020Jecent review reported that
Salmonella enterigak. coli and Shigellaare thehighest occurringantimicrobial resistant
foodborne pathogena many countries including SA, the U.S and the Wilth the overall
number of reported antimicrobial resistance cases in foodborne pathogens generally rising
(Yang et al., 2020)nternationally, the need fousveillance of antimicrobial resistance is well

recognisedWHO, 2015)

This project aimed to determine the prevalence, dissemination and characteristics of
antimicrobiatresistant potential pathogenic bacteria from a food safety perspective in fresh
produce productiosystemsand retail. The dual economy systenSouth Africa (SA)poses
additional challenges in terms aficrobiological safety and prevalence of antimicrobial
resistant pathogenic bacteria on fresh produce sold at informal markets, compared to those sold
at formalcommercial retailers.
The following objectives were identified:

1. To determine and select vegetables commonly consumed in the formal and informal

sector and measure microbial contaminataord potential presence of foodborne

pathogens
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2. To determine the prevalence of multidrugistant Enterobacteriaceae, focussing on
extendees p e c t -factamasé production, of isolates from fresh produce sold in
formal and informal markets in Gauteng Province.

3. To evaluate the microbiological quality of irrigation water and irrigated spinaom fro
farming, to the packhouse, processing and retail stage and determine the sources of
contamination throughout selected commercial supply chains in Gauteng Province.

4. To identify and determine the occurrence, dissemination and characteristics of
antimicrobial resistant potential human pathogenic bacteria in the irrigation water and
associated spinach from selected commercial farms in Gauteng Province.

5. To compare and link genetic information of environmental isolates from spinach supply
chains to ptential human pathogenic bacteria using whole genome sequencing (WGS)

analysis.

The first hypothesis was set asoccurrence ofintimicrobial resistant Enterobacteriacese
higher and microbiological safety parameters unsatisfactory for fresh prediccen the
informal compared to formaharkets To test this hypothesis, fresh vegetables that form part
of a typical South African food basket were analysed from formal dadhal markets. The
analysis included indicator bacteria levels (colifornis, coli and Enterobacteriaceae),
foodborne pathogens previously associated with preceleged foodborne disease outbreaks
(E. coli, Salmonellaspp., andL. monocytogengsand detrmining the presence of
ESBL/AmpGproducing Enterobacteriacead his research question has been addressed in
Chapter 3and Chapter 4nd has been publishedJaurnal of Food Science (Vol 86, pages 161

T 168;d0i:10.1111/17568841.15534) anéFoodborne Pathogens and Disease (Vol 16, pages

42171 427; doi:10.1089/fpd.2018.2558spectively
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Thesecond hypothesisvas that microbiological quality of irrigation water contributes towards
the presence and persistence of antimicrafgisistant baetia in the spinach production
system Three commercial spinach supply chains that included wholesale afatnon
processingand distributbn wereinvestigated and addressed in Chapter 5 and Chapiée6
three spinach supply chains represented two different production scenarios, where either river
or borehole water was used for irrigation.

Analysis includedhe same microbiological parametdescribed ifChapter3, with additional
sourcetracking d antimicrobiatresistant generi€. colidescribed ifChapter fand phenotypic
and genotypic characterisatiohESBL-producing Enterobacteriace@elated throughout the
supply chains addressed@mapter 6 Chapter 5 has beqrublished in thdournal of Applied
Microbiology (doi: 10.1111/jam.15357and Chapter 6 has begublishedin Frontiers in

Microbiology (Vol 11, pages 110; doi:10.3389/fmicb.2020.00638).

The third hypothesis was that clinicallyrelevantantibiotic resistance genes are present in
environmental Enterobacteriaceae from commercial spinach production environments.
Enterobacteriaceae are ubiquitous in human, animal and evironmentl ecosystems, with the
ability to exchange antimicrobial resistagenes through mobile genetic elementhus
understanding the dynamics of antimicrobial resistance in different sectogssential for
mitigation strategies. To test the third hypothesis, selected ESBL/Amglicing
Enterobacteriaceae isolates fromt@vaand spinach from different points throughout spinach
production were characterised using whpdmome sequencinghis research question has

been addressed Chapter 7 and has bepublishedn Frontiers in MicrobiologyVolume 12,

doi:10.3389/fmicb.Q21.734649).
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Literature Review
Abstract

The significance of Enterobacteriaceae in agricultural as well as clinical environments are
widely documented. Members of the Enterobacteriaceae family include species that naturally
occur in water, soil and plants, as well as foodborne pathogecis as diarrheagenic
Escherichia colandSalmonellaenterica In SA, fresh produce is sold in a dualistic formal and
informal sector, however, surveillance of the microbiological safety of retailed fresh produce
is limited. Furthermore, these microorganisms have effective mechanisms to facilitate
antimicrobial resistancgene transfer and expression of the acquired genes. With water being

a known reservoir of antimicrobial resistargenesthe use of contaminated irrigation water

on fresh produces a potential health threat. Moreover, the prevalence of multidrug resistan
bacteria on fresh produce to be consumed raw poses an additional threat to human health.
Therefore, the purpose of this review was to assess the relevance of Enterobacteriaceae in fresh
produce production and to provide an overviewsdissociatedafeay statusand antimicrobial
resistancdevels both in the formal and informamarkets This review provides a critical
overview of microbiological qualityof fresh vegetablegncluding leafy greenstomatoes,
cucumbers, carrots, green beans and peppgesifically focusing on foodborne pathogens

from the Enterobacteriaceae familgalmonellaentericaand pathogeni&. col) as well as

Listeria monocytogenewhich have internationally been implicated in fresh produce related
foodborne illness outbreak&urthermore, a critical overview of available information on
prevalence and characterisation of exterslqul e c t +lactamasé (ESBL) producing
Enterobacterieeae on fresh produce from farm to retail is provided. These studies revealed
that numerous Enterobacteriaceae species (both commensal and pathogenic) harbour resistance

genes of clinical significance, highlighting the importance of adepth study for le
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prevalence and characterisation of E§Bbducing Enterobacteriaceae in fresh produce

production systems iSA.

2.1 Introduction

Fresh produce have been reported to be carriers and reservoirs of antimrebiaht
bacteria, both pathogenic and aoensal(Nueschinderbinen et al., 2015; Koutsoumanis et

al., 2021) Fresh produce harbouring extendeg e c t -tactamaséd (ESBL)producing
Enterobacteriaceae may pose a risk to human health since it is often consumed raw without any
additional washingr cooking stefFreitaget al, 2018) All environmental, commensal and
pathogenic bacteria, including the associated mobile genetic elements are important reservoirs
for resistancévon Wintersdorff et al., 2016 he presence of antimicrobial resistant bacteria,
throughout fresh produce supply chains therefore play an important role in the dissemination
of antimicrobial resistance among indigenous envirtental and pathogenic bactefitlaaket

al., 2014; Pan and Chu, 2018; Xiasigal, 2018) Antimicrobial resistance is recognised as an
important global health probie with ESBL-producing Enterobacteriaceae being one of the

six main antimicrobial resistance health thrédi$1O, 2015) If infection by ESBL-producing
bacteria occur, treatment options often become difficult as a result of the frequently expanded
antimicrobial resistance of the corresponding isolétesitaget al, 2018) It is well known

that anthropogenic activities are one of the main drivers for high prevalence of antimicrobial
resistance genes in the environmgxiing et al, 2018) Consequently, a global increased
incidence of ESBL and AmpCproducing Enterobacteriaceae in health care and

agroecosystems have been repof¥ézlet al, 2017).

In addition to antimicrobial resistant bacteria threatening our fgsigs) the introduction of
foodborne pathogens onto fresh produegreserd an additional threat. Contaminatican

occur at any stage during production on the farm, in the processing facilities, during distribution
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or storage, and at the retail leyAlthaus et al., 2012)The significance of Enterobacteriaceae
and antimicrobial resistance (including the associated mobile genetic elements) within fresh
produce production systems will be discussatkitail as this thesis will seek to investigate the
potential link between the watptantfood-public health interface. Furthermore, the sources

of microbial contamination, prevalence of foodborne pathogens, mukrdsigtant and
ESBL/AmpGproducing Ent¢robacteriaceae, including associated mobile genetic elements, in

specific points of fresh produce production systems will be investigated.

2.2 Enterobacteriaceae significance

As Enterobacteriaceaeolonise the enteric systems of animals, its samssion to the
environment and particularly crop production systems makes it an important microbiological
criteria for assessing possible crop contamination related to hygiene and final food safety levels
(Rajwar et al., 2015)Enterobacteriaceae also forms part of normal epiphytic microflora of
fruits and vegetables making it a more complex system to assess safety at the time of
consumption(Rajwar et al., 2015)Further, mman and animal pathogenic bacteria are
increasingly found to be transmitted through the food chain starting with contaminated fresh
produce(Holden et al., 2009)Many of the isolated bacteria from plants are resistant to
antibiotics that are frequently used in clinical pracfiglarkova et al. 2005) The antibiotic
classeghat are primarily used in SA clinical practice inclugghalosporindluoroquinolones

and aminoglycosidesfor Escheridia coli and Klebsiella spp., cephalosporins and
fluoroquinolones foGalmonellaspp., and fluoroquinolones and carbapenemEiiterobacter

spp., while carbapenems are the only recommended first line therapy for&dicing
Gramnegative bacill{Wasserman et al., 2014ljhis raises concern with regard to the presence

of antibiotic resistant Enterobacteriaceae on fresh produce that is consumed raw and
specifically the presence of multidrugsistant, ESBiproducing Enterobacteriaceae. The

ecosystem acts as a reservoir wharnacrobial resistant bacteria can be found in aquatic
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systems, faecal matter and soil in the farm environment, as well as plants, and can be transferred
from these sources to animals and humans through the food chain (European Food Safety

Authority [EFSA 2011 (Koutsoumanis et al., 2021

2.2.1General classification of Enterobacteriaceae

The Enterobacteriaceae family was named acc:¢
habitat i.e. the intestines of watlnlooded animals (from Greednteron meanigy Ai nt est i n ¢
(Hardy, 2011) These facultatively anaerobic, neporulating roeshaped bacteria have the

ability to colonise, adhere t@nd produce various toxins once tissue invasion has occurred
(Baylis et al., 2011) Previously,51 genera and 238 specwsre acknowledged withirthe
Enterobacteriaceae family, including foodborne pathogens Yikesinia enterocolitica
Salmonellaspp, pathogenidescherichia coli Cronobacterand Shigellaspp. (Baylis et al.,

2011; Octavia and Lan, 2014)The family also includ&clinically important opportunistic

pathogens such &erratia spp, Citrobacterspp. andKlebsiella spp. (Baylis et al., 2011;
Hutchinson, 2014 A t axonomy change was adopted in 202
name of a new scient i f ieoowonedfesaven famikes witkintikeb act e
order, with certain members such&erratiaspp. now members of the family Yersiniaceae

while Providenciaspp. andMorganellaspp. are members of the family Morganellaceae. This

thesis however presents the data according to the previous classification where the order

AEnt erobacterialeso had a single Enterobacte

2.2.2Ubiquity of Enterobacteriaceae

Members of théenterobacteriaceae family are widely distributed in humans, animals, and the
environment including plants, spilvater and fomites(Baylis et al., 2011)This family is
regarded athe most important bacterial family in human medicine as it includes geméra a

species that cause specific illnesses, and nosocomial infections including wound infections,
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meningitis, urinary tract infection, gastroenteritis, pneumonia and septicaemia (Table 2.1)
(Dotit et al., 2010; Rasheed et al., 201 Some species are harmless commensals, such as
certain strains oE. coli, yet other members are pathogenic to humans, animals, plants and/or
insects (Table 2.XBari et al., 2011; Baylis et al., 2011; Parija, 2012; Card et al., 2BL@)an

and animal pathogenic bacteria are increagifgind to be transmitted through the food chain

by fresh produc¢Holden et al., 2009)Examples include verotoxigenkt. coli (VTEC) and
Salmonellaspp., among the most prevalent foodborne pathogens, that are able to enter the food
chain at any poinfHolden et al., 2009 Additionally, there is growing evidence showing that
these pathogenic bacteria do not only contaminate plant surfaces, but may also actively interact
with plants and can colonise them as alternative Hbkiklen et al., 2009)Pathogenicity in

certain members of the Enterobacteriaceae family can deasla@pconsequence of gaining
virulenceassociated genetic material (toxins, colonisafaxtors) carried on transmissible
genetic elements like plasmids, insertion sequences, bacteriophages and trariBpgtsret

al., 2011) As Enterobacteriaceae species are ubiquitous in the environment, water and soil
constitutes not only a way of digssmation of pathogenic organisms, but also serve as a route
by which resistance genes are introduced in natural bacterial ecos{B#emero et al., 2008)

Wild animals and insects can also be a source of multidrsigtant bacteriéDoyle, 2015)
Multidrug-resistant bacteria have been detected in cockroaches and houséJtigschStates

(U.S) swine and Dutch poultry farm{®oyle, 2015; van Hoek et al., 201%) addition to the
presence of antibiotic resistant Enterobacteriaceae in natural water sources, studies have also
reported that around 30 different bacterial genera, includlielgsiella EnterobacterProteus,
andEscherichiahave been isolated fromareational and drinking water in India (Ayodhya
Faizabad) and Spain (Seviligechevallier et al., 1988; Kumar et al., 2013; Chiao et al., 2014;

Khan et al., 2016)
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2.3Foodborne pathogens and food safety

An increase in demand of reattyeat (RTE) minimally processed vegetables also lead to an
increase in food safety concerfue Oliveira et al., 2011b)ndeedfresh produce have been
reported to be a typical vehicle for pathogen carriage and a leading cause of foodborne illness
outbreakgMurray etal., 2017) Over 250 toxins and pathogens are known to be transmitted
by food(Choffness et al., 2012These pathogens include members of therBbéeteriaceae

family such as pathogeni&scherichia coli Salmonella spp., Shigella spp., Yersinia
enterocolitica andCronobacterspp.(Baylis et al., 2011) Listeria monocytogenas another

pathogen often implicated in foodborne disease outbi(@kset al., 2017)

Escherichia coliis the most widespread facultative anaerobic species found in the
gastrointestinal tract of humans, typically colonising infants within a few hours after birth
(Kaper, 2005; Baylis et al., 2011 scherichia colis estimated to kill more than 2 million
humans per year through both inindestinal and extrantestinal diseasedoit et al., 2010;
Tenaillon et al., 2010; Centers for Disease Control and Prevention,. ZbEGpathotypes of

E. coli strains can change following thecquisition of new virulenceasociated genetic
material as certain virulence genes have genetic mofildgaillon et al., 2010; Sarowska et
al., 2019) Often, the more infectious pathotypes will have a larger genome when compared to
the nonpathogenicE. coli, and these diverse virulence factors are usually encoded on
chromosomes, plasmids, or bacteriophadst et al., 2010) There are six well described
intestinal pathogens that include enteropathogénmli (EPEC), enterohaemorrhagtc coli
(EHEC), enterotoxigeniE. coli(ETEC), enteranvasiveE. coli(EIEC), diffusely adherert.

coli (DAEC) and enteroaggregatie coli (EAEC), with the key virulence factor of EHEC
beingstx (Kaper, 2005; Rojakopez et al., 2018 The serotypes and groups of pathogé&nic

coli are demarcated by their lipopolysaccharide (O) and flagellar (H) an{igenaillon et al.,

2010)
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The Salmonellagenus is divided into 2500 serotypes that cause an extensive diversity of
diseases ranging from arthritis to enteritis in hum@egy/lis et al., 2011)Two Salmonella
species are now knowf, entericawhich ircludes serotypes regularly linked to the majority

of foodrelated infections, an8. bongorj which is generally connected with reptil@aylis

et al., 2011)The two dominant serotypes of salmonellosis transmitted from animals to humans
are SalmonelleEnteritidis andSalmonellaTyphimurium (Public Health England, 2015; Card

et al., 2016)

The GrampositiveListeriagenus contains four species that are almost exclusively saprophytic
(L. grayi, L. innocua L. welshimerj andL. seeliger) as well as classified pathogenic species

(L. monocytogeneand L. iyanovi) (Chen and Nightingale, 2013)isteria monocydgenes
causes listeriosis with disease symptoms that include mild gastroenteritis as well as more severe
disease conditions such as encephalitis, meningitis, septicaemia, abortions, and g@tirths

et al., 201Y. The historical data from the National Outbreak Reporting System (NORS) CDC
database (Table 2.2) indicates that only brsteria spp. outbreak was linked to the fresh
produce relevant to the current stutigthave been reported in the U.S. from 1998Gd72 A
substantial amount of literature is available regarding the isolatibnrmbnocytogenesom

the relevant fresh produce types (AppendlixTable 1). Moreover.. monocytogenelsave

been implicated in a serious listeriosis outbreak in 2011 in 8 CDC FOOD Tool, 2018)

linked to contaminated cantaloupe where illness in more than 146 individuals were reported in
28 states leading to at least 30 deé#tnsi, Gooneratne and Hussain, 2017; CDC FOOD Tool,
2018; CDC National Outbreak Reporting System [NORS], 20R&3ently, SA experienced a
serious listeriosis outbreghetween January 2017 and March 2018th 937 cases and 193
deathgThomaset al., 2020) The outbreak was however linked to consumption of deli meats,
from two specific food processing compan{B®atemaa et al., 2019; Thomas et al., 2020)

Agricultural environments such as water, manure, and soil are part of the natural habitat of
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Listeria (Zhu ¢ al., 2017) Further, the ability of.. monocytogene® survive in the food
processing and produgmcking environments and equipment is frequently discussed in
scientific literature, emphasising the importance of screenirigdtaria spp.in freshproduce

and processing facilitigZhu et al., 2017)
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Table 2.1:Genera, habitat, optimal growth, pH, and link with foodborne iliness caksitggobacterlesdocumented to be isolated from
environmental samples

Optimal growth

Associated with foodborne

Genera* Main habitat* temperature, Clinical symptoms/diseases* Infectious dose (CFU/ml)* iliness*
pH*
o Amo . . . . " Varies with the serotype; nephoidal
Salmonella Intestinal tract of humans, animals, birds and insec %57%' 43°C, eDrll\:ee:ﬁ:;y of diseases ranging from arthritis to salmonellosis: 1bacilli; enteric fever: 10 All are considered pathogenic
' bacilli by ingestion
Escherichia Lower intestines of humans, warm blooded animal: 37°C. 7 Enteric/diarrhoeal disease, sepsis/meningitis, and Varies with the pathotype; E. coli O157:H7: Only the pathogenic strains
and birds ' urinary tract infections 10'7 1P other species between®dhd 16° y the pathog
. ) . o o Bacteraemia and seizures, fever, stomach cramps . . .
Shigella Intestines of humans and primates 45°G-47°C, 6-8 nausea, vomiting, and flatulence Very low; 10- 100 viable cells All four species
Yersinia Intestines of humans and animals, also environmer 28°C, 7.6 Gastr(_)entenns; _a_bdomma_l pain, feveiarrhea and Between 16to 1¢° Some species or strains are
sometimes vomiting, septicemia pathogenic
. . s . Intra-abdominal sepsis, urinary traofections, brain
Citrobacter Intestines of humans, animals and birds; also soil, 35°C, 6.8 7.2 abscesses, blood stream infections, and pneumon 10" Can be opportunistic
water and sewage - )
and other neonatal infection
Serratia Soil, water, plants and rodents 37°C, 5-9 Respiratory and urinary tract |nfec_t|_ons, bacteraem Unknown Can be opportunistic
endocarditis, peritonitis, and cellulitis
Intestines of humans. animals and birds: also soil Infections in the respiratory tract, gastrointestinal
Hafnia ' ' ' 35°C,4.9 8.25 tract, urinary tract and colonisation of wounds and Unknown No association
water and sewage h S . .
devices especially in hospital settings
. . . . Endocarditis, bacteraemia, septic arthritis, skin/sof .
Intestines of humans, animals and birds; widely o - : o o T Approximately 1000 cells have been -
Enterobacter distributed innature, mostly plants 40°C, 7 tissue mfectlons, osteqmyelltls ar_1d Io_wer respirato considered infectious Canbe opportunistic
tract urinary tract and intrebdominal infections
Intestines of humans, animals and birds; also soil ¢ -, Urinary tract infections and kidney infection -
Proteus polluted water 37°C, 6 (pyelonephritis) Unknown Can be opportunistic
. Intestines of humans, animals and bisp soil, o o Urinary tract infections, septicaemia, wound I
Klebsiella water and grain 35°C-37°C, 7.2 infections, pneumonia Unknown Can be opportunistic
Kluyvera Soil, sewage, and water 30°C, 7 ;::Eféy tract infections, sepsis with multiorgan Unknown Can beopportunistic
Bacteremia, sepsis, respiratory infection, urinary
Rahnella Fresh water 37°C, 6 tract infection, wopnd mfe‘ctlons n - . Unknown No association
immunocompromised patients, and infective
Endocarditis in patients with congenital heart disee
Erwinia Mostly plants 28°C, 7.5 Possible causative agent of urinary tract infections Unknown No association
Morganella Intestines of humans, animals, and reptiles 25°C,5.5 Urinary tract infections, summer diarrhea and Unknown Can be opportunistic

nosocomiainfections

*A compilation of references were used to summarise the information in Tab(@gske et al., 2006; Bari et al., 2011; Baylis et al., 2011; Xia et al., 2011; Food and Drug Administration, 2012 shMeztzalte 2012; Nayar et al., 2014; Hadid et24l15; Drzewiecka,

2016)
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Table 2.2:Details of foodborne disease outbreaks reported by the Centre for Disease Control
and Prevention (CDC) National Outbreak Reporting System (NORS) database for produce
relevant to theurrent study

CDC Foodborne Outbreak Data 1998 2017
Produce Number of

Pathogen Ilinesses Hospitalisations  Deaths
outbreaks
Escherichia 373 3176 489 14
Prepackaged leafy greens  Salmonella 757 10656 1781 27
Listeria 2 5 5 0
Escherichia 377 3421 570 19
Spinach Salmonella 757 10725 1786 27
Listeria 2 5 5 0
Escherichia 414 5027 760 20
Lettuce Salmonella 780 11648 1873 27
Listeria 3 24 24 1
Escherichia 372 3425 456 13
Cucumber Salmonella 771 12118 2089 34
Listeria 2 5 5 0
Escherichia 317 3136 460 13
Tomato Salmonella 808 15247 2540 33
Listeria 2 5 5 0
Escherichia 370 3115 453 13
Green beans Salmonella 759 10786 1834 27
Listeria 2 5 5 0

2.3.1Microbiological quality and prevalence of foodborne pathogens ofresh produce

Indicator bacteria are used to provide an indication of poor hygiene, insufficient processing or
postprocess contamination of foods, as these bacteria are often relatively quick and easy to detect
(Baylis et al., 2011)The Enterobacteriace&amily is commonly used as indicator organism by

the food industry, with thdaecal coliforms, which include a group of lactogermenting

organisms within this family, used as indication of faecal contamination (Figur@2ylis et al.,

200)) I nt eomat | vy, nNo consensus exists regarding
RTE minimally p(bledsbobttcue gt Alglemdxsy, 2009; FS/
Safety Centre Austr alNZa ,&.2008edbivVel ecatérabacteriaedeP SC A

have greater resistance to the environment than the coliforms and testing for the entire family
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would be more inclusive of the pathogenic bactéBaylis et al., 2011)The Health Protection
Agencyof the United Kingdom(UK) has reported that Enterobacteriaceae counts in RTE foods
placed on the market should be €0FU/g to be regarded as satisfactory results, while ©0140

CFU/g are borderline and counts 31IFU/g are regarded as unsatisfactaiynultaneously, it is
reported that these bacteria are not reliable indicators of contamination by faecal pathogens in a
food (Health Protection Agency, 20Q9Yet, Enterobacteriaceae occur naturally on plants and
therefore, thesetandards to not apply to fresh fruit and vegetables to be eatelHeailth
Protection Agency, 2009%lobally, the trend is to exclude coliforms from specifications as high
levels of coliforms are expected imyaraw producgHealth Protection Agency, 2009; Health
Canada, 2010; CFS, 2014; FSAI, 2016; FPSOA 2019) The presence d&. coliis used in

many countries as a guideline for safety of fresh produce, however, the acceptable limit also differ
for the different countries; United Kingdom (20 to 100 CFU/q), Australia (3 to 100 CFU/g), and

Canada (100 MPN/dHealth Protection Agency, 2009; Health Canada, 2010; FSAI, 2016)

A report by the Food and Drug Administration highlighted the routes through which produce can
become contaminatéBajwar et al., 2015)This includes the growing phase through contaminated
soil, water, or fertiliser, after harvest through handling and also after purchase during food
preparation or inadequate storage, with raw fruits and vegetables carrying the bakgest
contamination(Rajwar et al., 2015Depending on seasonal and climatic variation, the numbers

of aerobic bateria present in food may differ in ranges fromt tt01¢ CFU/g with the majority

of organisms normally being ngrathogenic to humangRajwar et al., 2015)Quantitative
methods for detection and enumeration of Enterobacteriaceae are used to prevent or control
contamination within food supply chains, as there are often specifications or limits for these

bacteria in heir productgBaylis et al., 2011; Cardamone et al.13p Indicator bacteria such as
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coliforms (which falls within the aerobic bacteria group) (Figure 2.2) are consequently used to

report the safety assessment of fresh produce throughout different parts of the supply chain.

Enterobacteriaceae

Providencia  Brenneria

T, ’
Buchneria /,- Budvicia

Xenorhabdus ! Rahnella
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|
!
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Figure 2.1: The relationship between genera in the coliform group and those within the
Enterobacteriaceae family. The dotted circles show genera that include species or strains which
commonly cross between two categories (Baylis eR@ll1). Additionally, speciesith strains

often pathogenic to humans are underlined in red and opportunistic pathogens are underlined in

blue.
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Facultative Anaerobes

Aerobes

Enterobacteriaceae
Streptococcus

Total coliforms

Faecal coliforms

Enterococcus

Total mesophile

numbears

Listeria species Salmonella

L. monocytogenes

Figure 2.2: The relationships between commoieigcountered bacterial indicators and selected

human pathogern®lonaghan et al., 2010)

A literature search was conducted throughout the course of this study to identify potentially
relevant publications, prioritizing peegviewed journals that reped the microbiological quality

of fresh produce and the identification of foodborne pathogens (Figure 2.3). To obtain a
comprehensive overview of the microbiological quality of fresh vegetables and the type of crops
studied dating back to 2006. A total3# publications were found under the specified criteria with
the search results indicating the microbiological quality of whole and-ti@#sRTE vegetables

that have been studied in different parts of the world at harvest or at a specific point of sale

(retail ers, i nfor mal mar ket s, QAr TabblleAX).mer s & mar ke
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Literature search
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Figure 2.3: Representation of the literature search conducted to identify potentially relevant

publications that reported threicrobiological quality of fresh produce and the identification of

foodborne pathogens.
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Figure 2.4: Overview of 31 studies dating back to 2006 that focused on the microbiological quality «
vegetables. The circle size indicates the citation rate of studies focusing on specific vegetable types (top) a
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Leafy green vegetables were the predominant (29/31 publications) vegetable types studied, with
the most reports (19/31ycusingon lettuce. Other studies with leafy green vegetables included
spinach (9/31), cabbage (9/31) and kale (1/31). Several atidnoeseported on the total aerobic
bacteria counts (18/31 publications). The total aerobic counts can however be difficult to use as
indicators in fresh produce, as a wide variation in counts have been reported, that lead to additional
geometric mean calttions and different microorganisms such as coliforms and faecal
streptococci dying off at different rates with ratios changing over (Managhan et al., 2010)
Therefore, total counts cannot be used as a reliable indicator (Holvoet et al.,|I@Gid}ition,

the guidelines for assessing the microbiological safety of RTE foods placed on the market have
stated that the total bacterial counts are an indicator of quality, not safety, and therefore cannot

directly contribute towards assessment of RO&ds(Health Protection Agency, 2009)

2.3.2Fresh produce associated with foodborne disease outbreaks

Over a period of 39 years in the U.S., leafy vegetabsociated outbreaks were foundéomost
prevalentin foodborne disease outbreai¢derman et al., 2015)With leafy green vegetables
forming an important part of a healthyet] contamination is particularly concerning as these
vegetable types are usually consumed raw, thereby excluding any heating step to kill pathogens
that might be preserfHerman et al., 2015)urther, the availability of readp-eat prepacked

bagged salads and green vegetables has increased expongiatian et al., 2015Arienzo et

al., 2020. This follows as changes in packaging, processing, and distribution |&actdesed
availability and extended shdife of leafy green vegetables in the market since the introduction

of RTE fresh produce in the early 198bBterman et al., 2015Foodborne disease outbreak data

as reported by the CDC in U.S. for specific vegetable types and human pathogenic bacteria

implicatedmainly Escherichia Salmonellaand Listeria (Table 2.2. Based on the number and
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severity of foodborne disease outbreaks associated with the consumption of a specific fresh
product, different risk categories have been identifi@allejon et al 2015) Tomatoes and leafy
vegetables (lettuce, rocket, spinach) are regarded asibigbrops, since they have been linked

to a number of foodborne outbreaks wenlitle (Callejon etal., 2015) From a microbiological

safety perspective, leafy green vegetables are of greatest concern, as they are often consumed raw,
or are minimally prepared and therefore have fewer barriers against microbial ¢vovidimjay

and Kumar 2015More recently, not only bacterial and viral pathogens assoaiatiefoodborne

illness outbreak involving fresh producehave been mentioned as a concemt also
contamination of parasites such@gclospora following major outbreaks the U.S.from RTE

fruit and vegetablegHadjilouka and Tsaltas, 20R0The impact of pathogenic and spoilage
bacteriaon parasitesd6 survival msi sholld therefone elsohbe pr o d |

considered indture surveillance studi€bladjilouka and Tsaltas, 2020).

2.4 Antimicrobial resistance

Due to the widespread (amdten inappropriate) use of antibiotics, antimicrobial resistance in
different clinical and environmental settings have escal@eektinaci et al., 2015This global

spread of antimicrobial resistant organisms have resulted in a major public health challenge,
threatening effective preméon and treatment of an increased amount of bacterial infections
(Prestinaci et al., A®; Vikesland et al., 2019Bacterial resistance to antibiotics occurs through
inactivation of the antibiotic by modifying the enzymatic scaffold or enzymatic degradation, by
modification of the antibiotic target, adjusting the permeability of thencethbrane, or keeping
intracellular concentrations of antibiotics below inhibitory levels through expression of efflux
pumps (Vikesland et al., 2019)More recently,mutation of core metabolic genesshaeen

identified as an additional mechanism of antimicrobial resistance in clinical pathhggaskin
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etal., 2021; Wareth et al., 202Zhe mobility of antimicrobial resistance genes and the tendency
of these genes to spread between different reservoirs including people, animals and the

environment further aids in this complex challefigé&esland et al., 2019)

2.4.1Antibiotics mechanisms of action

Antibiotics are grouped according to tepecific mechanism of action that includegiry to
bacterial cell membranes, the cell walhibition of metabolic biological compounds synthesis,
inhibition of nucleic acid synthesis and inhibition of protein synthéSkaikh et al., 2015
Kirmusaoglu et al., 20)9Across these groups, ten major classesarrently in us¢Vikesland

et al., 2019) Betalactam (penicillins, cephalosporins, monobactams, and carbapenems) and
polypeptide antibiotics which function by inhibiting cell wall synthesis, quinolones and
metronidazole which inhibit DNA synthesis, chloramphenicol and tetracyclines which inhibit
proteinsynthesis and sulphonamides that uses competitive inhibition as the mode of action, have

all been well documentg@yarugaba, 200¥Kapoor et al., 2007

2.4.2b-lactam antibiotics and betalactamases

b-lactam antibiotics are the most diverse and most commonly used antibiotics in clinical settings
(Shaikh et al.,, 2015) These ant i bilaotam rng that ;mactivatesm set of b
transpeptidases, also known as penictiinding proteins (PBPs), that are usually responsible for
catalysis of the final asslinking reactions of peptidoglycan synthesis in bacté@apita and
Alonso-Calleja, 2013; Shaikh et al., 2019his may occur as h dactém antibiotics are able to
covalently bind to the active site of PBEgreby forming a linkage between parallel NABM
strandsleading to interference with peptidoglycan synthesis and resulting in cell (#edtung

et al., 2012; Madigan et al., 2012)
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Within bacterial popul at i olacam antbmticd, with the rhoatc t e r |
s i g ni flactanaresistante mechanism in Enterobacteriaceae cogsistnf pr oduct i on
lactamasegOstholm, 2014; Shaikh et al., 2015})lalctamases are enzymes encoded by genes
either chromosomally located or carried in plasniidigsh and Bradford, 20)6 T Jtaetambses

work by hydrolysing thepeptide bond of the characteristic fauembered betkactam ring
(Byarugaba, 200Bush and Bradford, 2016Two general schemes are commonly used to classify
b-lactamases; the BuslacobyMedeiros functional classificatio(Bush et al., 1995and the

Ambler molecular classificatiofAmbler, 1980) The Ambler molecular classification system

c | a s s-lactamasentoffour classes according to the enzyme protein homology (Tad)le 2.

while the BushlacobyMedeiros classification scheme is based on functional properties of
enzymegqShaikh et al., 2015)or the purpose of this study, the Ambler molecular classification

system will be used for further discussion.
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Table 2.3: Classification of betdactamases

Beta-lactamases in Enterobacteriaceae

Ambler Class Subgroups Number of Phenotypic Hydrolytp activity
class enzymes$ test against
Broadspectrum -
Penicillinases TEM-1, TEM-2, 133 Inh|b|te.d by. Penicillins
clavulanic acid
SHV-1
A Cephalosporinase -;EH':A/E;I:II:; 200 Inhibited by Penicillins Cephalosporin:
ESBLa? i} lavulani [ )
SBLa CTX-M 90 clavulanic acid
Carbapenemases KPC 4 Synergy with  Penicillins Cephalosporin:
ESBLcarpaa” boric acid Carbapenems
. Metallo-beta Synergy with - -
B Carbapenemases lactamases NDM, 24 dipicolinic Pen|C|ICI:|2;¢,b§S£2:Lc1)§por|n.
VIM, IMP acid/EDTA
ESBLcarsa-B®
Cephalosporinase  Chromosomal
nonESBL AmpC
Plasmidmediated -
C . AmpC, CIT (CMY 51 Inh|b|te_d_by Penicillins Cephalosporin:
Cephalosporinase . cloxacillin
ESBLy,¢ variants), MOX,
FOX, DHA, ACC,
EBC,
D Carbapenemases OXA-ESBL 9 Timocillin Penicillins Carbepenems
ESBLcarsan®  OXA-48 like MIC>32 mg/L P
aClassification accordingto Gisktal2 009 ; t hese ar e of t en "Glassffieation agabrdihgo a s

to Giskeet al 2009; ESBlcarsa-a consists mainly oKlebsiella pneumoniaearbapenemase (KPC¥lassification
according to Giske etl. 2009; ESBlcarsas are metallebetalactamases (MBL)YClassification according to Giske
et al 2009; ESBL=M consists of some OXASBLs and AmpC cephalosporinases, which are plasmédiiated?
Classification according to Giske et 2009; ESBlcarea-p is mainly OXA-48-like enzymesi(Ghafourian et al., 2015
Bush and Bradford, 20)9

2.4.3Extended-spectrum-beta-lactamases

The Ambler Class A enzymes are harboured by plasmids and could thus easily be transmitted into
different bacterial cells, leading to rapid resista(@bafourian et al., 2015Yhe main enzymes

within this class are the TEM and SHV enzymes, with TENirst identified in 1965 in the
Enterobacteriaceae fami(ghafourian et al., 2018Bush and Bradford, 20).9Class A enzymes
hydrolyses ampicillin and first, second atidrd generation cephalosporins, and the extended

spectrum betdactamases (ESBLS) are also categorised within this @ssfourian et al., 2015)
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As a phenotypic test for detection of ESBinhibition by clavulanic acid is used, as this has been

demonstrateth vitro (Ostholm, 2014)

Among the classic ESBLs, the enzymes most commonly found include the TEM, SHV, and CTX
M enzymeg Tooke et al., 2019 The variationsm@ong these enzymes are diverse with more than
200 TEM and SHV alternates documentéstholm, 2014) More than 90 different enzymes
within the CTXM type has been describend categorised into five different clusters based on
similarities in the amin@cid sequence lev@looke et al., 2019 The CTXM type clusters include
CTX-M-1, CTX-M-2, CTX-M-9, and CTXM-25 and are plasmid mediat@dstholm, 2014)The
miscellaneous group of ESBLs (ESBLinclude certain OXAESBLSs as well as plasmisiediated
AmpC cephalosporinasg®stholm, 2014) The ESBlcarea group consists of carbapenemases

which confer resistance to all bdsactam antibiotic§Ostholm, 2014Tooke et al., 2019

2.5 Antimicrobial resistant Enterobacteriaceae

Studies have shown a strong link between the occurrence of antibiotic resistantee and
composition of the gut microbiomérenaillon et al., 2010)Moreover, a link between the
resistance patterns of entefacteria and the incidence of bacterial disease originating from
clinical settings have been reportgtenriksen et al., 2019An increasing number of antibiotic
resistant Enterobacteriaceae strains are detected worldwide, inatodlitndyug-resistan{MDR)

human pathogenic bacteria and their genetic determinants in both clinical and environmental
settings (Kocsis and Szabd, 2013; Iredell et al., 2016; J@ias et al., 2016b)iImportant
mechanisms of antibiotic resistance in Enterobacteriaceae include porin deficiencies or alterations
to reduce antibiotic access anfllef pumps that may actively transport antibiotics out of the cell

(Iredell et al., 2016)Addito nal | vy, Ent er olbactamdses adting o thaperiplasanice b
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space t o -ldactand antibioticsaad thereby prevent disruption of the cell wall, as well as

intracellular enzymes that alter antibiot{t®dell et al., 2016)

Enterobacteriaceae are adapted to sharing gen
mobile genetic elements with different characteristics eaquire resistance genes from
chromosomes and move them between DNA molecules, leading to a muehimpartant
resistance mechanism than mutations in chromosomal genes that may also contribute to antibiotic
resistancégPartridge, 2015)in human and veterinary medicine, the widespread use of antibiotics

is thought to havked to high environmental antibiotic exposure thereby causing ample opportunity
for selectim of antibiotic resistance in commensal microbiffanaillon et al., 2010)indeed,
dissemination of ESBiproducing Enterbacteriaceabas been identified as one of the six main
antibiotic resistance related health risks glob&#lyHO, 2015) Certain resistance genes are
present in the chromosomes of environmental bacfililkaido, 2009) The primary habitat of

other Enterobacteriaceae suclSasratiaspp, Rahnellaspp. anKluyveraspp.are soil and water

and these species are natural carriers of ESBL geaesHoek et al., 2015As an eample,
presence of the AmpC gene in environmental genera of Enterobacteriaceae Secha@s

Proteus and Enterobacterhave been reporte(Nikaido, 2009) Further, the exclusive anal
symbiontE. colilacks the induction mechanism on the AmpC gene and the path&gdmicnella

spp. lacks the AmpC gene entir¢Nikaido, 2009) Studies have however shown thahirandom
collection of sodwelling strains ofStreptomycespp. and their relative species, 609%00%

were resistant to several antibiotics, which suggested presence of antibiotic resistant genes in
abundance in this habitétiikaido, 2009) However it should also be notedahthe Streptomyces

genus is a unique subgroup of actinomycetes bacteria and the most prolific antibiotic producers

(Kong et al., 201P Mezzatesta et al. (2018)ported that most isolates of tBecloacascomplex
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are capabl e of olacamases byderepiessign ofamsiranodomal gene, or by
the acquisition of a transferable AmpC gene on plasmids or other mobile genetic elements. These
isolates are intrinsically resistant to fugeneration cephalosporins, ampicillin, amoxicillin,
amoxicillin-clavulanate and cefoxitin as a result of production of constitutive AmpC, but are
susceptible to chloramphenicol, aminoglycosides, tetracyclines, and carbaybleanstesta et

al., 2012)

Plasmidmediated AmpC strains are distinguished from chromosomal strains because, barring a
few exceptions, #expression of the genase not inducibléMezzatesta et al., 2012)jhe AmpC
plasmidmediated strains pose a problem as the derepression of this enzyme is increasingly
frequent among clinical isolates, leading to resistance to-gf@nération cephalospori(3GC)
which are not i nlactamasds sudh ab glavutaoatanbot by bbronic acidrand/
cloxacillin insteadMezzatesta et al., 201Bacterial speceethat carry genes expressing ESBLs
have been identified as beingmmoninhabitants of the human digestive tract and fresh produce

is a possible reservoir of these bact¢@aerdevest et al., 201I)ransfer of multidrugesistant
Enterobacteriaceae onto fresh produce occurs through the use of contaminated irrigation wat

during production via animal manujpean Hoek et al., 2015)

2.5.1Prevalence of antimicrobial resistant Enterobacteriaceae in vegetables

Although most fresh vegetables carry spathogenic epiphytic microorganisms, contamination at

the farming sites may also arise, #edent types of soil treatments such as organic fertilisers that
may include sewage sludge and manure are used, as well as the use of contaminated irrigation
water and the ability of pathogens to persist and proliferate in veget(dlops et al., 2016
Koutsoumanis et al., 2021Additionally, antimicrobial resistant bacteria can enter the food chain
from the farm environment (Figure 2.6)ope et al., 201,6Koutsoumanis et al., 2021These
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resistance genes have the potential for horizérgasfer to other related and noalated species,

including the gastrintestinal tracks of mamma(3ope et al., 2016)

Water | Animals ]
River/streamsLakes f
4 N\
Groundwater
Plants Humans
|\ J

T A

Soill

Drinking water Irrigation water

Figure 2.5: Distributionof antimicrobial resistant bacteria from the farm environment.

Antimicrobial resistant Enterobacteriaceae, from farm and retail produce (n =131) were evaluated
in Kentucky, USA, with multidrug resistance displayed in 18.2 % and 41.4 % of the isolates from
farm produce and supermarket produce, respecti@ype et al., 2016)Overall, all isolates
showed resistance to at least one antibiotic, ®itterobacteriaceae isolated from farm produce
that displayed greater resistance to ampicillin (72.7 %) than the isolates from supermarket produce
(58.6 %) (Tope et al. 2016). In arslar study, Zurfluh & al. (2015) reported that from 169
vegetable samples, 254 % were found to be contaminated with -pE$EUCcIng

Enterobacteriaceae of which 78.3 % were multidrug resistant.

The prevalence of ESBL/Amp@roducing Enterobacteriaceae, characterized accorg t-o t h e
lactamase alleles, isolated from fresh produce from different studies globally were compared in
Table 24. This comparison indicated that Enterobacteriaceae harbdudpgem variants were

the most commonly isolated from fresh produce sasB&ak et al 2014; Njage and Buys,
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2014; Reuland et al2014; Ben Said et .al2015;Zurfluh et al., 2015; Kim et gl2015; NUesch
Inderbinen et al 2015; Van Hoek et al2015; Ye et a) 2017)
Table 24: A summary of literature reporting on the prevalence of extesgedtrumand AmpC

b-lactamase producing Enterobacteriaceaetisel&a i nc | udi n gactanfase gemetic oc i at
variants from fresh produce samples

b-l a ct aantamades

Third
Species Vegetable ESBL® i
P g AmpC generation . Referencé
Cephalosporin
TEM SHV CTX-M (3GC)
Citrobacter blaCTX-M- 1
braakii Parsnip, Carrot, - - 1 - -
Blanched celery, Fennel, 2,3,4,5,6
Radish, Tomato, Raw
Citrobacter vegetables, Aragula, Mixed blaSHV-12, blaCTX-M-  FOX,
freundii salads - blaSH\-1 15 CIT 3GC
Enterobacter blaCTX-M- 1
amnigenus Spring onioA - - 15 - -
Enterobacter blaCTX-M- 3
homaechei Apricot, Barley - - 15 - -
Lettuce, Cabbage, Mixed blaCTX-M- 1,7,8,5,6,13
salads, Frisee salad, 15, DHA-1,
Enterobacter Cucumber, Chopped chives, blaCTX-M- MOX,
cloacae Bean sprouts, Radi§Spinach - - 1 EBC -
Enterobacter 6
ludwigii Tomato - - - MOX -
blaCTX-M- 1,9,10,3,8,11,5,13
1, blaCTx
M-14,
blaCTX-M-
Lettuce, Sprouts, Barley, 15,
Parsley, Tomato, Bitter blaCTX-M-
cucumber, Basil leaves, 65, ACC,
Aragula, Mixed salads, blaTEM- blaCTX-M-  CIT,
Escherichia coli  Blanched celey Cucumber 1 blaSHV-12 55 DHA -
Klebsiella 1
amnigenus Blanched carrots - blaSHV-12 - - -
blaSHV-12, 1,10,8
blaSHV-11,
blaSHV-2,
Mixed salads, Sprouts, Bitter blaSHV-28, blaCTX-M-
cucumber, Garlic chives, blaSHV-1, 14,
Klebsiella Water spinach, Ceylon blaTEM-  blaSHVW-27, blaCTX-M-
pneumoniae spinach, Bean sprodts 1 blaSHV-61 15
Kluyvera CTX-M 7
ascorbata Diced tomato - - Group 2 - -
Coriander, Parsley, Escarole, 12
Serratia fonticola Cucumber - - - - blaFONAS5
Blanched celery, Blanched 2,12
carrots, Chicory, Endive,
Rahnella Iceberg lettuce, Radish,
aquatilis Escarole - - - - 3GC, blaRHAN2

aThe vegetable item was grown organically

bTEM-1, SH\-1, -11,-27,-28, and-61 are non

ESBL variants

c(1)Reuland et al. 2014, (2)Blaak et al. 2014, (3)Ben Said et al. 2015, (4)Ye et al. 2017, (5)Iseppi et al. 2eBa6Yal et al. 2019, (7)Nuesch
Inderbinen et al. 2015, (8)Zurfluh et al. 2016, (9)Njage & Buys 2014, (10)Kim 20Hb, (11)OrtegdParedes et al. 2018, (12)Pintoora et al., 2021,
(13)Colosi et al., 2020
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2.5.2Multidrug resistance and dissemination of antimicrobial resistance genes among

Enterobacteriaceae

Multidrug-resistant bacteria are defined as bacterial strains exhibiting resistance to three or more
classes of antimicrobial substan¢Bsyle, 2015) Bacteria acquire resistance genes either through
mutations or via horizontal gene transfée tatter being considered as the most important factor
contributing towards the high occurrence of antimicrobial resisté@rme Wintersdorff et al.,

2016) Studies have reported different Enterobacteriaceae strains isolated from various
environments having a multidrug resistant phenotype in addition to harbouring ESBL/AmpC

encoding geneBlaak et al, 2014; Ye et a) 2017; An et aJ 2018; Freitag et al2018)

Dissemination of resistance genes among different strains of bacteria occur as a result of several
distinct resistance mechanisifi3eng et al., 2015)These mechanisms inclugeintmutatiors,

usually occurring at a low frequency, where the bacterial strains acquire multiple genes that each
encode resistance to a single drug, within a single cell, or by the increased expression of genes that
code for multidrug efflux pump@ikaido, 2009; Deng et al., 201Further, through acquisition

of various resistance genes by means of horizontal gene transfer, which include transduction,
transfomation and conjugatioifWhite et al., 2001; von Wintersdorff et,&2016) Diverse mult
resistance regions in chromosomes and plasmids are created through the accumulation of
resistance genesaand an initial insertion event in a region of DNA which promotes ecological
success of the organisfinedell et al., 2016)Mobile genetic elements (MGE) are predominantly
responsible for the capture, accumulation, and dissemination of the antimicrobial resistance genes
(Partridge et al., 2018)Mobile genetic elements include among other insertion sequences,
transposons, gene cassettes/integrons, as well as plasmids and integrative coejegativis,

that are able to transfer between bacterial cells (FiguréPaéyidge et al., 2018F he interactions
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between these different MGE in both Grawsitive and Grarmegative bacteria promote the
speedy evolution and diverse multidrug resistance observed in many different environments
(Partridge et al., 2018However, to elaborate in detail on the vast amount of MGE associated with
antimicrobial resistance in all bacterial species igohd the scope of the current study. The

i mportance of the many similarities between
differences, such as the significant roles of gene cassettes/integrons iné&gyatime bacteria and

small rolling-circle plasmids in Granpositive bacteria however needs to be n¢Radtridge et al.,

2018)

Donor cell
—y dﬂ Recipient cell
<

Transduction
Transformation

Conjugation

Figure 2.6: Examples of mobile genetic elements involved in intracellular mobility and
intercellular (transduction, transformation or conjugation) transfer of antimicrobial resistance
genes. (a) Bacterial chromosome where resistance genes can be exaitegrated into new

sites, (b) mobilizable plasmid, (c) conjugative plasmid, (d) integron, (€) mobile gene cassette, (f)

integrated conjugative element (ICE), (g) transposon, (h) prophage.

Conjugation plasmids and ICEs establish a connection with piegticell through a pilus for
transfer. Foreign genetic material such as defective genomic islands or a copy of a small plasmid

or bacterial chromosome can also be taken up by the recipient cell through transformation.
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Temperate phage DNA can insert itih@ donor bacterial chromosome as a prophage, replicate,
lyse the cell and infect a recipient cell through transduction. Within a bacterial cell (intracellular
mobility), transposons integrate into new sites on the chromosome or plasmids and integrons also
exchange mobile gene cassettes and integrate into the chromosome or plasmids through
transposition and nehomologous recombination mechanisfRgost et al., 2005; Partridge et al.,

2018)

2.5.3Integrons in Enterobacteriaceae

Integrons are defined as DNA elements that mediate the integration of resistance genes through
site-specific recombinatioifLevesque et al., 1995These DNA elements have been reported to
play a critical role in facilitating multidrug resistance in Enterobacteriaceae, regardless of the
strain, species or origifKaushik et al., 2018)Five classes of integrons have been classified,
however, only the first three classes are involved in the spread of resistance genes among
Enterobacteriaceae, with class 1 mostly repofkalishik et al., 2018)The basic sticture or
functional platform of class 1 integrons includerthgene, arattl site, and a Sfpromotor (Figure
2.7)(Kaushik et al., 2018)The integron integrase genetl) encodes a sitspecific recombinase

that catalyses recombination betwekedttl recombination site and the B&se element (59be)
recombination site of gene casse(tgslings, 2014) Upon recombination, the integrassociated
promoter, B, regulates the expression of the captured gene cas@@itiasgs, 2014) Gene
cassettes contain variable sequences lamtevel of expression is dependent on the proximity of

the gene cassette to thegpgPomoter, i.e. the gene cassette that lies closest to the promoter will have

a maximum level of expressig¢iaushik et al., 2018) T hcenseBvéd segment downstreaim o

the gene cassette typically have tha ¢ Easlisull resistance genes in class 1 integrons, that

encode quaternary ammonium salts and sulphonamide, respe(iealy et al., 2015)Although
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integrons in itselfire not mobile, the functional platform linkage to mobile DNA elements such
as insertion sequences, transposons or conjugative plasmids thus allow them to serve as important

vectors in dissemination of antimicrobial resistance gé@ékngs, 2014; Kaushik et al., 2018)

5°CS Inserted Cassettes 3°CS

Ln

B
?-QR‘III B

attrrry GTTRRRY GTTRRRY

L

59be 59bT c D

Figure 2.7: Representation of a typical class 1 integron. The arrows indicate the direct
transcription, with location andrientation of promoters shown as¢PP. and P. A)intl
integrase gene and atil site that is recognised Iigtl. B) Gene cassette that can harbour nc
one or many resistance genes (R1, R2) with the sequence GTTRRRY located in the 5
functions as the crossover point in the integron for integration of the gene cassejtescCi
encodes quaternary ammoniuesistance and Byullencodes sulphonamide resistance in
The rapid development of integrons (especially class 1) associated with multidrug resistant
Enterobacteriaceae is well documenfi€dushik et al., 2018)Specificallyclass 1 integrons have
been reported i&. coliisolated from clinical samples, animal and water sources, as well as food,
from studies dating back to 19TRaushik et al., 2018)Resistance integrons have further been
found to be present Balmonellaspp.,Serratiaspp., anK. pneumonigDeng et al., 2015which

are all Enterobacteriaceae species previously reported in fresh produce antimicrobial resistance

related researctDenis et al., 2016a; Ye et al., 2017a)
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2.6 Fresh produce in South Africa

SAis divided into a number of farming regions according to climate, natural vegetation, soil type
and farming practice€soldblatt, 2011) The agricultural activities in the country include intensive

crop production and mixed farming in winter rainfall and high summer rainfall areasllags

cattle ranching in the bushveld and sheep farming in more arid rg@oidblatt, 2011) Fresh
produce is cultivated in different regions, leading to processing and distribution facilities found
across the country to ensure that the produce is fresh and safe for consumption upon final retail
destinatio (Louw and Jordaan, 201dn SA, the value oforticultural crops ang@roducts(total
production during the season valued at the average basic prices received by producers) was
reported to be B32953 millionin 202Q This was an increase ©5.9%0, compared to R28Z95

million reported in 2019Directorate: Statistics andconomic Analysis, 2020¥resh produce
collectively defines raw fruit and vegetables, categorised into ten different subgroups and includes
at least 105 different types (Append TableA2), categorised under horticultural crops and

products in the agrultural survey of StatisticSA.

The most recent statistics available (2018) from the Food and Agriculture Organization (FAO) of
the United Nations database reported the total production area and estimated tonnes produced in
SA for vegetable crop®levant to the current study (Tabl®2(FAOSTAT, 2020) Although SA

is not recognised here as one of the global top growers of sIRAGASTAT, 2020) it is well

known that local spinach cultivation do occur acroffemtint production systems including large

scale commercial, as well as smsdhle farms(Jongman and Korsten, 2017n fact, the
popularity of baby spinach has increased globally with the demand for baby spinach overtaking
supply in local retail storgdasufi et al., 2020)Not only commercial scale production, but also

smalkholder and subsistence farmers contriliatthe economy, these are however more difficu
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to quantify (GreenCape 2016). Despite the economic importance, production of fresh produce for

local consumption is also important in the context of food security.

Table 25: Vegetable production per hectare in South Africa as reported by the Food and
Agricultural Organisation of the United Natio(lSAOSTAT, 2020).

Vegetable crop Production area (ha) Estimated tonnes produced
Spinach No data No data
Tomatoes 6 521 500 000

Lettuce and chicory 2 462 37 621
Cucumbers and gherkins 1675 25133

Green peas 3704 9 317

2.6.1Fresh produce supply chains

Supply chains differ in the extent of complexity and time to move the product from production to
consumption. For instance, commercial producers are mostly captured in longer chains while
informal producers and markets reflect shorter systems. The cdadimd the supply chain
subsequently plays a vital role in the manage
salesodo or formal environment, whe¢Suetalt2084) suppl
Whether longer or shorter, the main fact that differentiates these supply chains is the continuous
change in volume, product, andality from the time the raw materials leave the grower to the

time the product reaches the consu(@emg and Chang, 2014As certainfresh produceypesis

a class of highly perishable products, longer transportation time could potentially result in more
deterioration, influencinghe ultimate quality of the product and consequently having a greater

impact on retaining market access and consumer(8ustt al., 2014)

Fresh produce in SA is distributed through formal and informal fresh produce markets, hawkers,

export channels and direct sales to wholesalers, processors, or retailers (Figure 2.8). The type or
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nature of the freh produce largely influences the distribution channel that is used for marketing
of the produc{Louw and Jordaan, 20168)Vithin a typical market value chain for fresh produce
processing facilities, pack houses are often responsible for the handling/cooling and quality

standard and packaging aspects of the ofiaii-F 2015)

Informal Market Formal Market

| Farmers |

Small-scale | | Commercial |
| Wholesale | |

| Processing Companies |

Processing

Fresh Produce Markets

Informal Traders

Semi-mobile Fixed Location
/I /| AN Retail Chains |
Trolley vendors Street traders Greengrocers Markets

Rural Community\ Established Farmers’
Markets Markets Consumers

Figure28:Local fraeshkstprnddudce®n systems in the for ma
mar ket, with some aspects overlapping (gr
reaches t hoer agnognes u mer s (

Processing facilities provide a range of fresh vegetable products that inclyoeckesl (pillow

packs) salad vegetables that contains blends including cos or romaine lettuce, Betavia lettuce, oak
leaf lettuce, butter lettuce, red lettuce, baby spinadtcbli, kale and/or various herbs including
rocket, watercress, mizuna, Italian parsley, mint, basil, and rosemary.-Baset search of South

African processing facilities indicated that other typical products includeyirer chopped
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vegetables sudhs spinach or cabbage, carrots and whole vegetables such as broccoli heads, lettuce

heads, cucumbers and tomatoes.

Fresh produce supply chains typically consists of three vertically integrated &Shgasdield,

2016) This includes primary production (i.e. growth and harvest), and secondary stages (i.e.
processing, washing and packaging), and trade or distribution (i.e. storageortramsl retail)
(Shinkfield, 2016) In each of these steps, unique hazards are presented that may influence the
possibility of foodborne disease outbreaks as fresh produce are regarded as a high gtway in

food safety(Shinkfield, 2016) All hazards, whether chronic or acute, thatymmake food harmful

to the health of the consumer, are referred to as a food safety c@huaghand Chang, 2014)

Food safety is not negotiable and is a global isaith, a worldwide estimated 42000 human

deaths annually as a result of eating contaminated food (United Natidhs 2Be food safety
responsibility is shared by producers, processors, distributors, retailers, and consumers, as hazards
may occur at any of the vertically integrated sta@esg and Chang, 2014As a result, supply
chains have evolved to obtain effective food safe@ynagement sgems to bring sufficient and

nutritious quality fresh produce to the consuifdacxsens et al., 2017)

2.6.2 Fresh produce retail in South Africa

The formal food retail market in SA is dominated by five major commercial retdilesigeview

by das Nair & Chisoro (20159n trends in the supermarket industry in SA, the increase in the
number of and spread of supermarkets locally and to other African countries can be attributed to
a number of factors: increasing urbanisation, increased per capita income, increase mohumbe
women working, increased middle class size, lower prices due to economics of scale and scope of
products on offer and modernisation of infrastructW#hile formal retailersused tomainly

procue their fresh produce from municipal markets, key retailnow have central procuring
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systems in place, where fresh produce is obtained from a number of preferred s(lppiwrst

al., 2006) In 2003, supermarkets in SA were estimated to have a 55% share of the national food
retail market, as opposed &m estimated 10% to 20% in the early 1990&ite, 2011) In
commercial supply chains, traceabikiandards arenforced to ensure that, if an outbreak occurs,

the source can be identifi@dung and Chang, 2014; Chhikara et al., 20I8ceabiltiy is defined

asthe ability to trace the history, application or location of that which is under consideration
according to the ISO 900@015) standarddnformation can be recalled in different directions
within a chain Backward traceability or tracinggfers to findinghe origin and characteristics of

a product based on one or several given criteria gdmvard traceability, or treking refers to

finding at every point of the supply ch#ie locality of products from one or several given criteria
(Aung and Chang, 2014; Zhong et al., 2017; Chhikara et al., 201&prtain supply chains,
especially in the informal sector, chalges are found in contamination sodraeking, as
products often lack any labelling and distribution records, multiple sources of a certain product at
a single point of sale may occur, and complex distribution systems are often fo{lswedand

Chang, 2014)The smallholder fresiproduce supply chain in SA is characterised by various

di stribution channels that include farmer so
greengrocers, local consumers, and institutional buyers such as government hospitals that farmers

use to digribute their produce, depending on demand and access{hibityv and Jadaan, 2016)

A farmersodé6 mar ket i s commonly defined as a r e
sell their fresh produce, eggs, meat, éit@ctly to customerSaili et al., 2007)More specifically,

farmer 6s markets in the UK describe food mar k.
directly to the public and produced by the venddfscchio, 2011)Far mer 6 s mar ket s

perceived as alternative food networks, providing a link between rural food prodandendan
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consumergVeccho, 2011) I n SA, farmersdé markets have gai
marketing platform for small scale farmévan der Heijden and Vink, 2010)hese markets form

a small part of the fresh produce distributiotwak, however their popularity have been growing

since good quality produce can be bought at a more affordable price when compared to commercial
retailers(Vermeulen and Bienabe, 200FParmers markets are an excellent example of short food
supply chains, which are devs of sustainabe development as well as food production and
contribute to improving the food security status in the couwam der Heijden and Vink, 2010)

Although farmers markets play a relatively small role in freshuymredetail, they offer an excellent

platform for small scale farmers to sell their prod(x@n der Heijden and Vink, 2010)

In subSaharan Africa, informal sector employment comprises 53% and although the individual
incomesof informal workers are often low, cumulatively their activities contribute significantly to
gross domestic produ¢Ekinner and Haysuo, 2016) Moreover, smaiscale farmers contribute
substantially to the provision of food in SA and other counttiésphe Ginindza and Mpandeli,
2020).People who are in the low soeg@onomic status almost solely depend on informal markets
due to the location (the market stalls are usually near taxi ranks, industries, pavements and also
train stations)Methvin, 2015) This resulted in darge volume of fresh produce being sold in
townships and informal settlements in $&harman, 2015; Methvin, 2015 business will take

the shape of either street trading greengroostere a stall comprises of a table and shade
covering, or mobile trolley vending, where fruit and vegetables are packed in bags and sold from
the trolleys (Figure 2.9Fresh produce sold at the street vendors are bought from home gardens,
local smalisale farmspational fresh produce market¢éKPMs9, or from formal retaileréRoever

and Skinner, 2016)n addition, the informal traders are the main purchasers of fresh produce sold

by small scale farmer&.ouw, 2008) Therefore, informal nréiets have the advantage to source
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fresh produce without being concerned about the high prices associated with formal supply chains
(Louw, 2008).Traceability is typically norexistent in the informal market, as no formal grades

and rarely any standard nseges are implementéBerris et al., 2014)Thebenefits of this system

leads to relatively low levels of postharvest loss, creating an environment for extreme flexibility
in value propositions and thereby attracting a wide variety of buyers and sufipdieis et al.,

2014) In contrast, the formal market commonly require traceability throughauipply chain

(Ferris et al., 2014)This is inplemented by adherence to a series of best practices for the
production and handling of food based on food safety standards by each actor in the supply chain

(Ferris et al., 2014)

e S : 4
Figure 2.9: Examples of informal fresh produce traders in South Africa. Photo on the left: prodt
at a farmer s mar ket ,photo irPtheeniddle: praalyce sGld at & streegve
in Tembisa, Gauteng; photo on the right: example of &yrelendor where vendors sell fresh proc
in prepacked bags in Tembisa, Gauténgvince.

The most recent report available stated that the vegetable components of a basic food basket
includes cabbage, onions, potatoes and tom&asIC, 2016 2020. According to Statistics

SA, vegetables within the consumer price in@d€#l) in all urban areas throughout SA include

leaf and stem vegetables, vegetables cultivated for their fruit, root cropstamony bulbs and
mushrooms, dried vegetables, other preserved or processed vegetables, and vegetables cultivated
for their tubes (Bennet, 2016) The Pietermaritzburg Agency for Community Social Action

(PACSA) reported in 2014 that vegetables chosen for the ideal food basket, taking cultural
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acceptability, nutritional value and cost into consideration, includes onion, tomato, carrot, spinach,
cablage, green pepper, and butter(@Barnard, 2014)The most common fresh produce sold by

street vendors are ispach, potatoes, tomatoes, sweet corn, sweet potatoes, tomatoes, peas,
cabbage, beans, onions, lettuce, okra and also other indigenous vegetables/leafy greens which are
usually referred as morogdithombeni, 2013) The fresh produce that streegndors usually
purchase from the NFPMs includ®tatoes, onions and tomatoes with other vegetables and fruits
such as citrus, deciduous, and subtropical flmiterms of fresh vegetables: carrots, green peas,
cabbage, beetroot, green beans, caulifpwampkins, green mealies, and sweet potatoes make

up the bulk of the produdg&ouw, 2008)

2.7 Conclusion

The Enterobacteriaceae family has significance in fresh produce production systems and food
safety. Furthermore, as these microorganisms have effective mechanisms to facilitate
antimicrobial resistance gene transfer and expression of the acquired gengmtehtial
prevalence of multidrug resistant bacteria on fresh produce to be consumed raw poses an additional
threat to human health. Worldwide, consumption of fresh fruit and vegetables are increasing for
the many health benefits, concurrently, reporisfaodborne disease outbreaks associated with
fresh produce are also increasing. As contamination could occur during any stageuod prest

harvest fresh produce production, the need for effective surveillance for microbiological safety
along the ente supply chain, from the farm, throughout processing, up to retail is highlighted.
This includes surveillance of antimicrobial resistant bacteria and the potential transfer of the
resistant genes along supply chains. The dualistic food market in SA hguosesr additional
challenges for surveillance, as information regarding production and distribution especially in the

informal sector, is often limited. Yet, 50 % of the SA population depend on informal markets for
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fresh produce supply. This emphasisesied for continuous surveillance of the microbiological
safety and prevalence of antimicrobial resistance in fresh produce across all supply sectors in SA.
Current sirveillance data of the microbiological quality of fresh prodirmguding the prevalence

and genetic determinants of ESBL/AmpC producing Enterobacteriaceae on fresh produce products

in SA is limited.
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545 Samples

R &y

Microbiological safety and antimicrobial resistance profiles of isolated Escherichia coli

Compliant to international standards (E. coli = 100 CFU/qg):

* 70-94% spinach,

* 00-98% tomatoes,

* 93% lettuce

82% cucumbers, and
80% green bean samples

-

isolates (n=67) characterized

14.86% of the samples
(n=81) harbored E. coli -
mostly from
leafy green vegetables.

* No Salmonella spp. or Listeria monocytogenes detected
* No virulence genes (It, st, bfpA, eagg, eaed, stx], stx2, ipaH) detected in the E. coli

* 40.30% E. coliisolates were multidrug-resistant

@ ;% Necessary to consider characterisation of
> ]E:@ Enterobacteriaceae with expanded spectrum
X antimicrobial resistance

There is a need for improved food safety practices
within the supply chains and identification of fresh
produce contamination sources

Richter, L, du Plessis, E84, Duvenage, 3., and Karsten, L (2021).1 ligh prevdence of
multidrug ressstant Sschericiva coll isolated from fresh vegetables sold by sdected fonmal
and informal traders in the most densely populated Province of Sauth Africa. L Food Sci
a6, 161=160. dai:10.1111,/1750-2041.1 5534,
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Enterobacteriaceae enumeration)

and occurrence of multidrug
resistant generic E coli in fresh
vegetables sold at formal and
informal markets in Gauteng
Province, South Africa
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Prevalence of multidrug resistantEscherichia coliisolated from fresh vegetables solah

formal and informal traders in GautengProvince, South Africa?

Abstract

Contaminated fresh produce has increasingly lreeticated infoodborne disease outbreaks. As
microbiological safety surveillance in South Africa is limited, a total of 545 vegetable samples
(spinach, tomato, lettuce, cucumber and green beans) were purchased from retailers, street traders,
trolley vendo s and f ar mshesdchia aolecoliforsns and Enterobacteriaceae were
enumerated and the prevalenc&ofoli, Salmonellaspp. and.isteria monocytogeneaketermined.
Escherichia coli isolates were charactesed phenotypically (antibiotic resistance) and
genotypically diarrheageniwirulence genes). Coliformg, coliand Enterobacteriaceae counts
were mostly not significantly different between formal and informal markets, with exceptions
noted on occasioWVhen compared to farnational standards, ®B% tomatoes, 794% spinach,

82% cucumbers, 93% lettuce and 80% green bean samples, had sati$1@€eip)00 CFU/g)

E. coli counts. Ofthe 545 vegetable samples analyzed, 14.86% (n=81) harlkorembli,
predominantlyfrom lealy green vegetable¥irulence genedlt( st, bfpA eagg eaeA stx], stx2

ipaH) were not detected in thE. coli isolates (n=67) characterized, however 40.30% were
multidrugresistant. Resistance @minoglycosides (neomycin, 73.13%; gentamycin, < 10%),
penicillins (ampicillin, 38.81%; amoxicillin, 41.79%; augmentin, < 10%), sulfonamides

(cotrimoxazole, 22.39%), tetcycline (19.4%), chloramphenicol (11.94%), cephalosporins

2 Published as Richter, L., du PlessisE.M., Duvenage, S., and Korsten,(R021).High prevalence of multidrug
resistanEscherichia colisolated from fresh vegetables sold by selected formal and informal traders in the most
densely populated Province 8buth Africa.J. Food Sci86, 161 168. do0i:10.1111/1758841.15534.
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(cefepime34.33%) and carbapenemases (imipenem, < 10%) were obsemadtutly highlights
the need for continued surveillance of multidrug resistant foodborne pathogens in fresh produce

retailedformally and informally for potential consumer health risks.

3.1Introduction

Surveillance of the nsrobiological quality of fresh produce at retail level have been reported in
various countriegde Oliveira et al., 2011a; Ryu et al., 2014; Kuan et al., 20ét al., 2017; Sair

et al., 2017; Roth et al., 2018b; Tango et al., 204&h increasing numbers being associated with
fresh produce resulting in foodborne disease outbr@a&sis et al., 2016)This highlights the

need for effective foodborne disease outbreak surveillance and reporting systems in fresh produce
supply chainsThe South African food market is characterized by dualism; bothdegkloped,

highly sophisticagd and regulated formas well as the less regulated informal food systems that
provide fresh produce to consumers throughout the colbtyw et al., 2006; Skinner and
Haysom, 2016) Differences in the production and distribution systems raise the question of

possible differences in microbiological quality of the retailed fresh proiitereaes et al., 2015)

Enterobacteriaceae form part of the indigenous microbiota of vege(#iéedk et al, 2014)
Members of this family, i.epathogenicEscherichia coliand Salmonellaspp., have often been
associated with foodborne bacterial outbreaks following raw fresh produce consu(ipien

Hitter, & Patel, 2016) This includes diarrheagent€. coli strains, including enteropathogenic
(EPEC), enterotoxigenic (ETEC), enterohaemorrhagic (EHEC), enteroaggregative (EAEC), and
enteroinvasive (EIECE. coliin foodborne disese outbreakgAijuka et al., 2018; Canizalez
Roman et al., 2019)n addition to generi€&. coli, diarheagenic strains are also found in the
intestinal tracts of mammals and are therefore often used as indicators of fecal contamination in
fresh produce supply chain®enis et al., 2016a)Similarly, Listeria monocytogeness
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increasingly linked to freshrpduce associated foodborne disease outbreaks gldgallyet al.,
2017) but until recently, rarely reported in South Africa (SA), particularly associated with fresh

produce(Kayode et al., 2020)

As fresh produceisf t en consumed raw or minimally proc
fewer barriers against microbial contaminat{dfritunjay and Kumar, 2015)A previous study

where the microbial quality of fresh produce sold in SA was investigated, reported that antibiotic
resistan€. col occurred in leafy green vegetables sold formally and informally in Johannesburg,
SA (du Plessist al., 2017) The importance of larggcale microbiological surveillance in the
formal and informal supply chains were highlighted, focusing attention on the comparative safety
levels of food sold in SA. The solitary focus on foodborne pathogen prevalence in the world has
expanded in the last decade to include more formal surveillance of antimicrobial resistdie (A

in microorganisms in agricultural production systems includiegh producédBen Saidet al.,

2016; Blaalet al, 2014; Yeet al.,2017) This follows after the World Health Organization (WHO)
highlighted the need for a globaMR surveillance system in various countrfégHO, 2015) It

was further reported that members of the Enteneb@aceae family form part of the priority
pathogens for surveillance of MR (WHO, 2015) Environmental bacte naturally harbor
resistance genes to certain antimicrobials on their chromog@teesk etal., 2014) However,

the widespread use of antimicrobials in for example hospital settings and agricultural production
(e.g. animal husbandry) has resulted in the selection of multidrug resistant microbes, posing a
broader threat to the treatment foodie diseasg®oyle, 2015) Indeed, serious patient treatment
complications may arise if multidrug resist&ntcoli (or other foodborne pathogens) are ingested,

even i f no i mmediate or o0byvetau20l9h Heafbllows asout c on
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transfer of antibiotic resistant genes to other bacterial species in the human gut may occur,

increasing the risk of future antibiotic trea

The aim of this study was to determine the microbiologica¢tgafcoliforms, E. coli and
Enterobacteriaceae) and presence of potential human pathogenic bEcwia%almonellaspp.
andL. monocytogen@sn vegetables sold at formal retailers, informal straatl mobile trolley
vendor s, and f tsonhe deasesnglars avea im SA. Kexoli isolates from
vegetables were characterized using phenotypic (antimicrobial resistance) and gettottpic (

bfpA eaeA eagg stx], stx2andipaH virulence genes) analysis.

3.2 Materials and Methods

3.2.1 Sample collection and processing of fresh produce

Ten suppliers in retail and twenty in informal markets (ten street traders and ten mobile trolley
vendors) as well as 13 stall s fr averedelectedfbrar mer
sampling (Appendix B, Figure 1B)In total, 545 randomly chosen vegetable samples were
purchased between September 2017 and May 2018. Depending on availability, spinach (bunches,
baby leaves, or minimally processed re#ohgat (RTE) pilbw packs) and tomatoes, from
retailers, street traders, trolley vendors an
were analyzed. In addition, cucumbers (n=45), lettuce (Iceberg lettuce heads or mixed salad leaf
RTE pillow packs) (n=50),andge en beans (n=50) were also incl
vendors. All samples were transported cooled and stored at 4°C until further processing within 24

h.

A 50 g composite sample for each of the respective leafy vegetables were aseptically aut into

sterilepolyethylenestrainer stomacher bag containing 200 ml buffered peptone water (BPW) (3M,
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Johannesburg) in a 1:4 weight to volume rdfichter et al., 2019)For the tomatoes and
cucumbers (composite samples of at least three from each product), as well as green beans, 150 g
samples were each placed into a stgrilyethylenestomacher bag containing 150 ml BPW in a

1:1 weight to volume rati@Xu et al., 2015) Individual vegetable sampl&gereblended for 5 min

at 230 rpm in a Stomacher® 400 Circulator paddle blender (Seward Ltd., London, UK).

3.2.2 Microbiological analysis

To enumerate coliformandE. coli, a tenfold dilution series of each BPW sample mixture was

plated in duplicate ontk. colicoliform count plates and incubated for 24 h at 37°C according to

the manufacturerdés instructions (3M Petrifilm
Enterobacteriaceae were enumerated by plating in duplicate onto Violet Red Bile Glucose (VRBG)

agar plates and incubated for 24 h at 37°C (Oxoid, Johannesburg). The remaining sample in BPW
was incubated for 24 h at 37°C for detectiorsafmonellaspp. anckE. coli. After incubation, the

samples in BPW were subsequently streaked onto Eosin methylene blue (EMB) media (Oxoid) for

the detection ofE. coli. The presence dbalmonellaspp was assessed using the-@Qeck
Salmonellall Kit AOAC 010803 (BioRad, Johamesburg)accor ding to the ma
instructions Once positive results were obtained, the sample was streaked onto Xylose lysine
deoxycholate (XLD) agar (Biolabs, Johannesburg) &abinonellaBrilliance agar (Oxoid) and

incubated for 24 h at 37°Che& presence dfisteriaspp was assessed by incubating an additional

25 g of each sample in 225 ml Bufferedteria Enrichment Broth (BLEB) (Oxoid) at 30°C for

24 h and subsequently using the@@eckListeria monocytogendbsKit AOAC 010802 (BioRad)
acording to the manufacturerds instructions.
streaked onto Agar Lister@ttavana nd Agosti (Bi omkrieux SA, Fran

(BioRad) and incubated for 48 h at 37All.presumptive positivée. coli, Salmonellaspp. and..
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monocytogenesolonies were isolated and purified. Isolates were identified using matrix assisted
laser desorption ionisation tirwd-flight mass spectrometry (MALBTOF) (Bruker, Bremen,
Germany) to species level as desedtby Standinget al, (2013)and AOAC-OMA#2017.09.
Briefly, purified strains were transferred in duplicate onto the MAIDIF steel polished target

pl at e, o0V e rcyaacd-bdydroxycinrtamic dcieé matyix (Bruker, Bremen, Germany) and
analyzed using MicroFlex LT MALDTOF (Bruker) n conjunction with the Biotyper automation
software and library (Bruker) following calibration with a bacterial standard according to the
manufacturerdéds instructions (Bruker). The best
3.00 were considereelrable for identification at species level, whilst the best organism match
score values ranging between 22009 were considered reliable for genus level, with probable
species identification, and values between -IL.B® were considered as probable genu

identification(Appendix B, Table B3)

3.2.3 Antimicrobial susceptibility testing

A total of 67 isolates were selected which included one represeriatogdi isolate per product
type found from each supplier and tested further for antimicrobiadta@sie or susceptibility
against seven antibiotic classes using the KBhyer disk diffusion techniquéClinical
Laboratory $andard Institute (CLSI), 2018 The antibiotics included ampicillin (10 pg),
amoxicillin-clavulanic acid/ augmentin (20 pg/10 pg), amoxicillin (10 pg), trimethoprim
sulfamethoxazole/ cotrimoxazole (1.25 pg/23.75 pepfoxitin 30 pg), cefepime (30 pg),
imipenem (10 pg), neomycin (10 pug), tetracycline (30 pg), gentamycin (10 pg) and
chloramphenicol (30 pg) (Mast Diagnostics, Randburg, (@A, 2018) Break points measured

were compared to those outlined by the CLSI (2018) for Enterobacteriaceae. Isolates resistant to
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three or more antimicrobial classes were regarded as multidrug reststait ATCC 25922 was

included as a contr@¢CLSI, 201§.

3.2.4 Molecular characterization of diarrheagenicEscherichia coli

The presence of differediarrheageni&. colivirulence genes for ETEQt @ndstgenes), EPEC
(bfpAandeaeAgenes), Eagge@gggene), EHEC daeA stx1 andstx2genes), and EIEQpaH
gene) (Table3.1) were analysed by PCR and sequencing, withntldé gene used as internal
control in all reactionsControl strains for the PCR reactions included DSM 10973 and DSM
27503 (ETEC); DSM 8703 and DSM 8710 (EPEC); DSM 27502 (Edgjg¢pli O157:H7 and

ATCC 25922 (EHEC); and DSM 9028 and DSM 9034 (EIEC).

A single colony of eaclk. coliisolate was cultured aasically under shaking conditions at 200

rpm in tryptone soy broth (TSB) (MERCK, Johannesburg) for 24 h &.3[he cells were pelleted

by centrifugation (12,508 for 10 min), DNA was extracted using the QugRNA Mini-Prepkit

(Zymo Research, Irvine, USA) and the DNA concentration was determined using the Qubit
dsDNA Broad Range Assay and a Qubit 2.0 fluorometer (Life Technologies, Johannesburg). PCR
was performed using the 1x DreamTaq Green PCR Master Mix (ThermoFiskestif®gi
Johannesburg) with 60 100 ng DNA, with specific primers and thermocycling conditions for
each of the genes (TalBl). The PCR products were visualized on a 2% agarose gel using a

molecular imager (Gel Doc XR+, Bigad).
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1 Table 3.1: Primers used for screening of diarrheagéscherichia colisolated from fresh produce sold formally and informally

. . Expected
Elsacrr:g:iiﬁ;n(l:i)li Target genes  Primer sequences (53") Thermocycling conditions amplicon Reference
size (bp)
" F: GGC GAC AGA TTA TAC CGT GC 210 Omar and
Enterotox|gen|c R: CGGTCT CTATATTCCCTGTT 95°C, 15m|n’ 35 Cycles Of 94°C, 453’ 55°C, Barnard, 2010
(ETEC) F: TTT CCC CTC TTT TAG TCA GTC AAC TG 45s; 68°C, 2.5 min; 72°C 5 min Omar and
st 160
R: GGC AGG ATT ACA ACA AAG TTC ACA Barnard, 2010
bpA F: AAT GGT GCT TGC GCT TGC TGC 94°C, 5min; 35 cycles of 94°C, 40s; 68°C, 5, LépezSaucedo et
Enteropathogenic R: GCC GCT TTA TCC AAC CTG GTA 60s; 72°C, 2min; 72°C 5 min al, 2003
(EPEC) caeA F: CTG AAC GGC GAT TAC GCG AA 95°C, 15min; 35 cycles of (94°C, 45s; 55°C - Omar and
R: GAC GAT ACG ATC CAG 45s; 68°C; 2min Barnard, 2010
eagg F: CTG GCG AAA GAC TGT ATC AT gg C7gn2:|n2 35 gy%%é of5 94°C, 405 57°C, o0 Aslani et al.. 2011
Enteroaggregative R: AAT GTA TAG AAATCC GCT GTT S, » emin; » 0 Min
Ea F: CTG GCG AAA GAC TGA ATC AT o - o o
(Eagg) eagg 94°C, 5min; 35 cycles of 94°C, 40s; 53°C, ¢ Aslari et al.. 2011
R: CAA TGT ATA GAAATC CGC TGT T 60s; 72°C, 1min; 72°C, 5min
caeA F: CTG AAC GGC GAT TAC GCG AA 95°C, 15min; 35 cycles of 94°C, 45s; 55°C, g, Omar and
R: GAC GAT ACG ATC CAG 45s; 68°C; 2min Barnard, 2010
Enterohemorrhagic ., F: ACA CTG GAT GAT CTC AGT GG 614 Omar and
(EHEC) R: CTG AAT CCC CCT CCATTA TG 95°C, 15min; 35 cycles of 94°C, 45s; 55°C, Barnard, 2010
F: CCA TGA CAA CGG ACA GCA GTT 45s; 68°C; 2min Omar and
stx2 779
R: CCT GTC AAC TGA GCA CTT TG Barnard, 2010
Enteroinvasive (EIEC) ipaH F: GTT CCT TGA CCG CCT TTC CGA TAC CGT C  g5°C 5min 35cycles of & 60s; 60C 90s; 600 Aranda et al.,
P R: GCC GGT CAG CCA CCC TCT GAG AGT AC  72°C 2min 72C 10 min 2004
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3.2.5 Statistical analysis

Data were analyzed using SAS version 9.3 statistical softvé8eA S/ STAT User 0s
1999) Analysis of variance was used to test for significant differences between group by
product combinations. The ShapWdilk test was performed on the standardized residuals to

test for deviations from normalifghapiro and Wilk, 1965Studetis protected-t. SD (Least
significant difference) were calculated at a 5% significance level to compare means of

significant source effec{&nedecor and Cochran, 1980

3.3Results

3.3.1 Microbiological analysis

Enumeration of coliformsg. coli and Enterobacteriaceae showed similar ranges for the
different vegetable types, regardless of the vendor groups where it was purchase®(Bigure
The coliforms enumerated from the different products across all vendor types in the current
study rangedrbm 0.68.1 log CFU/g on spinach, 082 log CFU/g on tomatoes, 3768 log

CFUl/g on lettuce, 08.5 log CFU/g on cucumber, and 68 log CFU/g on green bean
samples (Figur&.1; Appendix BTableB1). The mean coliform counts on spinach from the
formal and informal markets were not significantly different, with the exception of the mean
coliform counts on spinach from the trolley vendors (5.1 log CFU/g), which were significantly
lower p=0. 000 3) than that on spinachlogfCGFdgh t he
(Appendix B Table B1). Similarly, the coliform counts on tomatoes from the formal and
informal markets were not significantly different, with the exception of the mean coliform
count on tomatoes from trolley vendors (4.4 log CFU/g) being signifly lower =0.0003)
than that on tomatoes from the farmersao
enumerated from cucumbers (4.1 log CFU/g) were significantly lopz=0.Q0003) than the

coliforms enumerated from the leafy green vegetables (spinaod lettuce).
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Enterobacteriaceae enumerated from trolley vendor spinach samples (4.6 log CFU/g) were

significantly lower p=0. 008 2) t han that of retailers (5

vendors (5.9 log CFU/gAppendix BTable B). The Enterobacteriaceae counts on spinach
ranged between 0.8.2 log CFU/g, on tomatoes between-8.0 log CFU/g, on lettuce between
4.2-8.3 log CFU/g, on cucumbers between6.0 log CFU/g, and on green beans between 0.0

7.7 log CFU/g (Figur&.1) (AppendixB TableB1).

Escherichia coliwas enumerated from all the different produce types and sampling points,
however not all samples were positive Ercoli after enrichmentinterestingly, theE. coli
occurrence (number of samples positiveHocolienumerdon) were higher on tomatoes than

spinach for al/l groups, e X ¢ éAppendix BTableBY).od u c e

Except for the far mer s B. caeunts eftl.2 logpdFd/g tih t h a't

coli counts on different produce typesthe current study were < 10 CFU/g (Fig@r&). The

meanE. colil evel s on spinach from the farmers?o
significantly higher §=0.0364) than that of spinach from street traders (0.3 log CFU/Q).
Overall, 9098% of the tomato samples from the different vendors had satisfd€tagli

counts (007 1000E. coliCFU/g),according to the commission regulation on microbiological
critenia for readyto-eat precut fruit and vegetablg&C, 2007) Spinach samples from all the
different vendors had satisfactdgy colicounts ranging from 70% of the spinach samples from

f ar me r e \@endorato 4% of spinach samples from the street traders. Similarly, 82.0%,
93.3%, and 80.0% of the lettuce, cucumber, and green beans samples respectively, had

satisfactoryE. colicounts.
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Coliforms (log CFU/qg)

E. coli (log CFU/qg)

Enterobacteriaceae (log CFU/g)

Figure 3.1: Coliform, Escherichia coliand Enterobacteriaceae counts (log CFU/¢
spinach, tomato, cucumber, green bean and lettuce samples purchased from fc
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3.3.2 Detection of potential foodborne pathogens

In the current studyl4.86% (81/545) of the vegetable samples analysed from all the different
vendor types harboure. coli after enrichment. This include®l2 / 245 (25. 30 %) f
mar ket samples, 6/100 (6. 00%) Isytvandoesamptes, ader s
and 10/100 (10.00%) samples from retailers. The highest occurrenge aili isolates

foll owing enrichment was from the | eafy gr e«
mar ket spinach sampl es, 7 e Sabnplds,44Q (8.M%)) strekta r me r
tradersdé spinach sampl es, 3/50 (6.00%) trol
retail er sd Esgphericlaacchlifros siomatdesirsthe current study were isolated
from 14. 00% ( 7/ 50)omatd sahptegand 2450 (#.6006sstreetrtramirak e t  t
retailer tomato samples, respectively. From
samples (26.00%) were contaminated M@tleoli, whi | st 9/ 45 (20. 00%) o
cucumber samples e contaminated witk. coli. No Salmonellaspp. notListeria spp. were

detected on any of the samples from any of the different vendors. From the 67 $elecied

isolates for further characterisation, none were positive for any of the diarrheagel@onoca

genes.

3.3.3 Phenotypic antimicrobial resistance profiling ofEscherichia coliisolates

From the 67 selectel. coli isolates, resistance were observed against all the antibiotics
screened for, with resistance against neomycin the highest (73.13%) followed by penicillins
(ampicillin, 38.81% and amoxycillin, 41.79%), sulfonamides (cotrimoxazole, 22.39%),
tetracycline (1910%) and chloramphenicol (11.94%) (FiguB2). Less than 10% of the

isolates were resistant to cefoxitin, imipenem, and gentamycin, respectively. Overall,
multidrug resistance (resistance toEQ®@H antib
isolates. The most frequent resistance patterns within the different antibiotic classes for the

isolates included resistance to antibiotics in the Peniciliaghalosporing\minoglycosides
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combination (13 MDR isolates), followed by the Penicil&minoglycosidesSulfonamides
TetracyclinesChloramphenicol combination fife isolates) and the Penicillins
Cephalosporin®\minoglycosidesSulfonamides three isolates) combinationAppendix B

TableB2).
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Phenotypic antimicrobial resistance profiles
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3.4Discussion

This study is the first to investigate the microbiological quality (including Enterobacteriaceae
enumeration) and occurrence of muitig resistant (MDR) generte. coliin comparing fresh
vegetables sold at retailers, street wvendor :
Province. The microbiological quality of fresh produce, mainly leafy greens, sold at different
markets havéeen studied worldwidéorir et al., 2016du Plessist al., 2017; Quansah et

al., 2018; Roth et al., 2018)eafy greens have previously been prioritizechasiighest level

of concern in terms of fresh produce safety from a global perspedthd®( 2008) TheWHO

has further stated tharoduceof second highest conce(level 2 priority) include tomatoes

and green onions, whilst carrots and cucumbers amongst others were a level 3 priority.

The fresh produce samples from retailers, st
collectively had a high prevalenceo c ol i f or ms ( O 9 0%H.6% cdiformp ar e d
prevalence on vegetables from r.8{Rathdtalr s and
2018) and 38.7% prevalence on vegetables from retail stores eadtezrshoreof Maryland,

USA (Korir et al., 2016) Regardless of the vegetable typ®ath et al. (2018jound produce

from retailers to have constant | ower <colifo
In contrast, the results from the current study were similar to a previous Soutm/Astiticky

where 100% of spinach samples from retailers as well as from street vendors were positive for
coliforms (du Plessi®t al., 2017)with no sigificant difference in coliform counts observed

in the vegetables from formal and informal markets. The guidelines with regard to acceptable
hygiene indicator bacteria counts on RTE produce differ across the {#8ANZ, 2001;

Health Protection Agency, 2009; FSAI, 2018)or eov er , the SA Depart:H
microbiological guidelines for fresh fruits and vegetables to be eaten raw are currently being

revised. Other countries do not include coliform counts in the guidelines for interpretation of
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results of microbiologidatesting of RTE foods, which should be considered in the revision

process of the SA guidelines.

Naturally, coliform and Enterobacteriaceae counts of vegetables are often > 4 log CFU/g.
Enterobacteriaceae as indicators within fresh produce safety i®tieastien excluded, due to

the natural occurrence and complex relationship between indicator microorganisimas
coliformsand foodborne pathoge(iSAO and WHO, 2019)Coliforms include amongst other
Citrobacter, Klebsiella EnterobacteandE. coli, that could potentially pose a threat to human
health (Baylis et al., 2011) Yet, as the coliform bacteria fall within the greater
Enterobacteriaceae family, the significance of a high prevalence on vegetables is
understandable and must be put into contegttduthe natural association with pla(Bsiylis

et al., 2011) The overall Enterobacteriaceae loads observed on the different vegetable types in
the current study corresponded to results previously rep@tetias et al., 2008; AHoly et

al., 2013; Alkharousi et al., 2016Jhe Enterobeteriaceae counts on different vegetables from
formal and informal markets reiterated the natural bacterial prevalence on the produce,
regardless of food safety regulations being implemented or not in these contrasting points of
sale with highly differingpersonal hygiene and sanitation standards and cold refrigeration

capacity(Al-kharousi et al., 2016; Grace et al., 2019)

In the current stud\g. coliwas enumerated from all the different produce types and sampling
points, however not all samples were positive Eorcoli after enrichment. Except for the
farmer sé6 mar ket E.madlicoantsiof 1.2 logaGFU/Y, diel colircewnta on
different produce types in the current study were < 10 CFU/g. This is similar to pré&ious
coli levels reported on spinach and cabbage from retailers and street vendof®unFHassis

et al., 2017)and lower tharkt. coli counts @ spinach from retailers (1:2.8 log CFU/g) in

the United StatesU.S.) (Korir et al., 2018). Although the majority &. coli counts on fresh

produce was acceptable, some samples was of poor microbiological quality, which corresponds
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to previous reportof potential foodborne pathogen contamination in fresh produce in
developing countrie@Mir et al., 2018) Overall, 28% of the tomato samples from the different
vendors had unsatisfactogy colicountsE.coli®O 1000 CFU/ g), according
regulation on microbiological criteria for RTE peat fruit and vegetables (European
Commission [EC], 207). Spinach samples from all different vendors had unsatisfagtory
coicounts ranging between 12% from far mer so
trolley vendors, retailers and street traders respectively. Similarly, 6%, 4%, and 2% lettuce,
greenbeans, and cucumber samples respectively, had unsatisf&ctaoti counts. When
evaluated against international guidelines as specified idnfied Kingdom UK) (20 to 100

CFU/qg), Australia (3 to 100 CFU/g), and Canada (100 most probable number p&108y/6

(n=71) of the samples from the current study would not have been congplikiiZ, 2001;

Health Protection Agency, 2009; Health Canada, 200t included 19.72% (n=14) samples

from the formal and 80.28% (n=57) samples from the informal markets, respectively. The
high percentage (50%) of the SA population that depend on informal trade, highlights the need
to improve fresh produce safety in all the different marideetersen and Charman, 2018)

SA, 21.76% and 95.60% of the population purchasing from the informal sector consume raw
and/or cooked spinach and tomaorespectively. The questionnaire survey results from the
population purchasing from the formal sector, showed that 94%, 29% and 94% of the
respondents eat lettuce, beans and cucumber raw, respectively (Water Research Commission

[WRC], 2018; Baloyi, 2020)

In contrast tdu Plessi®t al. (2017), n&@almonellaspp. noiL. monocytogenesere detected

from any of the vegetables in the current study after PCR confirmation. In the current study,
14.86% (81/545) of the vegetable samples analysed from altlittezent vendor types
harbouredE. coli after enrichmentPreviously,Du Plessiset al. (2017)reportedE. coli

presence inJ3% of spinach samples from formal retailers and H1@0% of street vendor
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spinach samples, all purchased in Johannesburg. This occurrence was higher Ehaolihe

isolated from 16% formaletailers, 8% street traders, and 6% trolley vendor spinach samples

in this study. Furthermor&cheinberg et al. (201rgported that 280% and 1700% of lettuce

and spinach samples respectively, were positive for geBegolif r om f ar neseir s d ma
Pennsylvania, whilst in the current study,® and 30006 of t he far mersdé m
and spinach samples respectively, were positive for gelaedali. In contrast to othestudies

that have reported on spinach and lettuce contaminatedewitbli harbouringstx2andeae

gened(Li et al., 2016)andE. coliisolates characterised as EAEC, EPEC and ETEC positive
strains (Waturangi et al., 2019) none of the 67 selecteH. coli isolates for further
characerisation from the current study harboured virulence genes. The preséhasotion

fresh produce however remains significant, as these potential pathogens can be an additional

reservoir of antimicrobial resistance geflesnaGuevareaet al, 2019)

Antimicrobial resistance genes can readily be transferred to commensal bacteria, including
nonpathogenic bacteria, that typically colonise the human gut and are therefore regarded as
emerging environmental contaminarfths Plessiset al., 2017) The natural occurrence of
Enterobacteriaceae and higher microbial loads of potential pathogens §idoktherefore
becomes concerning when investigating the possibility of fresh produce aiding in
dissemination of clinically important resistance geifé&kesland et al., 2017)Overall,
multdr ug resistance (resistance to O3Ewaditi bi ot
isolates. This was similar to the 37.90% multidrugsistance reported E. coliisolates from
spinach in another SA studpu Plessiset al., 2017) but lower than the 100% multidrug
resistance reported . coli from lettuce and cabbage in Ghgpalzitey, 2018) Except for

one cucumbekE. coliisolate, theE. coliisolates from all product types were, similar to results
reported byDu Plessi®t al. (2017)susceptible to second generation cephalosporin antibiotics

(cefoxitin). In addition, 34.30% of the isolates weresistant to fourtlyeneration
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cephalosporin antibiotics (cefepimand < 10% resistant to impenem (carbapenemase).
EnvironmentaE. coli with multidrugresistance phenotypes have similarly been described in
previous reports, including in developing cousgriCanizalezRoman et al., 2019; Corzo
Ariyama et al., 2019Du Plessiset al., 2017) With a rise in antimicrobial resistance in both
commensal and pathogenic bacteria in different environments, subsequent treatment@ptio

infections become limite(Freitag et al., 2018)

35 Conclusion

This study showed th&. colilevelsonspinach and tomatoes from tietailers, street traders,
troll ey vendors and far mer s o .mRurthermaores thever e
farmer sd mar ket | et t ucEecoldesetspolthe spinach feom allshe o we d
different groups tested. N®almonellaspp. @ L. monocytogenewere detected nor isolated

from any of the vegetables sampled in this study. Howefier prevalence of multidrug
resistant commensa&l. coli highlights the need for improved food safety practices within the
supply chains and identifigah of sources ofresh produce contamination with antimicrobial
resistant bacteria as a public health concern. The antimicrobial resistance levels observed in
commensakE. coliisolated from fresh produce at the point of sale further highlights the need

to include characterisation of Enterobacteriaceae (commensal and potential pathogenic
bacteria) with expanded spectrum antimicrobial resistance, as well as surveiliadnegh
produce production systems from fatoaretail, to identifypotential sourcesf@ontamination

which contribute to the presence and dissemination of antimicrobial resistant microorganisms

and their genetic determinants.
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fiLots of people think, well, we're humans; we're the most intelligent and accomplished species; we're in
Bacteria may have a different outlook: more bacteria live and work in orze teatimeter of your lower colon
than all the humans who have ever lived. That's what's going on in your digestive tract right now.
Are we in charge, or are we simply hosts for bacteria?
It all depends on your outloak-Neil deGrasse Tyson
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Chapter 4

545 Samples

® Y8 7

Characterisation of Extended-Spectrum and AmpC B-Lactamase-producing Enterobacteriaceae

7.4% (95/545) vegetable samples were contaminated with
v ESBL/AmpC-producing Enterobacteriaceae

Dominant species identified from the 10 genera isolated:
® Escherichia coli

* Enterobacter cloacae Neccesity of surveillance of fresh produce
¢ Enterobacter asburiae production systems from farm to retail and
 Klebsiella pneumoniae identification of potential sources of

amination which contribute to the

77 Characterised isolates: esence and dissemination of
* 96.1% Multidrug resistant | antimicrobial resistant microorganisms
¢ Most prevalent resistance: N\

aminoglycoside (94.8%) AN

chloramphenicol (85.7%) -

tetracycline (53.2 %)

« ESBL production in 79.2% isolates First report of multidrug

o AmpC production in 41.6% isolates ~ "éSiStant ESBL/AmpC
producing Enterobacteriaceae
Richter, L, du Ples=s EM, Duvenage, S, and Korsten, L{2019) Occurrence, in raw Vegetab'es SOId at
identification. and Antimicrobial Resistance Profdes of Extended-Spectr u.m and AmpC B- selected fOI'maI and informal
Lactamase-Producing Emerobacteriaceae from Fresh Vegetables Retailed in Gauteng g 5
Pravince, South Africa. Foodbarne Pathog. Dis. 16, 421-427. doi:10.1089/4pd 2018.2658 markets in Gauteng Province,
- A South Africa.
- URKIVERSITELE VAN PRETORIA
/j\ Plant to Food ﬁ UNIVERSITY OF PRETORIA
() Semcolpaimuniiniser sl - YUNIBESITHI YA PRETORIA ————
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Occurrence, identification and antimicrobial resistance profiles of extendedpectrum
and A mlpc@mdseproducing Enterobacteriaceae from fresh vegetables retailed in

Gauteng Province, South Afric&

Abstract

Extendeeas pect rdmct dmas e ( ESBL) -lactamdseroducingp C b
Enterobacteriaceaseno longer restricted to the health care system, but represent ettreas

risks related to environmental integrity and food safety. Fresh produce has been increasingly
reported to constitute a reservoir of multidrug resistant potential human pathogenic
Enterobacteriacea@ his study aimed taletect, identify and characterize the antimicrobial
resistance of ESBL/Amp@roducing Enterobacteriacearsolates fromfresh vegetables at
pointof-sale. Vegetable samples [spinach, tomatoes, lettuce, cucumber and green beans
(n=545)] were purchased froretailers in Gauteng, the most densely populated province in
South Africa. These included t r e et vendor s, troll ey vendor
supermarket chain storeSelective enrichment, plating onto chromogenic medianaitix-

assisted laser derption ionization timef flight mass spectrometryMALDI-TOF MS
confirmation of isolate identitieshowed that 17.4% (95/545) vegetable samples analyzed
were contaminated with presumptig&BL/AmpGproducingEnterobacteriacea®ominant

species identified includdgischerichia coliEnterobactercloacae Enterobacter asburiae and
Klebsiella pneumoniaePhenotypic antibiotic resistance analysis showed that 96.1% of 77
selected isolates were multidrug resistant, while resistancmiooglycosids (94.8%),

chloramphenicol (85.7%) and tetracyckn®3.2 %) antibiotic classes were most prevalent.

3 Published as:Richter, L, du PlessisE.M., Duvenage, S., and Korsten,(2019).Occurrence, Identification,
and Antimicrobial Resistance Profiles of Extenegp e ct r um a nLdctanmfasdfraducing
Enterobacteriaceae from Fresh Vegetables Retailed in Gauteng Province, Southrédritarne Pathog.
Dis. 16, 421 427. doi:10.1089/fp@018.2558.
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Positive phenotypic analysis for ESBL production were shown in 61 (79.2%) of the 77 isolates

and AmpC production in 41.6% of the isolatB€ R and sequencing confirméte presence

o f -ladbamase genes in 75.3% isolates from all vegetable types analyzed, m&nikoii
Enterobactespp. anderratiaspp. isolatesCTX-M group 9 (32.8%) was the dominant ESBL

type, while EBC (24.1%) was thmo s t prevalent p lHlactamaseirc t ype
findings document, for the first time, the presence of multidrug resistant ESBL/AmpC
producingEnterobacteriaceda raw vegetables sold at selected retailers in Gauteng Province,

South Africa.

4.1 Introduction

Extendeds p e c t Hactamaséd (ESBL)and AmpCproducing Enterobacteriaceabdave
increased in occurrence globally in health care systems, agroecosystems and fresh produce,
due to the widespread use of bregmectrum antibioticgYe et al., 2017a)Dissemination of

these antimicrobial resistant microorganishe/e been identified as one of the six main
antibiotic resistance (MR) related health risks globallpfvHO, 2015) If infection by
ESBL/AmpGproducing Enterobacteriaceaeccurs, treatment options become limited as a
result of expanded AR of the corresponding isoléfesitag et al., 20185ince ESBL/AmpC
b-lactamases are capable of inactivating broad spectrum penicillins and cephalosporins, their
presence irEnterobacteriaceaare of clinical and epidemiological importan¢kolar et al.,

2010) Clinically important ESBEproducing Enterobacteriaceadave been reported in
different South African provinces [Eastern C@pasaikar et al., 2017YWestern Cap@Peirano

et al., 2011) KwaZulun-Natal (Mahomed and Coovadia, 2014nd GautendEhlers et al.,

2009) In 53 clinical isolates from Gauteng, ESBL gene prevalence was reported in 87 %

(Ehlers et al., 2009)
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ESBLs, classified as Ambler Class A enzymes, include TESHV- and CTxM-type
enzymegOstholm, 2014; Ghafourian et al., 2018)ore than 200 TEM and SHV variants
have been documented, while 90 different enzymes within {h¥-I& type have been
describedOstholm, 2014 Bush ad Bradford, 201). Class A enzymesydrolyseampicillin

and extende@pectrum cephalosporiti&hafourian et al., 2018Bush and Bradford, 20)0
Bacteria expessingA mp C-lackamases, classified as Class C enzymes, are resistant to
addi tdlactama,li.e. ephamycins, and are not influenced negativatiaby A enzyme
inhibitors (Jacoby, 2009; Njage and Buys, 201Plasmidmediated AmpC (pAmpC)
producing strains are distinguished fronmtomosomal AmpC since they are often not inducible
(Mezzatesta et al., 2012%ix families of pAmp@b-lactamass including CIT, FOX, MOX,
DHA, EBC and ACC have been describadth DHA, CMY (CIT family member) and FOX
most commonly detectd@homson, 2010)Co0 ¢ ¢ u r r elactaneasecehzyniesspecially

A mp Clactkamases and ESBLs, are comr{ibnomson, 2010)

Salmonellaspp., pathogenid&scherichia coliand Shigella spp have been implicated in
foodborne disease (FBD) outbreakshile Klebsiella pneumonigeSerratia marcescens
Citrobacter freundii andEnterobacterspp. are regarded as opportunistic human pathogenic
bacteria(Baylis et al., 2011)The presence of ESBL/Amp@roducingEnterobacteriaceam

fresh produce has been studied worldw(iden et al., 2015; Niesemderbinen et al., 2015;
Zurfluh et al., 2015) Transferof multidrug resistant (MDREnNterobacteriaceaento fresh
produce occur through the use of contaminated irrigation water or during production via animal
manure (van Hoek et al.,, 2015)Subsequentiransfer to humans can happen through
consumption of raw vegetables, potentiafhpacting consumer health negativéie et al.,
2017a) ConcomittantlyAMR genes can easily be transferred to commensal bacteria which

typically colonize the human gut.
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Fresh vegetables producedauth Africa 8A) are retailed nationally and to the South African
Development Community (SADC) countries, Swaziland, the Uriieddom (UK), Middle
East and Asian market®AFF, 2012a, 2012b, 2016 urrent knowledge regarding the
occurrence of ESBL/AmpCproducing Enterobacteriaceaen fresh vegetableg SA is
limited. The aim of this exploratory study wasdetect, to identify and to characterize the AR
of ESBL- and AmpCproducingEnterobacteriaceasolates fromfrequently consumed fresh

vegetables from selected retailing site§autengProvince

4.2 Materials and Methods

4.2.1Sample collection

As described in Chapter 3,tatal number of 545 vegetable samples was collected from 10
formal retailers, 10 street trading greengrocers, 10 mobile trolley vendors, and 13 vendors at
t wo f a rrketsmn &autemBeovince from September 2017 to May 2018the informal
markets, street traders typically display fresbhduceon a table, underneath a shade covering,

at the roadside or they use mobile trolleJbe vegetable sampléscluded, depending on
availability, spinach (bunches, baby leaves, or minimally processedteady (RTE) pillow

packs) (n=200), tomatoes (n=200), cucumbers (n=45), lettuce (Iceberg lettuce heads or mixed
salad leaf RTE pillow packs) (n=50), and grdmans (n=50 samples). All samples were

transported in cooler boxes and stored at 4 °C until further processing within 24 h.

4.2.2Processing of fresh produce

The fresh produce samples were processed as described in Chapter 3. Biliedist three

leaves from one spinach bunch and the inner leaves of three lettuce heads were used to prepare
50 g composite samples of each of the leafy vegetable samples. Each spinach or lettuce sample
were aseptically cut into a sterimlyethylenestraner stomacher bag containing 200 ml

buffered peptone water (BPW) (3M, Johannesburg, SA) in a 1:4 weight to volume ratio. A 150
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g sample of tomatoes and cucumbers (composite of at least three tomatoes or cucumbers) and
a 150 g sample of green beans werehgalaced into a sterilpolyethylenestomacher bag
containing 150 ml BPW in a 1:1 weight to volunagio (Xu et al., 2015)Individual vegetable
sampleswere blended for 5 min at 230 rpm in a Stomacher 400 circulator paddle blender

(Seward Ltd., London, UK).

4.2.3lIsolation and identification of presumptive extendeds pect rum and AmpC b

lactamase producing Enterobacteriaceae

Each of the BP\Asample mixtures was incubated fo# 3 at 37 C after which 1 ml of each
sample was addeid 9 ml Enterobacteriaceaenrichmen (EE) broth (Oxoid, Johannesburg)
according to ISO 21528:2004 and incubated overnight at 8)(Blaak et al., 2014cESBL-
producing microorganisms were detected by streaking 10 ul of each of the enriched samples
onto ChromID ESBL agar plates (bioMérieux, Midrand, SA) and incubated overnight@t 30
(Blaak et al., 2014c)All presumptive positive ESBL/AmpQproducng Enterobacteriaceae
colonies based on colony colour, including weakly coloured colonies, on the chromogenic
media were isolated and purifiddolate identities were determined usingtrix-assisted laser
desorptionionisation time-of-flight mass spectroetry (MALDI-TOF) (Bruker, Bremen,
Germany) to species level as describe®&tanding et al. (2013A single colony on nutrient

agar were transferred to the MALDIOF polished steel target plate and further analysed
according to manuf ac t-QVA#2013.89), followirtg calibration withs ( A O
the bacterial test standafppendixC, Table C1) NonEnterobacteriaceasolates were not

included in further analysis.

4.2.4Antimicrobial susceptibility testing
A selection of 77 presumptive ESBL produciBgterobacteriaceasolates,representing all
unique species per product type from each supplier, were selectedtl@r famalysisThe

Kirby-Bauer disk diffusion technique was used to determine the resistance patterns of the
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isolates[Clinical Laboratory Standard Institute (CLSI, 201L83ll isolates were screened for
ESBL production by the doubltisk synergy test (DDST) using cefotaxid@ g,
ceftazidime30 ug, and cefpodoxim&0 pg, alone or in combination with clavulanic adid

Mg (Mag Diagnostics, RandburdeUCAST, 2013) Zone diameters were compared to the
CLSI and EUCAST criteria to determine if isolates were resistant, intermediate or susceptible.
Isolates showing resistance to cefoxitin and cefotaxime or ceftazidime were regarded as a
phenotypic indicator of AmpC productiofct UCAST, 2013) Production of ESBLs were
confirmed using the cefepime ESBL disc set (Cefepd®qig, cefepimelavulanc acid-30

Hg-10 pug) and AmpC production using the AmpC detection set (Mast Diagndsindburg
(EUCAST, 2013; CLSI, 2018Additional antimicrobials tested for resistance or susceptibility

of isolates included ampicillid0 pg, amoxicillinrclavulanic acieR0 pg/10 pg, amoxicillinlO

Mg, trimethoprimsulfamethoxazold.25ug/23.75 g, imipenerh0 pg, neomycidlO ug,
tetracycline30 pg, gentamyckiO pg, chloramphenicelO pg(Mast Diagnostics, Randburg,

SA) (CLSI, 2018) Isolates resistant to three or more antimicrobial classes were regarded as
MDR. KlebsiellapneumoniaeATCC 700603,Escherichia coliNCTC 13315,Enterobacter
cloacaeNCTC 1406, angscherichia colATCC 25922 were included as positive and negative

controls as described by the manufacturer (Mast Diagnostics).

425Char act er ilactamhaseggeneso f b

The presence of ESBL determinartiatem, blashv, blacTx-m, blaoxa) and pAmpC resistance
geneslflaacc, blarox, blamox, blapHa, blaciT, blagsc) in the selected isolates were analysed by
PCR and sequencing. Single colonies of each presumptive -Bf8lucing
Enterobacteriaceasolate were culturederobically under shaking conditions at 200 rpm in
tryptone soy broth (MERCK, Johannesburg) for 24 h at@G0The cells were pelleted by

centrifugation (12,50@ for 10 min), DNA was extracted using the Qu@RNA Mini-Prep
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kit (Zymo Research, Irvine, U§ and the DNA concentration was determined using the Qubit
dsDNA Broad Range Assay and a Qubit 2.0 fluorometer (Life Technologies, Johannesburg).
PCR was performed using the DreamTaqg Green PCR Master Mix (ThermoFisher Scientific,
Johannesburg), specificrimers, and thermocycling conditions for each of the genes as
described in Tabld.1. PCR products were sequenced using BigDye Terminator v3.1 cycle
sequencing on an ABI 3500XL sequencer in forward and reverse direction (InquabaBiotec,
Johannesburg). Theguences were edited withromas 2.6 and BioEdit sequence alignment
editor softwareand consensus sequences were subjected to BLAST nucleotide search analysis

to identify the AMR genes.
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Table 4.1: Primers used for screening of bremg e c t-lactamasdy ESBL and AmpC genetic determinants in selEctedobacteriaceae
isolates from fresh produce samp{Bsllenne et al., 2010)

Target genes

Primer sequences

Thermocycling conditions

Expected amplicon

size (bp)
b|aTEM TEM-F: 5:CATTTCCGTGTCGCCCTTATTE3 800
TEM-R: 5:CGTTCATCCATAGTTGCCTGAG3
b|aSHV SHV-F: 5-AGCCGCTTGAGCAAATTAAAC-3' 94°C, 10min; 30 Cycl_es of 94°C, {103, 83° 713
SHV-R: 5:ATCCCGCAGATAAATCACCAC-3 40s, 72°C 1min; 72°C 7min
bl AOXA1 like OXA-F: 5-GGCACCAGATTCAACTTCAAG3' 564
OXA-R: 5~GACCCCAAGTTTCCTGTAAGTG3'
b|aCTx-M Group 8125 CTX-M Gp8/25F: 5~-AACRCRCAGACGCTCTAG3' 326
CTX-M Gp8/25R: 5-TCGAGCCGGAASGTGTYAT3'
blacTx.m Group 9 CTX-M Gp9-F: 5-TCAAGCCTGCCGATCTGGT 94°C, 10min; 3@ycles of 94°C, 40s, 6@ 688
CTX-M Gp9R: 5-TGATTCTCGCCGCTGAAG3 40s, 72°C 1min; 72°C 7min
b|aCTX-M Group 1 CTX-M Gpl1-F: 5-TTAGGAARTGTGCCGCTGYA3' 561
CTX-M Gp1-R: 5-CGATATCGTTGGTGGTRCCAT3'
blaacc ACC-F: 5-=CACCTCCAGCGACTTGTTAG3' 94°C, 10min; 30 cycle_s of 94°C, 40s, 6@5° 346
ACC-R: 5-GTTAGCCAGCATCACGATCG3 40s, 72°C 1min; 72°C 7min
FOX-F: 5-CTACAGTGCGGGTGGTTT3'
bIaFOX FOX-R: 5-CTATTTGCGGCCAGGTGA3 162
b|aMOX MOX-F: 5-GCAACAACGACAATCCATCCT-3' 895
MOX-R: 5-GGGATAGGCGTAACTCTCCCAA3'
b|aDHA DHA-F: 5-TGATGGCACAGCAGGATATTG3' 94°C, 10min; 30 cycle_s of 94°C, 4_03, 596° 997
DHA-R: 5-GCTTTGACTCTTTCGGTATTCG3' 40s, 72°C 1min; 72°C 7min
blact CIT-F:. 5':CGAAGAGGCAATGACCAGAC—3" 538
CIT-R: 5-ACGGACAGGGTTAGGATAGY-3
b|aEBC EBC-F: 5:CGGTAAAGCCGATGTTGCG3' 683

EBC-R: 5-AGCCTAACCCCTGATACAZ
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4.3Results
4.3.11dentification of presumptive extendeds pe ct r um a-acdamasmp C b

producing Enterobacteriaceaesolates

Using MALDI-TOF analysis122 (28.2 %) of the 432 presumptieetendeespectrum/AmpC
b-lactamaseproducing isolates obtained from the fresh vegetable sampglesconfirmed as
Enterobacteriaceaeelonging to ten genera. The 310 ftomerobacteriaceasolates were
predominantly identified asPseudomonasspp. The Enterobacteriaceéeisolates were
identified asEnterobactespp. (28.7 %), including. cloacaeE. asburiagE. cowanij andE.
ludwigii; Serratia (18.9 %), including predominantl®. fontcola; Escherichia coli(18 %);
Klebsiellaspp. (14.8 %), including. pneumonia@andK. oxytoca Rahnellaaquatilis (9 %);
Proteusspp. (4.9 %), includin®. pennerandP. mirabilis, Citrobacterspp. (2.5 %), including
C. farmeriandC. freundii Kluyvera ascorbatg1.6 %); Achromobactexylosixidang1.6 %)
and Raoultella ornithinolytica (0.8 %). Presumptive ESBL/AmpGproducing

Enterobacteriaceagere isolated from the vegetable types tested.
4.3.2Phenotypic antibiotic resistance profiling

All the 77 selected presumptive ESBEoducingEnterobacteriaceashowed resistance

more than one antimicrobial agemtj t h 96. 1 % being MDR (resi st
classes) (Figurd.l). Resistance to the aminoglycoside and chloramphenicol classes were
dominant, observed in 94.8 % and 85.7 % of the isolates respectively. All isolates with
cephalosporin resistan¢€TX30C, CAZ30C, CPD10C or CPM30C) were further screened

using DDST, after which 61/77 (79.2 %) were tested positive for ESBL production (Figure

4A taxonomy change was adopted in 2020 to use fAEnNter
"Enterobacteriaceaed are now one of seven families wi
now members of the family éfsiniaceae and Providencia spp. and Morganella spp. are members of the family
Morganellaceae. This thesis however presents the data according to the previous classification where the order
AEnt erobacterialesd had a single Enterobacteriaceae f
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4.1). All isolates that showed cefoxitin resistance (n=46), were additionally screened with the
AmpC detectionset. From these 46 isolates, 32/77 (41.6 tésted positive for AmpC
production. This included 27 isolates showing resistance to cefoxitin, ceftazidime and/or
cefotaximeand additionallyfive isolates that showed cefoxitin resistance, but ceftazidime
and/or cefotaxime susceptibility. All isolates displaying ESBL or AmpC phenotypes were

further characterized for identification of ESBL and/or AmpC resistance genes.

4.3.3Genotypic antibiotic resistance profiling

Genes e nlactamases gverebdetected 58/77 (75.3 %) isolates obtained from all
vegetable types, mainly i&. coli (n=20),Enterobacterspp. (n=12), an&erratiaspp. (n=11)

isolates. This included 37 (48 %) bresygectrum, 39 (51 %) ESBL and 20 (25.9 %) AmpC
genetic determinants (Figu#el ) . The most f r-lactqamasengerney werke t e c t
blactx-m (n=28), followed byblasny (n=22), blarem (n=21) andblaoxa (n=5). Extended

S p e c t-lactamasds encoded blacTx-m included CTXxM-14 (n=15), CTXM-15 (n=6),
CTX-M-27 (n=4), and CTXM-55 (n=3);blarem genes encoded TES (n=3), whileblasnv

genes encoded SHIB (n=6), SHV28 (n=1) and SHW154 (n=1). All theblaoxa, 85.7 %

(n=18) of theblarem, and 63.6 % (n=14) of thaasxv sequences encoded bremgp e c t-r um b
lactamases OXA, TEM-1, TEM-215, SHV1, SHW-11, or SHV26 respectively. Three
isolates harboured more than one ESBL; Bneoliisolate carried thblarem-3 blasnv-1s, and
blactx-m-14 genes, and two isolate&.(coli and E. cowani) carried theblarem-z gene in
association withblactx-m-14 and blasnv-18 genes, respectively. In 12 isolatés [coli (n=3);
Enterobactespp. (n=3)Serratiaspp. (n=3)R. aquatilis(n=2); andP. mirabilis(n=1)] ESBL

genes in association with breadp e c t-lactamasds were detected (FigdrB.

AmpC resistance genes were det elactarsade genetic1 8/ 58

determinants (Figuré.1). In 17 isolates, only one pAmpC geneticetminant was detected;
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blamir-20 (N=4), blamir-16 (N=3), blaacT-58 (N=2), and one isolate each carrtdédcmy-2, blamir-
14, blaacT-29, blaact-10, blaacT-2, blaec, blacmy-161, Or blacwy-g7 respectively. Among these 17
isolates, five isolategjnterobactespp. (n=2)E. coli(n=1),R. aquatilign=1), andS. fonticola
(n=1)] also harboured ESBL genetic determinants. BPno¢eus pennerisolate carried three
AmpC genes llaacTio, blapHa-1s, and blacmy-49). The EBC family of the AmpC genetic

determinants was the most dominant type.

4.4 Discussion

Multidrug resistanESBL/AmpGproducing Enterobacteriaceae were detected, for the first
time, in raw vegetables retailed at selected sites in Gauteng Profimdeiotic resistant
opportunistic pathogens on fresh produce are a serious health conceomthitites towards
the burden of MR in different environments leading to increased risk of infection if
colonization in humans occuf&l-Kharousi et al., 206). Enterobacteriaceae regarded as
emerging bacterial threataclude E. coli, K. pneumoniaeand Enterobacterspp. showing
resi st alac@ams ahdoamiboglycosidd&air and Tor, 2014)Presumptive ESBL-
producers, predominantly. coli, K. pneumoniae, E. cloacaad E. asburiag weredetected

in 17.4 % of our vegetable samples asatly This is lower than the 25.4 % reported by Zurfluh
et al. (201% for imported vegetables into Switzerland from the Dominican Republic, India,
Thailand, and Vietnam, but higher than the 6 % reporteRdayland et al. (2014)n retail
vegetables in the Netherlan@®&milar toBlaaket al.(2014) environmental ESB-producing

Enterobacteriaceasolated from vegetables includ&d fonticolaandR. aquatilis
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23 ©® N0 s e N SsteNo.

Organism Identity

Achromobacter xylosoxidans
Achromobacter xylosoxidans

Citrobacter farmeri
Citrobacter freundii
Citrobacter freundii
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Eschericia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Enterobacter asburiae
Enterobacter asburiae
Enterobacter asburiae
Enterobacter asburiae
Enterobacter asburiae
Enterobacter cloacae
Enterobacter cloacae
Enterobacter cloacae
Enterobacter cloacae
Enterobacter cloacae
Enterobacter cloacae
Enterobacter cloacae
Enterobacter cloacae
Enterobacter cloacae
Enterobacter cowanii
Enterobacter ludwigii
Klebsiella pneumoniae
Klebsiella pneumoniae
Klebsiella pneumoniae
Klebsiella pneumoniae
Enterobacter asburiae
Klebsiella oxytoca
Kluyvera ascorbata
Kluyvera ascorbata
Proteus mirabilis
Proteus mirabilis
Proteus penneri
Proteus penneri
Rahnella aquatilis
Rahnella aquatilis
Rahnella aquatilis
Rahnella aquatilis
Rahnella aquatilis
Rahnella aquatilis
Raoultella ornithinolytica
Serratia fonticola
Serratia fonticola
Serratia fonticola
Serratia fonticola
Serratia fonticola
Serratia fonticola
Serratia fonticola
Serratia fonticola
Serratia fonticola
Serratia fonticola
Serratia fonticola
Serratia fonticola
Serratia fonticola
Serratia fonticola
Serratia marsecens

Sample Type

Source

Il Street vendor
Il VMobile trolly
I Retailer
[l Farmers' market
[l Farmers' market
[l Street vendor
Il Street vendor
Il Retailer
Il Retailer
Wl Farmers' market
[l Farmers' market
[l Farmers' market
Il Mobile trolly
[l street vendor
Il Retailer
Il Retailer
Il street vendor
[l Street vendor
[l Farmers' market
) Farmers' market
[l Farmers' market
[l Farmers' market
[l Farmers' market
[l Farmers' market
B Farmers’ market
[l Farmers' market
I Street vendor
Il Mobile trolly
Il Mobile trolly
Il Retailer
Il Retailer
Il Mobile trolly
Il WMobile trolly
I street vendor
I Street vendor
. Mobile trolly
[l Farmers' market
[l Farmers' market
Farmers' market
Farmers' market
[l Farmers' market
W Retailer
[l Street vendor
Il Retailer
[l street vendor
B Farmers' market
I Street vendor
. Mobile trolly
Il Mobile trolly
W Retailer
I street vendor
Il WMobile trolly
Il Retailer
[ Retailer
[l Street vendor
. Retailer
Farmers' market
[l Street vendor
[l street vendor

W Retailer
Il Retailer

[l Street vendor
[l Farmers' market
[l Street vendor
) Farmers' market
[l Farmers' market
. Farmers' market
[ Farmers' market
. Farmers' market
[ Farmers' market
Il Retailer

Il Retailer

Il Retailer

[l street vendor
Il Street vendor
. Farmers' market

W Tomato

I Green beans

H EESSEEEEEEEEEN HNEEE EEEEEEN---

%
H
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Chloramphenicol
AmpC-Producers

SHV-1

III=.IIIIIIIIIIIllllllllll I 5o poices

SHV-26

SHV-11
SHV-18

SHv-28

SHV-154

CTX-M-14

CTX-M-27
CTX-M-15
KPC-18

CTX-M-55
OXA1

TEM-1

TEM-3

TEM-215
ACT-2

ACT-10
ACT-28
ACT-58
MIR-20

MIR-14

MIR-16

DHA-18
EC-30

CMY-161

Intit

CMY-49
CMY-87
CMY-2
Inti3

Ml Positive [l Present

I Spinach Intermediate Negative | Absent
I Lettuce [ susceptible
Cucumber

Figure 4.1 A summary of the species isolated from different fresh vegetables purchased from forn
informal markets, indicating the phenotypic resistance profiles and the ESBL/AmpC genetic deteri
detected. 99
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Phenotypic confirmation of ESBAMpC production showed that §19.9 %) of the 77
analysecEnterobacteriacedsolates displayed an ESBiroducing phenotype and 41.6 % an
AmpC-producing phenotype, which is higher than results reported by van Hoek et al. (2015).
Isolates with a combinedIBL- and AmpGCproducing phenotype were also observed in 35 %
oftheisolatesMDR phenotypes (resistance to O 3 ant.
% of our analysed isolates. The most prevalent nbdactam resistance profiles showed
resistance against aminoglycoside (94.8 %), chloramphenicol (85.7 %) and tetracycline (53.2
%). This is higher than reports from similar studies which showed resistance to
aminoglycosides (46.7 %66.7 %), chloramphenicol (33%) (Zurfluh et al., 2015; Ben Said

et d.,, 2016) and tetracycline (46.7 %[Ben Said et al., 2016)n ESBL-producing

Enterobacteriaceae

Genes expressing brocadp ect-t a mt dmas e s, E S B llastamasasdwere r A mp
detected in 69.9 % of our MDR isolateSo-expression of ESBL and AmpC genes in
environmentalvan Hoek et al., 2015; Ye et al., 201aad clinical(Tau et al., 2012; Kharat

et al., 2017)Enterobacteriaceasolates have also beeaported. Globdy the blacTx-m-type

ESBL genes are predominant Enterobacteriaceaavhich was similarin our study, the

majority detected irE. coli isolates.blactx-m-14 was the main genetic determinant detected

from mostly E. coli and C. freundii isolates, which corresponds to results obtained from
vegetable samples in TunigBBen Said et al., 2016lsolates harboringlacTx-m-1sincludedE.

coli, E. cloacaeK. pneumoniagR. aqualtilis andS. fonticolaand were second most prevalent

in our study

The blactx-m-15 genetic determinantas the most prevalent gene detectedt.ircoli and K.
pneumoniadsolates from fresh vegetables imported into Switzerland from India and the
Dominican Republic4urfluh et al, 2015) This is in agreement with reports thafcTx-m-14

and blactx-v-1s are predominant and have been associated with clinically relevant
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Enterobacteriaceaafections(Ehlers et al., 2009; Zurfluh et al., 201%) contrast taNjage

and Buys (2014)who predominantly detectddacTx-m croup 8/25p0Sitive E. coliisolates from
lettuce in the North West Province (SA), Inlactx-m croup s/2sg€nes were detected in any of our

E. coliisolates from the vegetable samples analy$bd.blactx-m-15s (CTX-M Group 1) and
blactx-m-14 (CTX-M Group 9) genes detected in our environmental isolates, reported to be
closelely related to chromosomally encodéaFona andblarann genesof S. fonticolaandR.
aquatilis had no significant similarity in the GenBank database using NCBI BLAST based on
total BLAST alignment scores. This contrasts results reportdRbpyhael et al. (2A) where

sequences similar tlarann-2 andblarona-s was detected usirgjacTx-m primers

In our study, five isolates including. coli, Enterobacterspp.,R. aquatilis andS. fonticola
simultaneously harboured ESBL and AmpC genes. Environmental isolates are known to carry
chromosomal | y -&ctamasdse Hbwekdbretdbabteriaceararbouring both

chr omosomal -lactadasgs denpci@asibgly reported to hydrolyze bspadtrum
cephalosporins more efficiently, resulting in adverse treatment options in clinical settings
(Jacoby, 2009; Reuland et al., 201%he 18 isolates in whichAmpC resistance genegere
detected, predominantly included tHeBC t ype -lckamas€ (identified as
blaact/blamir). This contrasts with two previous studies whbtacir, blapHa, or blaacc

p A mp dactémases were mostly detectedEmterobacteriaceadsolated from fresh produce

and water samplgNjage aad Buys, 2014; Ye et al., 2017dhe blaact/mir genes have been
reported to be the dominant AmpC genetic determinanEniarobacterspp. causing intra
abdominal infectiongKhari etal., 2016) and were detected in seven of t@terobacterspp
isolates in our study. The fact that fresh produce can serve as a reservoir of MDR ESBL/AmpC
producing Enterobacteriaceaancluding their genetic determinants, constitute a potential
healh risk to the consumer as resistance to antimicrobials frequently used to treat human

infections were shown.
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4 5Conclusion

For the first time, the presence of multidrug resistant ESBL/AmpC producing
Enterobacteriacedsolated fronraw vegetables sold at selectednal and informaletailers

in Gauteng Province, South Afrieegere shownThe results obtained from screening at ¢hes
selected sites indicate that further investigation of different fresh produce types in Gauteng and
other provinces in SA is also necessary. Future studies should focus on surveillance of fresh
produce production systems from farm to retail to idemqgdiential sources of contamination
which contribute to the presence and dissemination of antimicrobial resistant microorganisms
and their genetic determinaraad will be addressed in Chapter 5 and Chapt8ir&e AR is

a worldwide problem, a global solutios required that integrates the contributions from

governmental departments as well as from the scientific community.
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fiwater is our most precious and interconnected natural resource. It sustains all ecosystems
communities, and economies from | ocal water
and the environments in which we live and work. Simply pater is life €Alexandra Cousteau
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288 Samples

Microbiological safety, antimicrobial resistance and source-tracking of isolated Escherichia coli

Escherichia coli was isolated from 22.57
(n=65/288) of all samples, Salmonella s
from four water samples, andQE

1\3{&‘@4’7’# monocytogenes was dpler.'?il.
LY i

= £ coli enumerated throughout the chain where river water was directly used for
overhead irrigation at levels between 0.00-3.22 log CFU/q.

* The wash water during processing in both production scenarios had acceptable
E. coli levels according to the international guidelines.

= £ coli enumerated from 8.33% of the spinach samples only.

= Generic E coli isolated from 40.30% water and 14.60% spinach samples.

= 80 characterised E coli isolates, 43.75% (n=35) were multidrug resistant.

= More antibiotic resistant E coli isolates detected from irrigation water (52.5%)
than from spinach (37.5%).

ERIC-PCR profiles:
high similarity values (>90.0 %) for

The necessity of using
clean and safe irrigation

irrigation water and spinach E. coli water was highlighted with
isolates at different points of the need for standardised
production, processing or retail in each risk-based microbiological
of the respective supply chains. safety parameters for
irrigation water of ready-
Richier, L., du Fiessis, EM., Duvenage, 5. & Korsten, L (2021} Microbiclogical safety of spinach throughout ‘IG-E at fI‘ESh vege‘lahhs.
commercial supply chars in Gauteng Province, South Africa and charactenzation of isolated muotidng-
resistant Escherichia cob. Journal of Apphed Wicrabiclngy, 00, 1~21. hitps:/¢dol. argrI01 111 jam. 15257 I—

- UNIWERSITENT VAN PRETORIA
I_.-} Plﬂﬂt to Food URINTESITY OF PRETORIA
':_\_J R P

grl] S Lo i Tl FUMIBEEITHI YA PRETGRIA
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Microbiological safety, phenotypic and genotypic characterisation of multidrug
resistant Escherichiacoli isolated throughout commercial spinach supply chains in

Gauteng Province, South Afric&

Abstract

The microbiological quality and human foodborne pathogen presence from spinach production
systems from farrto-sale, as well as phenotypic and genotypic characteristics of isolated
Escherichia coliwere investigated. Samples (n=288) were collected from two commercial
supply chains using either river or borehole water for irrigatiéscherichia coliwas
enumerated throughout the chain where river water was directly used for overhead irrigation
at levels between 0.08.22 log CFU/g. Mean Enterobacteriaceae and coliform counts of
spinach ranged between 3.8%7 log CFU/g and 3.38.64 log CFU/g, respectively.
Following enrichment, isolation andatrix-assisted laser desorption ionization tiofelight
(MALDI -TOF) identification, E. coli was isolated from 22.57% (n=65/288) of all samples,
Salmonellaspp. from four water samples, andlisteria monocytogenasas detected. Of the

80 characteriseH. coliisolates, one harboured teix2virulence genewhilst 43.75% (n=35)

were multidrug resistant. Source tracking showed a connection befweelnin source water

and on the irrigated cropsing enterobacterial repetitive intergenic consen@&RIC)-PCR
analysis. The importance of compliance of irrigatiwater microbiological guidelines for
vegetables consumed raw was highlighted, since the similafityaufliisolates demonstrated
transfer from irrigation water to spinach in both scenarios. Multidrug resistaoti presence

throughout spinach prodtion emphasises the necessity of environmental surveillance

5Publishedas Richter, L.,du PlessisE.M., Duvenage, S. & Korsten, L. (2021) Microbiological safety of spinach
throughout commercial supply chains in Gauteng Province, South Africa and characterization of isolated
multidrugresistanEscherichia coliJournal of Applied Microbiology00, 1 21. https://doi.

org/10.1111/jam.15357
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programsas part of aone healthapproach to develop antimicrobial resistance mitigation

strategies.

5.1Introduction

Enterobacteriaceaeolonize the gastrointestinal tracts of humans and animals. Moreover,
members of this family form part of the concept of microbiological criteria commonly used to
assess hygiene standards and is often linked to safety of food products, including fresé prod
(Rajwar et al., 2015)Although most fresh vegetables carry epiphyticroorganisms,
contamination with potential human pathogenic bacteria (including pathoBsaerichia

coli and Salmonellaspp.) may arise throughout production and processing of fruit and
vegetables. This follows as manaended soil, contaminatedgation water, and different
handling practiceareoften used in fresh produce production, and the ability of pathogens to

persist and proliferate in vegetab{@®pe et al., 2016)

Surveillance of foodborne pathogens form an important part of disease outbreak assessment
and is a critical component of food safety. However, foodborne diseases in $cah(3A)

are often not reported in an epidemiological surveillance systerare undereported and
poorly investigatedFrean, 2010; Bisholo et al., 2018}lobally, an increase in foodborne
outbreaks linked to fresh produce have been reported, with leafy\grgetables in particular
posing a higher risk for the consumer [World Health Organis@irO), 2008] Leafy green
vegetables often associated with foodborne illnessdecspinach, lettuce and kale [Centre for
Disease Control and Preventi@DC), 2017; European Food Safety Authority (EFSA), 2018]
Sources of contamination with pathogens such.ali O157:H7 orListeria monocytogenes

in leafy green vegetablesdiide contaminated irrigation water, soil or processing facilities
(Self et al., 2019; CDC, 2020¥pecific examples in the United States of America (USA)

include the 2006 multistate packaged spinach outbreak and the 2019 multistate romaine lettuce
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outbreak, both a®ciated withE. coli O157:H7, whilst in 2016 a multistate outbreak in
packaged leafy green salads associatedlwithonocytogenesere reportedJay et al., 2007;

Self et al., 2019; CDC, 2020)

Irrigation water is regarded as one of the primary reservoirs, and routes of transmission, of
human pathogenic bacteria onto fresh produce during primary produétilemde and
Monaghan, 2015) In SA, 25i 30% of the agricultural industry relies on irrigation, with the
total volume of water utilised for irrigated agriculture estimated to be between 51% and 63%
of total water available in the countfBonthuys, 2018)Sources of irrigation water include
untreated or treated wastewater, surface water, borehole water from shatladeep
groundwater and potable or rainwatievu and Okoh, 2019)The water scarcity in SA has led

to the use of mainly surface water for irrigation purposes in vegetable prod{iztid?iessis

et al., 2015) The microbiological quality of surface water are severely compromised due to
mainly densely populated human settlements close to the surface water sources as well as
mining and industry activitie®berholster and Botha, 2013y Plessi®t al., 2015; Duvenage

and Korsten, 2017; lwu and Okoh, 2018} fresh produce production and processing rely on
potable water, increased food safety risks arise when irrigation water are increasingly being
polluted (Uyttendaele et al., 2015)he frequency of fresh produce contamination, prevalence

of genericE. colilevels, and the presence of pathogenic foodborne bacteria in irrigation water
may vary(Allende and Monaghan, 2015; Alegbelasteal, 2018) This follows as seasonality,

land use interactions (e.g. waste water treatment plants upstream of irrigation source water)
and farming production practices difféhllende and Monaghan, 2015; Alegbelegeal,

2018) Wash water ignother potential contamination source within fresh produce production.
During processing, wash water is often reutilized, resultingoimtinuous contact of large

volumes of produce and potential crassmtamination (Machadbloreira et al., 2019).
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In addition to the prevalence of foodborne pathogens, the need for surveillance of antimicrobial
resistance (AMR) in crop production exists. Prevedenf antimicrobial multidrug resistant
bacteria isolated from agricultural environments poses an additional potential health threat to
consumergBlaak et al., 2014c; Ben Said et al., 2016; Tope et al., 20&6&t¥al., 2017a)
Previous South African studies reported close AMR phenotypic relatedness at a 69% similarity
level in E. coliisolated from irrigation water and onion samg{[@a Plessi®t al., 2015)whilst

E. coli isolates from river water and field cabbage were phendijpicelated at a 80%
similarity level(Jongman and Korsten, 2016)jage and Buys (2014jurther reported a high
degree of genetic relatednesEincoliwi t h  s-lactiamasa nesistance profiles in isolates

from irrigation water and lettuce.

However, no studies have investigated the microbiological quality and presence of
antimicrobial resistance in foodborne pathogens throughout fresh produce supply chains
including the onfarm environment, harvesting, processing and packaging, up to the point of
sale. The aim of this study was to determine the microbiological quality and presence of
foodborne pathogen&( coli, Salmonellaspp. and.. monocytogengsn irrigation wder and
spinach from farm, through processing up to retail. Furthermore, to characteriSeciie
isolated from the respective spinach supply chains phenotypically using antibiotic resistance
profiles and genotypically through diarrheagenic gene sergamd Enterobacterial Repetitive

Intergenic Consensus (ERHPCR analysis.

5.2.Materials and Methods

5.2.1Sampling study areas

Samples were collected from two different commercial spinach production scenarios typically
seen in vegetables supply cham&auteng Province (Figugel) (Richter et al., 2020River

water was used with overhead irrigation and open field cultivation in the first scenario (Farm

111



Chapter 5

A). Depending on the field layout, river water was either usestitly or used after storing in

a holding dam. For the second spinach production scenario, two farms were selected from

various farms supplying a central processing facility for sampling of baby spinach grown in

tunnels using borehole water for irrigatioh comparison of the farms and their practices is

given in Tables.1.

Farm A

Scenario 1

.‘ Packhouse | EE— Processing
l

o

\

/

Farm C

.- Packhouse | sssssy M
l J

Processing

S

/
~

RS | Retailer
On Farm
Retailer

J

Figure 5.1: Typical spinach production scenarios in Gauteng Province, South Africa. S
brackets show all production practices that occurred on the same farm/premises of each re
scenario. Dashed arrows indicate transportation for processing at a different location and

the spinach. In the first scenario, all processing occurred on farm before spinach was transj
commercial retailers or retail distribution centn@hjlst a central processing facility was used in 1
second scenario tvere supplier farms with different production practices provided the f

produce.
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Table 5.1: Comparison of the processing practices and cultivation of the three spinach farms

assessed for this study in 2017

Farm A (July and Farm C (July and

Practice November) Farm B (June and October) October)
Certification status GLOBAL G.A.P., Intertek GLOBAL G.A.P., Packing GLOBAL G.A.P.
food management system facility: SANS 10330, SANS
based on SANS 10049, 10049, R918, The Global

150/75 22002, Codex Food Safety Initiative, Act 54
HACCP principles and GFS! of 1972 Act 85, Codex
Alimentarius, R692
Prodiction system Open field cultivation Tunnels Tunnels

Irrigation water  River, water pumped directly Borehole water, pumped into  Borehole water, pumped

source from river or to a storage dar storage dam into a storage dam
Irrigation water Uncovered storage dam  Two additional water storage = Source water is pumped
dams (covered with a net) into another water storage
over which the source water i dam

pumped in and circulated

Irrigation method Overhead irrigation Overhead irrigation Overhead irrigation

Postharvest processing of spinach on Farm A included hand picking and making up of spinach
bunches in the field. At the packhouse, spinach bunches were then soaked in a wash bath
(containing borehole water) to remove excessbod,b el | ed and stored in
24h), before transportation to the specific retailers or retdiggribution centres usually within

two days (48h). Additionally, hand harvested spinach leaves in crates were also sorted in the
packhouse, wherthe stalks were cut (by hand) and the leaves were put through a cutting
machine, chlorine washed, dried, hgratked and sealed priortocaldo om st or age ( 4
24h), before transportation to the specific retailers or retdigribution centres withia day

(24h).

113



Chapter 5

The baby spinach harvested on Farms B and C were hand sorted along a conveyer belt and
packed and weighed in plastic containers in the pack houses on the farm for the unwashed
product line, priortocold t or age and t r a mstptoerptogessingfacilitf 4 A C,
where it was labelled and distributed to the specific retailers. Additionally, baby spinach leaves
harvested in crateswereceddt or ed (4AC, O 24h) and transpor
the processing facility, theaby spinach leaves from Farms B and C were cold stored no longer

than three days (72h), chlorine washedi(89ppm active chlorine), packed, and sealed before

transportation to the specific retailers.

5.2.3Sample collection

A total number of 288 samplegere collected at selected sampling points throughout the
supply chains from the two spinach production scenarios as previously degBitiger et

al., 2020) Soil samples were collected at harvest (n=6 composite sgnpVater samples
(n=42) were analysed from the source (borehole or river) and irrigation point, as well as treated
wash water during processing (n=30). Spinach samples (n=192) included samples taken at
harvest, during processing and at retail for easpeaetive farm. Additionally, contact surface
swab samples throughout production and processing of the fresh produce (n=18) were also

included.

5.2.4.Microbiological analysis

Soil. Soil samples were collected from five replicate points during harvesttirerapinach
production fields. A composite sample of 25¢g (5g from each replicate) were added to 225ml
3M buffered peptone water (BPW3M Food Safety, Minnesota, USAjom which a tenfold
dilution series of each soil sample was prepared and plated in duplicate. @olié coliform

count plates (3M Petrifilm, 3M, St. Paul, Minnesota, USA) for hygiene indicator bacteria

enumeration, (coliformsE. col) and on Violet Ré Bile Glucose (VRBG) (Oxoid,
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Basingstoke, UK) agar plates for Enterobacteriaceae enumeration following incubation for 24h

at 37 °C(Du Plessist al., 2015; van Dyk et al., 2016)

The remaining BP\Wample mixture was incubated for 24h at 37°C for detectién odliand
Salmonellaspp. After incubation, the BPMWample mixtures were subsequenslyeaked

(10ul) onto Eosin methylene blue (EMB) media (Oxoid) for the detectioB. afoli. The

presence obalmonellsspp was assessed using the@@eckSalmonelldl Kit AOAC 010803

(BioRad, Johannesburg, S®ccording to the nsa@naefpogtiveur er 0 s
results were obtained, the sample was streaked onto Xylose lysine deoxycholate (XLD) agar
(Biolabs, Johannesburg) aBdlmonellaBrilliance agar (Oxoid) and incubated for 24h at 37°C.

The presence dfisteria spp was assessed by incubgtian additional 25g of each sample in

225ml BufferedListeria Enrichment Broth (BLEB) (Oxoid) at 30°C and subsequently using

the iQCheck Listeria monocytogenef Kit AOAC 010802 (BioRad) according to the
manufacturer s i nst r wereobtained the s&mple was ptreakad bntov e r
Agar ListeriaOttavaniand Agost.i (ALOA) (Biomkri eux, Joh

agar (BioRad) and incubated for 48h at 37°C.

Water. Water (100ml and 1L) samples were collected in triplicate from each isgnmalint
(source, irrigation pivot point and wash wat
the 100ml water samples were used for enumeration of coliformg.acali using the most

probable number (MPN) with Coliledt8 (IDEXX Laboratories loorporated, Westbrook, ME,

USA) reagents heat sealed in a Qudinély/2000 (IDEXX). The trays were incubated at 37°C

for 24h and inspected for chromogenic reactions and fluorescence indicating the presence of
coliforms ancE. coli,respectively. The resultwere recorded as log MAN colV¥100 ml and

log MPN coliforms/100ml. From the 1L water samples, 1ml was used to conduct a serial

dilution in 9ml 0.1 % BPW, with a 100ul aliquot from each serial dilution (ranging frof 10
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i 10% plated in duplicate onto VRBG (Oxoid) agar plates for enumeration of

Enterobacteriaceae.

The remaining 1L water samples were filtered through a 0.45um nitrocellulose membrane
(Sartorius, Johannesburg). The membrane was subsequently placed into 50 ml BPW and
incubatel for 24h at 37°C for detection of foodborne pathogé&ns¢li, Salmonellaspp. and
Listeria spp.). Following enrichment, the same detection methods as described for the soill

samples were conducted for the water samples.

Fresh produce.After removal of he spinach stalks, East three leaves weused to prepare

50g composite samples. For the baby spinach, 50g composite samples were obtained. Each
sample was aseptically cut and placed into a sterile polyethylene strainer stomacher bag
(Seward Ltd., Lodon, UK) containing 200ml (3M, Johannesburg) BPW in a 1:4 weight to
volume ratio. Individual vegetable samples were blended for 5ri2iB0gitmin aStomacher®

400 Circulatorpaddle blender (Seward Ltd., London, UKp enumerate hygiene indicator
bacteria(coliforms and E. coli), a tenfold dilution series of each BPW sample was made in
duplicate, plated ontg&. coli/coliform count plates and incubated for 24h at 37 °C according

to the manufacturero6s instructi &niSOnethdd Pet ri
4832). Enterobacteriaceae were enumerated by plating 100 pl of the dilution series in duplicate
onto VRBG agar plates and incubated for 24 h at 37°C (Oxoid). The remaining BPW samples
were incubated for 24h at 37°C and after enrichment, detect foodborne pathogens was

conducted as described for the soil samples.

Contact surfaces Transyster swabs with Amies medium (Lasec, Johannesburg) were used
to sample a 25charea from crates, tables and conveyer belt surfaces respectively, dateipli
according to the standard procedures for environmental swab sampling (Public Health England,

2014). The swab samples were added to 9ml 3M BPW for enumeration of colEowcob/
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and Enterobacteriaceae as described for the soil samples. The swkds seeng subsequently
enriched for 24h at 37°C in BPW. Detection and isolatioft.otoli, Salmonellaspp. and

Listeriaspp. were done as described for the soil samples.

All presumptive positivee. coli, Salmonellaspp. andListeria monocytogenesolonies from

the soil, water, spinach, and contact surface samples were isolated and purified. Isolates were
identified using matrix assisted laser desorption ionisation-tfifight mass spectrometry
(MALDI-TOF MS) (Bruker, Bremen, Germgnto species level as described 3tandinget

al. (2013)andAOAC-OMA#2017.09. Briefly, the purified presumptive positive colonies were
regrown in 9 ml tryptone soy broth (TSB) (MERCK, Johannesburg) and incubated overnight
at 37C. Subsequently, isolates (ilpwere streaked out oNutrient Agar (MERCK) and the

plates were incubated overnight at°’G7and subjected to the MALDI Biotyper protocol

(Bruker)(Standing et al., 2013Appendix D Table D10)AIl strains were tested in duplicate.

5.2.5Antimicrobial susceptibility testing

TheE. coliisolates (n=80) from the different spinach production scenarios wererftetted

for antimicrobial resistance against seven antibiotic classes. The-Bagr disk diffusion
technique was used to determine the resistance patterns of the igDliatieal Laboratory
Standard Institute (CLSI), 20L.8riefly, each isolate was cultured in 9ml TSB and incubated
for 24h at 37 C. Of each TSB sample, 100ul was subsequently inoculated intbr@mlheart
infusion (BHI) broth (MERCK) and incubated for 24h at @37 A 120 plbacterial suspension
was then plated onto Muelletinton agar plates (MERCK) and screened for resistance against
11 antibiotics belonging to seven classes. (Mast DiagnoBiieg|e, UK, supplied by Davies
Diagnostics, Midrand, SA) using the Disk Master Disc dispenser (Mast Diagnostics, Bootle,
UK), and incubated for 2&8hr at 37C. Antibiotics screened for included ampicilirOug,

amoxicillin-clavulanic acie20ug/10ug, amoxiillin-10ug, trimethoprim
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sulfamethoxazole/cotrimoxazele25ug/23.75ugeefoxitin-30ug, cefepime80ug, imipenem
10pg, neomycirllOug, tetracyclineg80ug, gentamycikiOpg, and chloramphenic80ug (Mast
Diagnostics, Randburg, SAECLSI, 2018) Breakpoints were then compared @L_SI, 2018)
and isolates resistant to three or mardgimicrobial classes were regarded as multidrug

resistantEscherichia colATCC 25922 was included as a contffGLSI, 2019.

5.2.6Molecular characterisation o diarrheagenic Escherichia coli

The presence of differeriarrheagenicE. coli virulence genes for enterotoxigeric coli
(ETEC) (t and st genes), enteropathogenie. coli (EPEC) pbfpA and eaeA genes),
enteroaggregative. coli (Eagg) €agggene), enterohaemorrhagic coli (EHEC) eaeA stx1
andstx2genes), and enteroinvasite coli (EIEC) (paH gene) were analysed by PCR and
sequencing, with thendhgene used as internal control in all reactions (T&l@e(Omar and
Barnard, 2010a)Control strains for the PCR reactions included DSM 10973 and DSM 27503
(ETEC); DSM 8703 and DSM 8710 (EPEC); DSM 27502 (EaBg)koli 0157:H7(EHECY),

and DSM 9028 and DSM 9034 (EIE@)d ATCC 25922

Single colonies of each. coliisolate were cultured ambically under shaking conditions at
200rpm in tryptone soy broth (TSB) (MERCK) for 24h at 8 The cells were pelleted by
centrifugation (12,50§€for 10min), DNA was extracted using the Qu@RNA Mini-Prepkit

(Zymo Research, Irvine, USA) and the DNA concentration was determined using the Qubit
dsDNA Broad Range Assay and a Qubit 2.0 fluorometer (Life Technologies, Johannesburg).
PCR was performed using 1x DreamTaq Green PCR Master Mix (ThermoFisherfi8cienti
Johannesburg), with specific primers, and thermocycling conditions for each of the genes as

described in Tabhl6.2.
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Table 5.2: Primers used for screening of diarrheagé&scherichia colisolated from fresh produce sold formally and informally

. . Expected
Diarrheagenic Target , : : " pe
Escherichia coli enes Primer sequences (53') Thermocycling conditions amplicon Reference
9 size (bp)
L F: GGC GAC AGA TTA TAC CGT GC 410 Omar and
Enterotoxigenic R:CGGTCT CTATATTCC CTG TT 95°C, 15min; 35 cycles of 94°C, 45s; 55°C, Barnard, 2010
g F: TTT CCC CTC TTT TAG TCA GTC AAC TG 45s; 68°C, 2.5 min; 72°C 5 min Omar and
S 160 Barnard, 2010
R: GGC AGG ATT ACA ACA AAG TTC ACA
bfoA F: AAT GGT GCT TGC GCT TGC TGC 94°C, 5min; 35 cycles of 94°C, 40s; 68°C, 5., LopezSaucedo et
o oP R: GCC GCT TTA TCC AAC CTG GTA 60s; 72°C, 2min; 72°C 5 min al., 2003
Enteropathogenic F: CTG AAC GGC GAT TAC GCG AA 95°C. 15min: 35 cveles of (94°C. 455 55°C Omar and
eaeA ; 15min; 35 cycles of ( $ 39S, 917 Barnard, 2010
R: GAC GAT ACG ATC CAG 45s; 68°C; 2min ’
F: CTG GCG AAA GAC TGT ATC AT 94°C, 5min; 35 cycles of 94°C, 40s; 57°C, :
Enteroanareqative Fagg R: AAT GTA TAG AAA TCC GCT GTT 60s; 72°C, 2min; 72°C, 5 min 630 Aslani et al., 2011
gareg Eagg F: CTG GCG AAA GAC TGA ATC AT 94°C, 5min; 35 cycles of 94°C, 40s; 53°C, Aslani et al., 2011
R: CAA TGT ATA GAAATC CGC TGT T 60s; 72°C, 1min; 72°C, 5min
caeA F: CTG AAC GGC GAT TAC GCG AA 95°C, 15min; 35 cycles of 94°C, 45s; 55°C, ¢, - Omar and
R: GAC GAT ACG ATC CAG 45s; 68°C; 2min Barnard, 2010
) F: ACA CTG GAT GAT CTC AGT GG Omar and
Enterohemorrhagic stx1 _ 614 Barnard, 2010
R: CTG AAT CCC CCT CCATTA TG 95°C, 15min; 35 cycles of 94°C, 45s; 55°C, ’
o2 F: CCA TGA CAA CGG ACA GCA GTT 45s; 68°C; 2min 779 Omar and
R: CCT GTC AAC TGA GCA CTT TG Barnard, 2010
Enteroinvasive ipaH F:GTT CCT TGA CCG CCT TTC CGA TAC CGT C  95°C 5min 35cycles of 9 60s; 60C 90s; 600 Aranda et al.,
R: GCC GGT CAG CCA CCC TCT GAG AGT AC  72°C 2min 72C 10 min 2004
. F: GGT ATG GAT CGT TCC GAC CT - -
E. coli Mdh . Used as internal control in all 304 Omar and

:GGC AGA ATG GTAACACCAGAGT

abovementioned reactions

Barnard, 2010
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5.2.7Genomic fingerprinting of Escherichia coliby repetitive PCR

The sameE. coliisolates analysed for antimicrobial susceptibility and virulence genes were
used to conduct repetitive PCR through generation of Enterobacterial Repetitive Intergenic
Consensus (ERIGPCR fingerprints from each individual spinach production scenario. PCR
was performed using 1x DreamTaq Green PCR Master Mix (ThermoFisher Scient#ic), 80
100ng template DNA and 4uM of each primer in a total reaction volume of 25uL. The forward
and reverse primer sequences used to generate the DNA fingerprints Sw@re
ATGTAAGCTCCTGGGGATTCAG3 6 a n AAGTAAGTGACTGGGTGAGCGS 6 ,
respectively(Soni et al., 2014)The PCR conditions were: 95 °C for 4min, followed by 30
cycles of 94°C for 30s, 40°C for 1min and 72°C for 8min, with a final elongation step at 72°C
for 15min. The PCR amplicons were visualised in a 2% agarose gel and band patterns were
analysed and copared using Bionumerics 7.6 fingerprint analyst software (Applied Maths,
SaintMartenLatem, Belgium).The percent similarities of digitized bands were calculated
using the Pearsonbdés <correlation coefficient

arithmeic mean, and complete linkage alogrithms were used to derive a dendrogram.

5.2.8Statistical analysis

Data were analysed using SAS version 9.3 statistical software (SAS/STAT User's Guide 1999).
A separate analysis of variance (ANOVA) was done for eaclplgagntype to test for
significant differences between sampling points (sources) and trip (a repeated measurement
over time) was added as a suibt factor in the ANOVA. The Shapifw/ilk test was performed

on the standardised residuals to test for dewviatioom normality (Shapiro and Wilk, 1965).
Student's protectedUSD (Least significant difference) was calculated at a 5% significance

level to compare means of significant source effects (Snedecor and Cochran, 1980).
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5.3Results

5.3.1Microbiological quality analysis

The Enterobacteriaceae, coliform adcoli counts of the irrigation water, wash water and
spinach from the farm, through processing and at the retailer from Farm A, Farm B and Farm
C are shown in Figure.2, Figure5.3 and Figuré 4, respectively. The composite soil samples

of the three farms had similar mean Enterobacteriaceae and coliform counts, ranging between
3.295.22 log CFU/g and 3.05.19 log CFU/g respectively, with ri& colienumerated from

soil on any othe farms, shown iAppendixD TableD9.

Enterobacteriaceae counts in river water from Farm A ranged from3284log CFU/ml,

while the holding dam and irrigation pivot point counts ranged from-3.8& log CFU/ml and
0.003.83 log CFU/ml, respectivelyThe trip by source interaction dEnterobacteriaceae
counts from water sources on Farm A were not significantly diffepertt.0936)(Appendix

D TableD1). However, the Enterobacteriaceae levels were significantly different based on the
source of the watg(p=0.0083), with river water significantly higher than the dam reservoir
and irrigation water in Trip 1. Enterobacteriaceae counts on spinach samples from Farm A were
not significantly different (trip x sourdep=0.1627, tripi p=0.3639, sourceé p=1.1646). The

Enterobacteriaceae counts on spinach from Farm A ranged frors.820g CFU/g.
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The coliform levels of river, holding dam and irrigation pivot point water samples from Farm
A ranged from 3.38L.76 log MPN/100ml, 3.1:3.38 log MPN/100ml and 3.14.76 log
MPN/100ml, respectively. Samples collected from river water during Trip 1 exthitgeer
coliform counts than the holding dam and irrigation pivot point water samples during the same
trip (p=0.0077) AppendixD TableD1). River and irrigation pivot point water coliforms levels
were not significantly different in Trip 2, and thevels in the borehole water used during
processingveresignificantly lower than the river water leve{s=0.0077). The coliform levels

on spinach from Farm A ranged from 3:8%0 log CFU/g. Neither trips showed a significant
difference p=0.0003) in coliformlevels on unwashed spinach bunches from harvest, in the
packhouse, or subsequent retailer sam@ippéndix CTableC2). Coliform levels on spinach

at harvest, at dispatch, at receival and retailed bunches were all significantly lower during Trip
2 when ompared to Trip {p=0.0003) Appendix CTableC2). The coliform levels on spinach

after wash and spinach after pack from Trip 1 was significantly lower than during Trip 2
(p=0.0003). The Trip Ispinach coliform levels were significantly lower after waghim
comparison to the at harvest, packhouse receival and after cut spinach samples, however the
coliform levels of the readio-eat (RTE) spinach samples were not significantly different to

the harvested spinacp=0.0003).

Escherichia colilevels in river water ranged from 2.2064 log MPN/100ml, in the holding

dam water from 1.43.50 log MPN/100ml and in the irrigation pivot point water from 1.50

2.56 log MPN/100ml. ThesE. coli levels werelower than the national regulation limits

(<1000E. colV100ml) forirrigationwateflDe par t ment of Wat @WARTf f ai r s
1996] Similar to the coliform levels, during Trip 1, the river water coli levels were
significantly higher than that of the holding dam and irrigation pivot point water samples
(p=0.0257) AppendixD TableD1). During Trip 2 theE. colilevels in the irrigation pivot point

water were not significantly different to the river waier@.0257) as river water was directly
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used for irrigation AppendixD TableD1). TheE. colilevels on spinach from Farm A ranged

from 0.004.03 log CFU/g. Thé. coli (trip x source) count interactions from spinach were
significantly different p = 0.0012 (AppendixD TableD2). NoE. coliwas enumerated from
any of the spinach samples during Trip 1. HoweverEtheplilevels during Trip 2 on spinach

at receival were significantly highgg=0.0012) than spinach after pack, after cut and at harvest,
with all other samples having significantly lowercolilevels £=0.0012) AppendixD Table

D2).

The coliform levels from swab samples throughout processing on Farm A ranged frem 2.60
6.32 log CFU/crhy, with a significant difference between the tripsgurce interactions
(p=0.0021) AppendixD TableD3). In contrast to the coliform levels from the contact surface
swab samples, Enterobacteriaceae levels ranged from62.30log CFU/crfy with no
significant difference in the trip x source interactigos(.1333) AppendixD TableD3). The

E. coli levels on the contact surfaces ranged from -2.0@ log CFU/cri Similar to the
Enterobacteriaceae counts, the trip x source interactioBsaufli from contact surfaces were

not significantly different§=0.335). TheE. colicounts on per trip were significantly different

(p=0.0034) with Trip 2 having higher levels than TripApbpendixD TableD3).

The Enterobacteriaceae counts of the borehole water from Farm B were 0.00 log CFU/ml,
while the counts of theeservoir dam and irrigation pivot point water samples ranged between
0.782.46 log CFU/ml and 0.00.49 log CFU/mI, respectively. The Enterobacteriaceae levels
of the dam reservoir and irrigation pivot point water increased significantly when compared to
the borehole source watep=0.0365) Appendix D Table D4). Additionally, the trip
independently demonstrated significant differences with Trip 2 having higher
Enterobacteriaceae counts than Trip p=00058) Appendix D Table D4). The

Enterobacteriaceae counts on spinach from Farm B ranged between@h00g CFU/g
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(Figure 5.3), with a significant differencep£0.0006) in the trip X source interactions

(AppendixD TableD5).

The coliform counts of the borehole water werkmit of detection (LoD) (3VIPN/100m),

while the coliform counts from the reservoir dam and irrigation pivot point water samples
ranged between 2.6584 log MPN/100ml, and 2.35.64 log MPN/100ml, respectively
(Figure 5.3). The coliform counts were sigrgntly different (trip x source interactions
p=0.0074) AppendixD TableD4). Coliform counts on spinach from Farm B ranged between
0.006.65 log CFU/g (Figures.3), with significant differences observed (trip X source
interactionsp=0.0002). Additionally,the coliform counts on the spinach samples from the
different points throughout processing had significant differenpses@037) with significantly

higher coliform counts on spinach at retailer samples than that of the washed spinach samples

at theprocessing facilityAppendixD TableD5).

Escherichia colicounts in irrigation water from Farm B were 0.00 log MPN/100ml in the
borehole source water, while the reservoir dam and irrigation pivot poaati counts ranged

between 0.64.56 log MPN/10énl, and 0.0€0.72 log MPN/100ml, respectively (Figube3).

Similar to the Enterobacteriaceae and coliform countsEkthmli counts from water samples

were significantly differentg<0.0001) AppendixD TableD4). During the second sampling

trip, the resrvoir dam water of Farm B had unaccept&bleolilevels according o t he nati o
regul ation f rDWAF1 i .dH®WOekeb IheEvcalileeels measured during

the same trip at the irrigation pivot point imetfield was significantly lower with acceptable

levels according to the guideline8ppendix D Table D4). Escherichia colicounts of the

spinach samples from harvest up to the retailer ranged betweeR.00g CFU/g (Figure

5.3), and were not significantly differerp<0.7069) AppendixD TableD5).
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The Enterobacteriaceae levels from Farm C ranged betwee.23l1og G-U/ml and 0.00

1.71 log CFU/100ml in the borehole source and irrigation water samples, respectively (Figure
5.4). Enterobacteriaceae counts per trip were significantly lop#e.Q001) in the irrigation

pivot point water compared to the initial boreholerse water AppendixD TableD6). The
Enterobacteriaceae levels on spinach from Farm C ranged fror7.0.D0bg CFU/g (Figure

5.4), with significant differences in the trip x source interactiqgns0(0001) Appendix D
TableD7). Additionally, the Trip 1 owashed retailer spinach Enterobacteriaceae levels were
significantly higher, in comparison to the harvested, after wash, after pack and washed RTE
retailed spinach samplesp=0.0042) Appendix D Table D7). During Trip 2, the
Enterobacteriaceae levels fraomtailed RTE spinach were significantly lower than that of

harvested spinaciAppendixD TableD7).

Coliform counts in the irrigation water from Farm C ranged betweer3t4#log MPN/100ml

and 0.932.44 log MPN/100ml in the borehole source and irr@yapivot point water samples,
respectively (Figuré.4). Although the trip x source water coliform count interactions on Farm
C were not significantly differentp€0.0804), the coliform levels from samples from the
sources had a significant differenge<@.0001) with counts from the irrigation pivot point
water significantly lower than that of the source water in the dsppgndixD Table D6).
Additionally, coliform count interactions between the two trips were significantly different
(p=0.0166) Appendix D Table D6), with higher levels in Trip 1. The coliform counts on
spinach from Farm C ranged between 17021 log CFU/g (Figur®.4) and had significant
differences 1§<0.0001) Appendix D Table DY. Similar to the Enterobacteriaceae levels, the
Trip 1 unwashed retailer spinach coliform levels were significantly higher, in comparison to
the harvested, after wash, after pack and washed RTE retailed spinach sarp@306)

(AppendixD TableD7). Additionally, the Trip 2 washed RTE retailer spinaemples had
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significantly higher coliform levels than that of the harvested, packhouse receival, after wash,

and after pack samples=0.0006) AppendixD TableD7).

On Farm CE. coliwas enumerated in low levels during Trip 1 from the source dam water
(borehole) only, with counts ranging between 60081 log MPN/100ml. Th&. colifrom the
water samples were significantly differept0.0014) (Supplementary Table S6), with water
from the source dam being significantly higher during Trige4cherichia oli counts on
spinach from Farm C ranged between 000 log CFU/g (Figur®&.4), with no significant
difference p=0.6166) inE. colilevels on spinach from harvest up to retAppendixD Table

D7).

In the second production scenario, svgamples were taken from the cutting surfaces of the
packhouse on Farm C acdliform levelsranged between 0.8093 log CFU/cra Between

the two trips, coliform levels were significantly differept0.045), with Trip 1 having higher
coliform counts AppendixD TableD8). NoE. coliwas enumerated from the contact surfaces.
Similar to the coliform levels, the Enterobacteriaceae levels from the cutting surface swab

samples differed significantlyp£0.0333) between the two trip&gpendixD TableD8).

5.3.2Detection of faodborne pathogens

Overall, 65/288 samples (22.57%) contaiectoli after enrichmentA higher number oE.

coli isolates were recovered from the second production scenario after enrichment, yet the
enumeratecE. coli levels was higher from the first praction scenarioEscherichia coli
isolates (n=80) were recovered from the two spinach production scenarios. This included 35
isolates from the first production scenario from soil (n=1), water (n=13), fresh produce (n=14),
and contact surfaces (n=7), whilse 45E. coliisolates recovered from the second production
scenario were from water (n=29) and fresh produce (n=16). Onl{ oo@li isolate from the

holding dam water in the first production scenario, was positive fostit®virulence gene,
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whilst none of the other diarrheagenic virulence genes tested for were detalimdnella

spp. isolates (n=11) were recovered from two river, one holding dam and one irrigation water
samples from the first production scenario. Nsteria spp. were isolated frorany of the

samples.

5.3.4Phenotypic antimicrobial resistance profiling of Escherichia coli isolates

Of the 80E. coliisolates recovered, 95.00% were resistant against at least one antibiotic. This
included resistance to aminoglycosides (73.42%), cephalosporins (50.62%), penicillins
(44.30%), tetracyline (37.98%), sulfonamides (21.52%), chloramphenicol (15.19%) and
carbgenems (5.06%). Overall, a greater percentage of resistance phenotypes were from water
E. coliisolates (52.50%), followed by isolates from spinach (37.50%) and contact surfaces
(10.00 %) (Figuré.5 and Figurés.6) In total, 35/80 (43.75%) of the isolatesre multidrug
resistant; 26.30% from production scenario one, and 17.50% from the second production
scenario, where borehole water was used for irrigation (EaBJeThe multidrug resistaif.

coli isolates predominantly showed, within tbeactam grap, resistance to penicillins
(66.3%), followed by % generation cephalosporins (61.3%) and carbapenems (11.3%).
Multidrug resistant phenotypes predominantly included resistance profildslaatams
combi ned wi t h ami n o g |-lgcarass condbieed ,with ftetrdcyclnese d by

sulfonomides, and chloramphenicol, respectively (Taldg
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Figure 5.5: Dendrogram showing the genetic relatednedssgherichia colisolates from irrigation wat
sources (river, holding dam, and irrigation pivot point), soil, spinach (at harvest, throughout proce:

at retail) and contact surfaces throughout spinach production.
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Table 5.3: Summary of the number of antimicrobials, most frequent resistance patterns, number, and type of antibiotic classegt@mdich
Escherichia colisolates from different spinach production scenarios were resistant

No of isolates per No of
No of : ) No of L
o : production scenario . antibiotic
antimicrobials  No of isolates
; . . classes to Lo
to which isolates broduction  Production with Most frequent pattern® which Antibiotic class(es)
|solat_es were  (N=79) ' ool scenario 2 SPecific isolates were
resistant pattern .
resistant
0 4 1 3 4
11 6 17 NE10C 1 Aminoglycosides
1 22 1 3 4 CPM30C 1 Cephalosporins
1 1 Al0C 1 Penicillins
2 2 GM10C- NE10C 1 Aminoglycosides
3 3 T30C- NE10C 2 Tetracyclines, Aminoglycosides
1 1 NE10C- C30C 2 Aminoglycosides, Chloramphenicol
2 10 1 1 FOX30C- NE10C 2 Cephalosporins, Aminoglycosides
1 1 CPM30C- T30C 2 Cephalosporins, Tetracyclines
1 1 A10C- CPM30C 2 Penicillins, Cephalosporins
1 1 TS25C- T30C 2 Sulfonomides, Tetracyclines
1 1 FOX30C- GM10C- NE10C 2 Cephalosporins, Aminoglycosides
1 1 CPM30C- GM10C- NE10C 2 Cephalosporins, Aminoglycosides
3 5 1 1 GM10C- T30C- NE10C 2 Aminoglycosides, Tetracyclines
1 1 AP10C- A10C- CPM30C 2 Penicillins, Cephalosporins
1 1 CPM30C- T30C- NE10C 3 Cephalosporins, Tetracyclines, Aminoglycosides
2 2 FOX30C- CPM30C- GM10C- NE10C 2 Cephalosporins, Aminoglycosides
1 1 AP10C- AUG30C- A10C- CPM30C 2 Penicillins, Cephalosporins
1 1 AP10C- A10C- GM10C- C30C 3 Penicillins, Aminoglycosides, Chloramphenicol
4 8 1 1 AUG30C- A10C- CPM30C- NE10C 3 Penicillins, Cephalosporins, Aminoglycosides
1 1 AP10C- A10C- FOX30C- CPM30C 2 Penicillins, Cephalosporins
1 1 AP10C- A10C- CPM30C- TS25C 3 Penicillins, Cephalosporins, Sulfonomides
1 1 AP10C- CPM30C- TS25C- NE10C 4 Penicillins, Cephalosporins, Sulfonomides, Aminoglycosides
1 1 AP10C- AUG30C- A10C - FOX30C- CPM30C 2 Penicillins, Cephalosporins
2 2 AP10C- AUG30C- A10C - CPM30C- NE10C 3 Penicillins, Cephalosporins, Aminoglycosides
1 1 AP10C- A10C - CPM30C- GM10C- NE10C 3 Penicillins, Cephalosporins, Aminoglycosides
1 1 FOX30C- CPM30C- IMI10C - GM10C- NE10C 3 Cephalosporins, Carbapenems, Aminoglycosides
1 1 AP10C- A10C - FOX30C- CPM30C- T30C 3 Penicillins, Cephalosporins, Tetracyclines
5 11 1 1 AP10C- A10C- CPM30C- T30C- NE10C 4 Penicillins,Cephalosporins, Tetracyclines, Aminoglycosides
1 1 AP10C- A10C- CPM30C- T30C- C30C 4 Penicillins, Cephalosporins, Tetracyclines, Chloramphenicol
1 1 AP10C- A10C- FOX30C- T30C- NE10C 4 Penicillins, Cephalosporin$etracyclines, Aminoglycosides
1 1 CPM30C- IMI10C - GM10C- T30C- NE10C 4 Cephalosporins, Carbapenems, Aminoglycosides, Tetracyclines
1 Cephalosporins, Sulfonomides, Tetracyclif@sinoglycosides,
1 CPM30C- TS25C- T30C- NE10C- C30C 5 Chloramphenicol
6 7 1 1 AP10C- AUG30C- A10C- GM10C- T30C- NE10C 3 Penicillins, Aminoglycosides, Tetracyclines
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Penicillins, Cephalosporins, Tetracyclindsninoglycosides
Penicillins, Sulfonamides, Tetracyclines, Chloramphenicol

Penicillins, Cephalosporins, Sulfonomid@sninoglycosides
Penicillins, Sulfonamides, Carbapenems, Tetracyclines,
Aminoglycosides

AP10C- AUG30C- A10C - FOX30C- CPM30C-
T30C- NE10C
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Aminoglycosides

Penicillins, Cephalosporins, Sulfonamides, Aminoglycosides,
Tetracyclines

Penicillins, Cephalosporins, Sulfonamides, Tetracyclines,
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AP10C- AUG30C- A10C - FOX30C- CPM30C-
TS25C- GM10C- NE10C

Penicillins, Cephalosporins, Sulfonamides, Aminoglycosides

AP10C- AUG30C- A10C - CPM30C- TS25C-
GM10C- T30C- NE10C- C30C
AP10C- AUG30C- A10C - CPM30C- TS25C-
IMI10C - T30C- NE10C- C30C

Penicillins, Cephalosporins, Sulfonamides, Aminoglycosides,
Tetracyclines, Chloramphenicol

Penicillins,Cephalosporins, Sulfonamides, Carbapenems, Tetracycli
Aminoglycosides, Chloramphenicol
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5.3.5Enterobacterial Repetitive Intergenic Consensu$ERIC)T PCR cluster analysis and

antimicrobial resistance profiles ofEscherichia coliisolates

At a 70% similarity cuboff, cluster analysis of ERKPCR DNA fingerprints generated 7
distinct E. coli profiles for the 35 isolates from the first production scenario (Figure®.A

The largest cluster (Cluster A) includgédcoliisolates (n=24) from ®ater, soil, spinach from

farm to retail, as well as contact surfaces through processing. Several water and contact surface
samples, as well as spinach at different points throughout production and irrigation water
samples clustered together in cluster Avi O094. 0% similarity val ue
isolates from spinach at different points in the packhouse and irrigation water with similarity
values of 78.0%. Similarly, cluster C includedEarcoliisolate from spinach after cut that was
72.0% similarto a river water isolate. Cluster D was composed of Bwooli isolates from

spinach (at harvest and at retail) at similarity values >90.0%, whilst in cluster E. toai

isolates from the river and holding dam water clustered together at 75.0%isimiarster G
consisted of a singlE. coliisolate from the floor swab samples. Thecoli ERIC-PCR DNA
fingerprints in the second production scenario generated 12 distinct clusters. This included
seven clusters in the supply chain from the first seppkarm B (Figuré.6 A-G) and five

clusters in the supply chain from the second supplier, Farm C (FdgukeL). Cluster E was
composed of threkE. coliisolates from the irrigation pivot point and spinach at retailer, with
86.0% similarity values. Ioluster F, severdt. coliisolates from the water reservoir, spinach

at receival in the packhouse as well as washed and unwashed retail spinach clustered together
at similarity values ranging from 7398.0%. In cluster I, thre. coliisolates from thevashed

and unwashed spinach product lines at the retailer clustered together with 92.0% similarity.
Clusters K consisted of nirte. coliisolates, including three spinach at receival isolates and
one holding dam isolate with 94.0% similarity. Furtherm@&egoli isolates from spinach at

harvest, holding dam (source water) and the unwashed spinach at retailer had 98.0% similarity.
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The five isolates in cluster L included thieecoliisolates from spinach at harvest, and holding

dam (source) water with 9@&similarity.

5.4 Discussion

To the authors knowl edge,t hiehiisaplpl yhehthi nstha
studied fdoddeiregtomr r iagnddthieo m rvwasteenrc es odr amud t
foodborne pathogens ani gghuearl inteya ni ntdo tcaakt eocro loir
foundi veer water thamnnpiséewitddasliommgeeapno raned Ko
2016)Additionally, total coliforms were det e
contrast to Jongman and Kor st enn (s2i0nii6l)a rwhseorue
As water is central in fresh produce production and processing, and applied in large volumes,

it is crucial that the microbiological quality is acceptaia© and WHO, 2019Makinde et

al., 2020). Inconsistencies of irrigation water m@squality may impact on the safety of the
produceWhen spinach was irrigated dir eacstn yt wist h
st ud.y wafdoountdhe ni rrigation water, spinach, <cor
t hr oughuopuptl yt hcehasi n. ThE. alvewdalgse (r4A.08)y mwant @R N
similar to the results reported for river w
produced | eafy greens in a previous study
(Jongman and. Kot st ha@isgdt enumer atteedr f r on
used to irrigate pr oduc(eMdInu lKiwaeZtuA eut dNrad Pafl @ 3 )Se
S ADepartment of Water Affairs and Forestry (DWAFU i del i n&s a0 b0 O
irrigat(iDDWAFwa tleédrde) rkE.velcewealtserin the current
been satisfactory. Thi s i S al so in agreeme
recommendati on of <1000i rCFiUr rfiagatail orc owa tf emr ms
processed {wWel®h .gOoHEAWeaewer, EhekevVvels ewateede

Canadian st and arofl<sl@ E.acolid@ pnt farldrtigationl wateriused for
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produce to be consumed raw (Canadian Council of Ministers of the Environment [CCME],
2003) Wher e borehole water was uB.edlceéevVoerl si rfrriognat
first supplier farm (Farm B) met the current

E. £bd0Q DriwA F, 1996 ;.EsWHOe rcipdd®iéad | s i n the hol di

did not meet this requirement, reiterating
gual ity of irrBE.gacteelde |psr oidnuctehe Tshceur ce wat er
farm in productione ptcemlag i @ac d ovrodiwags tao t he
( DWAF, als9ae)l | as the Canadi(ahCMHE,a.n2d0alr3d)s 6 acc

Internationally, guidelines and regulations for agricultural water quality vary by country/region
with different acceptablE. colilimits stipulated based on the risk of types of agricultural water
systems and specific uses within production and progeanach and Van Der Felderx,

2020 FAO and WHO, 201p The wash water during processing from the current study had
acceptableée. colilevels according to the Australia and New Zealand Fresh Produce Safety
Centresodo ¢uolidg®d CF/misn poafash water to remove soil and debris and

E. coli<l CRJ/100ml in water for the final wash step of produce that may be eaten uncooked

[Fresh Produce Safety Centre Australia & New Zea(&RS5C ANZ), 2019.

The microbiological characteristics of raw f
properties reradedet a osFaataup tnrgebeeh | pFRG anda | . 2
WHO, 2019;Sc huh 8 0 2 Oajernationally, no consensus exists regarding the
microbiological standards that apply to RTE/ minimally processed vegetables (Health
Protection Agency, 2009; [Food Safety Authority of Ireland (FSAI), 2016]; FPSXZA

2019). A number of counts do suggest exclusion of coliform counts, as high levels are
expected due to the natural occurrelfew South Wales Food Authority, 2007; Health

Canada, 2010; Centre for Food Safety [CEZB[L4) In SA, the Department of Health (DoH)

guidelines stipulated that coliform levels of < 2.3 log CFU/g was acceptable on fresh vegetables
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(DoH, 2000), however, these guidelines are currently under revi§lohiforms were
enumerated from 98% ofdtspinach sampléesn t he current study with

l og CFU/ g, similar to other South African st
on retailed | e@duy Ptpesesaill sy e dtlarhl. eR&Gcbbat |l gt ¢
colilfeowaln s i n retailed | edfCe-Cpracteenss ehta vad .a | s2c
et al ., 2016 ;. Manf fcedn terta sdl. . t\wa3at0hbeh ) cyo | e nf uommenrsa, t
8. 33% of the spinach sampl es accdptahiés colildes. 6 % o f

according to the previous DdH coliguidelines of zero CFAd (DoH, 2000)

The natural occurrence of Enterobacteriaceae on spinach at various stages of production and
processing, regardless of the source of irrigation water, were expected. In the current study,
Enterobacteriaceae levels on packed, washed retail spinach sampgtss batween 3.56 and

6.52 log CFU/g and on unwashed retail spinach samples between 3.92 and 6.78 log CFU/g.
Similar Enterobacteriaceae levels were reported on minimally processed and unprocessed
vegetables in Italy, suggesting that the microbial floralEmprimarily attributed to a natural
environmental sourcéCardamone et al., 2015However, higher Enterobacteriaceae loads
could also represent higher loads of potential pathogens suthcat and Salmonellaspp.

and opportunistic pathogens includiidebsiella pneumoniaeand Enterobacter species

(Kilonzo-Nthenge et al., 2018)

After enrichment, generiE. coliwas isolated from 40.30% and 14.60% of water and spinach
samples, respectively. This was lower than the 84.80% and 38.30% denaigrevalence

in irrigation water and lettuce samples previously reported in BfBatol et al., 2017)
Similar toDu Plessit al. (2015pandDecol et al. (2017)more irrigation water samples in the
current study were contaminated wih coli than fresh produceamples. Additionally, only

one watekE. coliisolate was positive for th&x2virulence gene. This corresponds to previous
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South African studies where a low incidence of virulence genEs éoli from retailed fresh

produce were seddongman and Korsten, 2016k Plessi®t al., 2017; Richter et al., 2021)

Knowl edge of t he antimicrobial resi seance
pat hogenic bacteria found throughout fresh g
to reduce the number of treatment {(&ilmureeés i
al . ,. 210l 9t)hi B. sicmddliygt &5 %wver e resi st adB8.75%t o at
multidrugEscheirscd8mthacesi from both i1rrigatio
current study were resistankti he dnugbisoéatcme
for gastrointestinal i nfections( Altenazaicyet i
2018; Kim.etMoale. ,an20Hb9 )act®ibd arteessi sweamet det ect e
water (52.5%) than from spinach (37.5%) in =
resikBtaonéebl ates reported in irrigation wate
(2018). The highest Eesktcobaatesi hromritgeticart

against aminoglycosides (35. 0%),péemilcliolwWweidn sb"

and tetracycline (15.0%). I n contrastE. Vital
coilsol ates from irrigation water in the Phil]|
(34%) .

The BERIRC profiheghsbowedarity values (>90.0
spimBEachcebl ates at di fferent points of produ
respective supply chains. Previous studies |
entbacteria onto produce V(ilg aibrardiegdaityiPd ne 2vdiilt2h
et al. ,FQMO 1By a”mes xilshi ga0tdgdhtleidnk bet ween ir
guality and microbi ol adgincgara ng vaanldi tkydhrasiteetnna( o2n
Il i nk IEet wewebri ates from different | eafy green
water. Il ntereagnahgsiys wiuBite each spinach s
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(regardless of the water source and overall
showed 1irriEgatcieddd awvatserc|l ustk.r i hgbn owad hed an
unwasshpeidnach sampl es at retail at similarit
contamination that occurs on the farm can i
regardl ess of processing steps (Wbweld ohtreng
pr o d u Gheiimpartance of irrigation water as contamination source of vegetables, in
accordance to previous stud{&si Plessi%t al., 2015; Jongman and Korsten, 2016b; Deto

al., 2017)is further reiterated.

5.5 Conclusion

The microbiological quality (Enterobacteriaceae, coliforms &stherichia col and
prevalence of foodborne pathoges ¢oli, Salmonellaspp. andListeria monocytogengs
including phenotypic (antibiotic resistance) and genotypic (diarrheagenic gene screening and
repetitive PCR) characterisati@f isolatedE. coli in two commercial spinach production
systems on farm, through processing and up to retail was deteriioedantibiotic resistant

E. coli isolateswere detected from irrigation water than from spinaahd isolates from
irrigation water and spinach at different points of production, processing or retail in each of the
respective supply chains hdmigh similariy values. The results from this study provide
valuable background information regarding the presence of multidrug resistant environmental
E. coli throughout spinach production from farm, during processing and up to retail. As
antimicrobial resistance is a worldwide public health concern, surveillance of environmental
bacteria as possible reservoirs in the watantfood interface becomes importan
Furthermore, the necessity of using clean and safe irrigation water was highlighted with the
need for standardised riddased microbiological safety parameters for irrigation water of RTE
fresh vegetablesThis follows asa link betweert. coli from irrigation water and spinach at

different points of the respective production systems were sh&wture work should focus
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on determining the presence of ESBL/Amp@ducing Enterobacteriaceae in complete
spinach supply chains from farm, through processimyup to retail and to characterise the

isolated strains phenotypically and genotypicallyis will be addressed in Chapter 6
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288 Samples

Characterisation of Extended-Spectrum and AmpC B-Lactamase-producing Enterobacteriaceae

14.58 % (42/288) samples were
" contaminated with ESBﬂ in
L~ Enterobacteri
?"-"..rf‘.w ° 7~
S

* ESBL-prodocing Enterobacteriaceae isolated from
15.28 % (11/72) water
12.12 % (16/132) harvested- and processed spinach
25% (15/60) retail spinach samples

. . Presence of ESBL-producing
* Dominant species: Enterobacteriaceae in selected fresh produce
Serratia fonticola (45.86 %) supply chains- persistence of resistance genes
Escherichia coli (20.83 %) on fresh produce throughout processing in
Klebsiella pneumoniae (18.75 %) different production systems.

= 43 (81.36 %) isolates phenotypically confirmed as ESBL/AmpC-producing
Enterobacteriaceae.

* 93 % multidrug resistant.

= CTX-M Group 1 ESBL type dominant, followed by TEM and SHV.

First re ﬂ

Results highlights the neccesity of surveillance of port on the
antimicrobial resistance in different environmental settings prevalence of
ESEL/AmpC-producing

Enterobacteriaceae

Richier, L, du Plessis, E M., Duvenage, 5., and Korsten, L {20:20). Doourren oe, Phenatypic and

Maleoular Characterization of Extended -Spectrum- and AmpC- B-Lactamase Praducing isolated thrwghWt
Enterobacteriascens isalated From Sebected Commescial Spnach Supply Chans in South africa. cﬂmplete commercial
Frant. Micrabiol 11, 1=10.doc10.3309,fmach 2020006340 : :
- ra spinach production
IKIVERGITEIT VAN PRETORIA systems
Plant to Food ‘ UNIVERSITY OF PRETORIA Y
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Occurrence, phenotypic and molecular characterization of
extendedspectrum- and ampc b-lactamase producing enterobacteriaceae isolated from

selected commercial spinach supply chains iBouth Africa®

Abstract

The increasing occurrence of multidrtggistant extendespectrumb-lactamase (ESBL)
and/ or -Factgm@seprducing Enterobacteriaceae in health care systems, the
environment and fresh produce is a serious concern globally. Production practicessipgoce
and subsequenbosumption of contaminated rawuit and vegetables represent a possible
human transmission routdhe purpose of thighapterwas to determine the presence of
ESBL/AmpGproducing Enterobacteriaceae in complete spinach supply chanhstoa
characterise the isolated strains phenotypically (antimicrobial resistance profiles) and
genotypically (ESBL/AmpC genetic determinants, detection of class 1, 2, and 3 integrons).
Water, soil, fresh produce and contact surface samples (n=288) froootvoercial spinach
production systems were screened for ESBL/Ammp@&lucing Enterobacteriaceae. In total,
14.58 % (42/288) of the samples were found to be contaminated after selective enrichment,
plating onto chromogenic media and matssisted laser derption ionization timef-flight

mass spectrometry identity confirmation of presumptive ESBL/AmpC isolates. This included
15.28 % (11/72) water and 12.12 % (16/132) harvested processed spinach, while 25 %
(15/60) retail spinach samples were foundb® contaminated with an increase in isolate
abundance and diversity in both scenaribeminant species identified includeferratia
fonticola(45.86 %) Escherichia col{(20.83 %), andlebsiella pneumonia@ 8.75 %). In total,

48 (81.36 %) isolates werghenotypically confirmed as ESBL/Amp&oducing

Enterobacteriaceae of which 98 % showed a multidesgtant phenotype. Genotypic

6 Publishedas Richter, L.,du PlessisE. M., Duvenage, S., and Korsten(2020).Occurrence, Phenotypic

and Molecular Characterization of Extend®gectrurn and AmpG b-Lactamase Producing Enterobacteriaceae
Isolated From Selected Commercial Spinach Supply Chains in South Afracg. Microbiol. 11, T 10.
doi:10.3389/fmicbh.2020.00&3
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characterisation (PCR of ESBL/AmpC resistance genes and integrons) further revealed the
domination of the CTXM Group 1 ESBLtype, followed by TEM and SHV; whilst the GIT

type was the only plasmichediated AmpC genetic determinant detected. Integrons were
detected in 79.17 % (n=38) of the confirmed ESBL/AmpGducing isolates, of which we
highlight the high prevalence of cla3sntegrons, detected in 72.92 % (n=35) of the isolates,
mostly inS. fonticola Class 2 integrons were not detected in this study. This is the first report
on the prevalence of ESBL/Amp@oducing Enterobacteriaceae isolated throughout
commercial spinacproduction systems harbouring class 1 and/or class 3 integrons in Gauteng
Province, South Africalhe results add to the global knowledge base regarding the prevalence
and characteristics of ESBL/Amp@oducing Enterobacteriaceae in fresh vegetableshand t

agricultural environment required for future risk analysis.

6.1 Introduction

The prevalence of multidrugesistant (MDR) human pathogenic bacteria and their genetic
determinants have increased significantly in clinical and environmental settings due to the
overuse of antibioticElonesDias et al, 2016) Subsequently, treatment options for infections
become limited, especially when these MDR pathogens harbour genes expressing resistance to
extended spectrum antibioti¢reitag et al.,, 2018) P r o d u ddactantases, mdludirfy
extendeespectrum a nd A mlpc@mages is one of the most significant resistance
mechanisms among Enterobacteriagéstholm, 2014)Enterobacteriaceae is a large family

of Gramnegative bacteria present in water, soil and plants, including fresh vegetables where
they form part of the indigenous microbiota (Blaak et al., 20Ihg family also icludes
important foodborne pathogens such as pathodgesaberichia coliand Salmonellaspp., as

well as opportunistic pathogens includiktebsiella pneumonigeSerratia and Citrobacte

spp.(Baylis et al., 2011)
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Extendeds pect-t amt @dmas e ( E S BlacjamaaenethzynfesngreC capfable of

i nact i vat i-laccam anéb@otics, giffeant dnly i their capacity to hydrolyze fourth
generation cephalosporins (Blaak et al., 2014). The ESBLs are classiftedbéer class A
enzymes and include TEMSHV-, OXA-, and CTXM enzymegBush and Jacoby, 2010Qh

the 1980s resiance to thirdgeneration cephalosporins were mainly due to the production of
TEM and SHV enzymedush and Jacoby(020) However, since the early 2000s, production

of CTX-M enzymes have predominantly been repofdsh and Jacoby, 2010; Ye et al.,
2017a) A mpaCtanfases, classified as Ambler class C enzymes, contrast class A enzymes
in being active against cephamycins (e.g. cefoxitin) and resistant to inhibition by clavulanic
acid (Bush and Jacoby, 201®lasmidme di at e d A mp-l&ctaihgses imghodg)to skx

families including EBC, CIT, ACC, DHA, FOX and MO@ush and Jacoby, 2010)

Fresh produce have increasingly been reported to constitute a reservoir of ESBE/AmpC
producing Enterobacteriaceae and their associatedigdeterminant¢Blaak et al., 2014; Ye

et al, 2017; Freitaget al, 2018; Iseppet al, 2018) Bacteria can readily acquire genes for
producti on o-4actdn8sBd, withmobile gebetic elements (e.g. integrons) aiding
the dissemination proceéSchill et al., 2017)Three classes of integrons, classified based on
the more conserved amino acid sequences of the integrase Igéheate known to be
associated with antimicrobial resistance géMechado et al 2005; Kargar, et al., 2014; Deng

et al, 2015)

Transfer of MDR ESBL/Ampé&producingEnterobacteriaceaento fresh produce can occur
through the use of contaminated irrigation water or during production via animal manure,
during processing, transport and at the pofrsale (van Hoeket al, 2015) In fact,

contaminated irrigation water has been identified as a main contribfitantimicrobial
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resistance build up in environmental settings (Soodb et al., 2018). Consumption of
contaminated raw vegetables can therefore potentially have a negative impact on human health,
as antimicrobial resistance genes can be transferred to emalrEcteria which typically
colonize the human g(¥e et al., 2017a)in addition, the WHas reported that leafy greens

in particular represent a higher risk for the consuMénO, 2008)

The presence of ESBL/Ampfroducing Enterobacteriaceae on leafy green vegetables at the
point of sale hae been reported worldwid&im et al., 2015; Nuesenderbinen et al., 2015;

Usui et al., 2019; Zurfluh et al., 2018)ther studies have evaluated the presence of ESBL
producing Enterobacteriaceae in samples from both retail vegetables and the agricultural
environment in TunisigBen Said et al., 2015 hina(Ye et al., 2017aand the Netherlands
(Blaak et al., 2014) I n Sout h Africa, transf dactanmde e xt e
genetic determinants betweentiarcrobial resistankE. coli strains from irrigation water to
lettuce were reporte@Njage and Buys, 2014yvhile a recent study reported a high prevalence

of ESBL/AmpGproducing Enterobacteriaceae on spinach samples at (Rieliter et al.,

2019) However, no studies have investigated the spread of ESBL/Aympdiicing
Enterobacteriaceae and prevalence of integrons that potentially aid in dispersatef th
resistance genes throughout the fresh produce supply chains. This include the on farm
environment, harvesting, processing and packaging, up to the point of sale. This study aimed
to determine the presence of ESBL/Ampfducing Enterobacteriaceae inpital
commercial spinach production systems from the farm to retail, and to characterise the isolated
strains by (i) phenotypic antimicrobial resistance profiles, (ii) identification of ESBL/AmpC

genetic determinants, and (iii) detection of Class 1,2 antegrons.
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6.2 Materials and M ethods

6.2.1Sampling study areas

Samples were collected from two different commercial spinach production scenarios typically
seen in vegetables supply chains in Gauteng Province, SA from June to November 2017. The
first scenario consisted of a GLOBARAP certified farm (Farm A) that useder water with
overhead irrigation and open field cultivation. Depending on the field layout, river water was
either used directly or used after storing in a holding dam. The processing facility was located
on the farm where spinach was either washadddcut, packed or made up in bunches and
sent to national fresh produce markets, retailers and/or-déttrbution centres. The second
spinach production scenario used a central processing facility and received produce from
various farms. Two GLOBAIGAP certified farms (Farm B and Farm C, located 112 km and
105 km, respectively, from the processing facility) were selected for sampling of baby spinach.
Both farms used borehole water for irrigation and produce were grown in tunnels. On Farm B,
borehole vater was circulated between two holding dams, while one big holding dam was used

on Farm C.

6.2.2Sample collection and processing

A total number of 288 samples were collected throughout the supply chains from the two
spinach production scenario8ppendx E Figure E). This included soil at harvest (n=6
composite samples); water samples at the source, irrigation point and during processing (n=72);
spinach samples at harvest, during processing and at retail (n=192); and contact surface swab

samples througput production and processing of the fresh produce (n=18).

Soil. Soil was collected from five replicate points during harvest from the spinach production

fields. A composite sample of 25g (5g from each replicate) were added to 225ml buffered
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peptone wate(BPW) and incubated for-8 h at 37 °C prior to enrichment for detection and

isolation of presumptive ESBL/Ampfroducing Enterobacteriaceae.

Water. From each water sampling point (souregigation pivot point and wash water), 1 L

water samples were collected in triplicate and each sample filtered through a 0.45 pm
nitrocellulose membrane (Sartorius, Johannesburg, SA). The membrane was subsequently
placed into 50 ml BPW and incubated fed 3 at 37 °C prior to enrichment for presumptive

ESBL/AmpGproducing Enterobacteriaceae.

Fresh produce.After removal of the spinach stalks,l@ast three leaves wensed to prepare

50 g composite samples. For the baby spinach, 50 g composite samples were obtained. Each
sample was aseptically cut apthced into a sterile polyethylene strainer stomacher bag
(Seward Ltd., London, UKcontaining 200 ml (3M, Johannesburg) BPW in a 1:4 weight to
volume ratio. Individual vegetable samples were blended for 5 min at 230 rpm in a Stomacher
400 circulator padél blender (Seward Ltd., London) and incubated fdri8at 37 °C prior to

enrichment for presumptive ESBL/Ampg&oducing Enterobacteriaceae.

Contact surfaces Transystem swabs with Amies medium (Lasec, Johannesburg) were used
to sample a 25charea froncrates, tables and conveyer belt surfaces respectively, in triplicate,
according to the standard procedures for environmental swab sampling (Public Health England,
2014). Swabs were analysed by placing each into 9 ml BPW for4heeéhrichment at 37 °C

prior to enrichment for presumptive ESBL/AmyggZoducing Enterobacteriaceae.

6.2.3Isolation and identification of presumptive ESBL/AmpC-producing
Enterobacteriaceae

Presumptive ESBL/Amp@roducing Enterobacteriaceae were isolated and identified as
previously described (Richter et,&019). Briefly, each of the prepared BR3&mples were

incubated for 3 h at 37 °C after which 1 ml was added to Emierobacteriaceanrichment
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(EE) broth (Oxoid, Johannesburg) and incubated overnight at°Gi0 Presumptive
ESBL/AmMpGpr oduci ng microorgani sms were detecte
enriched samples onto ChromID ESBL agar plates (bioMérieux, Midrand, SA) and incubated
overnight at 30 °C (Blaalkt al, 2014). All presumptive positive ESBL/Amp@oducing
Enterobacteriaceamlonies were isolated and purified. Isolates were identified using matrix
assisted laser desorption ionisation tiafdlight mass spectrometry (MALBITOF) (Bruker,
Bremen, Germany) to species level as described by Stamdiat (2013) andAOAC-
OMA#2017.09. Briefly, the purified presumptive positive ESBL/Amp@ducing
Enterobacteriaceaenlonies were regrown in 9 ml TSB and incubated overnight at 37 °C.
Subsequently, isolates were streaked outotrient agarfMERCK) and the plates were
incubated overnight at 37 °C andlonies formed on the plates watgbjected to the MALDI
Biotyper protocol (Bruker, Bremen, Germany). All strains were tested in duplisapeiidix

E Table E). The best organism match scoreues ranging between 2.3@000 were
considered reliable for identification at the species level, whilst the best organism match score
values ranging between 2.6R.299 were considered reliable for genus level, with probable
species identification, and s between 1.700.999 were considered as probable genus

identification.

6.2.4Antimicrobial susceptibility testing

Antimicrobial susceptibility was tested using the Kirby Bauer disk diffusion technique
[Clinical Laboratory Standard Institute (COSR018]. All isolates were screened for ESBL
production by the doubldisk synergy test (DDST) using cefotaxhBed € g , c¥ftazid
€4g, and ckEOpedoxiathene or in combldnagi ¢ Ma wt
Diagnostics, Randburg, SA) [Europe@ommittee on Antimicrobial Susceptibility Testing

(EUCAST), 2013]. To determine if isolates were resistant, intermediate or susceptible, zone
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diameters were measured and compared to the CLSI and EURrA&Kpointriteria. Isolates

showing resistance to foxitin and cefotaxime or ceftazidime were regarded as a phenotypic
indicator of AmpC production (EUCAST, 2013). The cefepime ESBL disc set (Cef&fime

€9, c ecfawlpnicrme@d3 0 -y ¢ g) and the AmpC detecti ol
Randburg) wereised to confirm ESBL and AmpC production, respectively (EUCAST, 2013;

CLSI, 2018).Resistance or susceptibility of isolates were also tested using amgicllin € g ,
augmentii 0 € g/ 10 e¢d,0 amoxicoidlrRbBwg/a2zdl €51 0 gg,g,i mi
neomycinl 0 €g, t-2@ r agyclgriet amycicnh I-b0 a mmh e(nMacsotl
Diagnostics) (CLSI, 2018)lsolates resistant to three or more antimicrobial classes were
regarded MDR. According t K prelmoniaddQCwy00608,t ur er s
E. coliNCTC 13351, andenterobacter cloaca®lCTC 1406 were used as positive controls

andE. ATCC 25922 were included as a negative control (Mast Diagnostics).

6.25Det e ct iaotamase yends and integrons

All confirmed ESBL/AmpGproducing isolates were analysed by PCR and sequencing for the
presence of ESBL determinantslgTEM, blaSHV, blaCTX-M, blaOXA) and plasmid
mediated AmpC (pAmpC) resistance genasaACC, blaFOX, blaMOX, blaDHA, blaCIT,
blaEBC) as well as class, 2, and 3 integrondrtl1, Intl2, Intl3). Single colonies of each
isolate were cultured aerobically under shaking conditions at 200 rpm in tryptone soy broth
(TSB) (MERCK, Johannesburg) for 24 h at 30 °C. The cells were pelleted by centrifugation
(12,5009 for 10 min), DNA was extracted using the QuRNA Mini-Prep kit (Zymo
Research, Irvine, USA) and the DNA concentration was determined using the Qubit dsDNA
Broad Range Assay and a Qubit 2.0 fluorometer (Life Technologies, Johannesburg). PCR was
perfomed using the DreamTaq Green PCR Master Mix (ThermoFisher Scientific,

Johannesburg) with specific primers and thermocycling conditions for each of the genes as
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described in Tablé.1. PCR products were sequenced using BigDye Terminator v3.1 cycle
sequencing on an ABI 3500XL sequencer in forward and reverse direction (InquabaBiotec,
Johannesburg). The sequences were edited with Chromas 2.6 and BioEdit sequence alignment
editor software and consensus sequences were subjected to BLAST nucleotidarsagsis

to identify the antimicrobial resistance genes.

6.3 Results

6.3.1 Isolation and identification of presumptive ESBL/AmpGCproducing
Enterobacteriaceae isolates

Presumptive ESBL/Amp@roducing Enterobacteriaceae (n=59) from tlselective
chromogenic mediabelonged to six genera includingscherichia Klebsiellg Serratiag
Rahnella SalmonellaandEnterobactey with MALDI-TOF analysisAppendix DTableD1).

All presumptive ESBL/Amp&roducing Enterobacteriaceae from the selective chromogenic
media had best organism match score values >1.700 and #gpéndix D Table D1).
According to the MALDITOF score value description, a total of 66.10 % of the isolates were
characterised to highly probable species identification, 27.12 % were characterised to secure
genus identification and probable species identification, whilst 6.78 % were characterised to
probable genus identificatio®ppendix DTableD1). This includedsolates from the water
(n=20), fresh produce (n=35) and contact surface samples (n=4), while no presumptive

ESBL/AmpGproducing Enterobacteriaceae isolates were recovered from the soil samples.
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integron prevalence (de Paula et al., 206&elected Enterobacteriacaselated from water, fresh produce and contact sesfac

Target genes

Primer sequences

Thermocycling conditions

Expected amplicon

size (bp)
o TEM-F: 5-=CATTTCCGTGTCGCCCTTATTGS'
areu TEM-R: 5:CGTTCATCCATAGTTGCCTGAGS' 800
blac, SHV-F: 5-~AGCCGCTTGAGCAAATTAAAC-3' 94°C, 10min; 30 cycles of 94°C, 40s, 68° 113
SHV-R: 5:ATCCCGCAGATAAATCACCAC-3' 40s, 72°C 1min; 72°C 7min
o OXA-F: 5:GGCACCAGATTCAACTTCAAG3'
Aoxa-1 like OXA-R: 5:-GACCCCAAGTTTCCTGTAAGTG3' 564
CTX-M Gp8/25F: 5-AACRCRCAGACGCTCTAG3'
blacrxm eroup 8125 CTX-M Gp8/25R: 5:-TCGAGCCGGAASGTGTYAF3' 326
AT G CTX-M Gp9-F: 5-TCAAGCCTGCCGATCTGGT 94°C, 10min; 3@ycles of 94°C, 40s, 6 688
CTX-M Gp9R: 5-TGATTCTCGCCGCTGAAG3' 40s, 72°C 1min; 72°C 7min
lacm G CTX-M GpI-F: 5-TTAGGAARTGTGCCGCTGYA3' c61
CTX-M Gpl1-R: 5-=CGATATCGTTGGTGGTRCCAT3'
blance ACC-F: 5-=CACCTCCAGCGACTTGTTAGS' 94°C, 10min; 30 cycles of 94°C, 40, 6@5° 346
ACC-R: 5-GTTAGCCAGCATCACGATCG3' 40s, 72°C 1min; 72°C 7min
o FOX-F: 5-CTACAGTGCGGGTGGTTT3'
arox FOX-R: 5:CTATTTGCGGCCAGGTGA3' 162
o MOX-F: 5=GCAACAACGACAATCCATCCT-3'
awmox MOX-R: 5:GGGATAGGCGTAACTCTCCCAA3' 895
. DHA-F: 5-TGATGGCACAGCAGGATATTG3' 94°C, 10min; 30 cycles of 94°C, 40s, 5&6° 997
DHA-R: 5:GCTTTGACTCTTTCGGTATTCG3' 40s, 72°C 1min; 72°C 7min
blacr CIT-F: 5-CGAAGAGGCAATGACCAGAG3' 538
CIT-R: 5"ACGGACAGGGTTAGGATAGY-3'
EBC-F: 5:CGGTAAAGCCGATGTTGCG3'
b|aEBc , , 683
EBC-R: 5-~AGCCTAACCCCTGATACA3
il Intl-F: 5-GGT CAAGGATCTGGATTTCG3' 436
Int1-R: 5-ACATGCGTGTAAATCATCGTG3'
inti2 Int2-F: 5:CACGGATATGCGACAAAAAGG-3' 94°C, 12min; 30 cycles of 94°C, 30s, 60°C 288
Int2-R: 5-TGTAGCAAACGAGTGACGAAATG-3' 30s, 72°C 1min; 72°C 8min
Int3-F: 5-AGTGGGTGGCGAATGAGTG3'
Intl3 600

INt3-R: 5-TGTTCTTGTATCGGCAGGTG3
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6.3.2 Prevalence of extendedspectrum b-lactamae and/or AmpC-producing
Enterobacteriaceae and antimicrobial susceptibility testing

In total, screening using DDST, 48/%81.36 %)isolates tested positive for ESBL production
(Figure 6.1). All cefoxitin resistant isolates (20/59) were additionally screened with the AmpC
detection set of which 11/20 (55 %) tested positive (Figut¢. From the 48 ESBL/AmpC
producing isolates, 16 isates were from water and 32 from produce samples. Irrigation water
isolates (n=15) include#. coli (14.58 %) andSerratia fonticola(6.25 %) from both scenarios,
while K. pneumonia€6.25 %) andSalmonellaspp. (4.17 %) were isolated only from scenario 1
where river water was used for irrigation. Isolates from the spinach at harvest and throughout
processing (n=13) included predominarglyfonticola(16.67 %), followed bK. pneumonia¢s.17

%), Rahnella aquatilis(4.17 %) andE. coli (2.08 %). From the etailer spinach (n=19),
ESBL/AmpGproducingS. fonticola(16.67 %) K. pneumonia€8.33 %),R. aquatilis(6.25 %),E.

coli (4.17 %), andenterobacter asburia€2.08 %) were recovered. Ofe aquatilisisolate was

also recovered from the wash water usednguprocessing in scenario 1 (Figua).

Multidrug resistance was observed in 98 % of the confirmed ESBL/AptpQucing isolates,
including 16 and 31 isolates from water and fresh produce, respectively (Giguresistance to

the aminoglycoside (89.58 %) and chloramphenicol (79.17 %) classesdominant. Within the
b-lactam group, further analysis showed resistance against amoxicillin (31.25 % in water and 66.67
% in produce), followed by ampicillin (29.17 % in water and 66.67 % in produce), augmentin
(29.17 % in water and 52.08 % in prodycand cefoxitin (14.58 % in water and 27.08 % in
produce). The resistance rate to carbapenems (imipenem) were 8.33 % and 4.17 % in water and
produce, respectively, with 10.42 % and 41.67 % of the water and produce isolates that showed
intermediate resistee to imipenem. Resistance to other antibiotics included cotrimoxazole (22.92

% in water and 29.17 % in produce) and tetracycline (22.92% in water and 27.08 % in produce).
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6.3.3Genotypic antibiotic resistance profiling

Ge nes e nlactandases gyerefdetected in 29/48 (60.42 %) isolates obtained from water and
produce samples, mainly $ fonticolan=13), followed byE. coli(n=7) andK. pneumoniaén=5).

The most f r e q-lactamask gened wendeCd X-M (h=25), followed byblaTEM
(n=18),blashv (n=17) andblaOXA (n=12). Extendeg p e c t-lactamasévariants encoded by
blaCTX-M Group 1 included CTXM-3, CTX-M-12, and CTXM-15 amongst others, whilst
blaCTX-M Group 9 encoded for CTX1-14. Theblarem sequences were found to encode for the
broads p e c t -lactamasé TEML and TEM234. Theblashvy sequences encoded SH&7,
SHV-203 or SHV61. All the blaOXA sequences encoded bremag e c t-lactamasds OXA.

Only the CIT family (identified ablacwy variants) of AmpC genetic determinants was detected in

six S. fonticolaisolates from scenario 2 (FiguBel).

6.3.4Detection of integrons

The integrase 1 genén{l1l) was detected in 23/48 (47.92 %) of the isolates, predominan8y in
fonticola (n=11), followed byK. pneumonia€n=6), R. aquatilis(n=2), E. coli (n=3), and on€.
asburiaeisolate. Thdntl3 gene assaated with class 3 integrons were detected in 35/48 (72.92 %)
of the isolates, including. fonticola(n=16),six E. coli, six K. pneumoniagfive R. aquatilis and
oneE. asburiaeand Salmonellaspp. isolate, respectively. Both the class 1 and clase@rase
genes were detected in 29 isolates, which incli&lddnticola(n=9),K. pneumonia¢n=5),E. coli
(n=3),R. aquatilis(n=2) andE. asburiag(n=1). Class 2 integrons were not detected in any of the

isolates (Figuré.1).
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Antibiotic resistance profiles

ESBL/AmpC Genetic determinants

o 8 :f§
s c 5§ f2eggc.88:4 8 B 33
i B §35535383835:38 8 F :2EEE3Es
1 Escherichia coli Water reservoir w . . .... | . . =l . -
2 Escherichia coli Water reservoir w . .. ....... - - . .
3 Escherichia coli Water reservoir w . .. ..... . - . -- - .
4 Escherichia coli River water w ... ...-... -.. - . -
5 Escherichia coli Irrigation pivot point water W ......... .- - .... .
6  Escherichia coli Irrigation pivot point water w [HHE BEEEREED H BN
7 Escherichia coli Irrigation pivot point water v INEEEENEEE BEEE
8 Klebsiella pneumoniae Irrigation pivot point water w .....-..-.... - ... ..
9 Klebsiella pneumoniae Irrigation pivot point water w .-............ - .
10 Klebsiella pneumoniae  Irrigation pivot point water w ...... .. .. - - ... --.
1 Rahnella aquatilis Wash water w ......... .. -
12 Salmonella spp. River water w .... . ..-. . -
13 Salmonella spp. Irrigation pivot point water w .... . .....- -- .
14 Serratia fonticola Irrigation pivot point water w . -... .. . . - .. .
15 Serratia fonticola Irrigation pivot point water w .... . .. .. - - -. .
16 Serratia fonticola River water w ............ - ... ..-
17 Enterobacter asburiae  Unwashed spinach punnet at retailer P .--.. -. .. - -- .
18 Escherichia coli Spinach after cut P -... . .... - . . -..
19 Escherichia coli Unwashed spinach bunches at retailer P ... .... . - ... .-.
20 Escherichia coli Spinach at retailer P . . . . . -
21 Klebsiella pneumoniae  Spinach at harvest P ..-. . .. - - -.. ..-
22 Klebsiella pneumoniae  Spinach at harvest P . . ..- .. - -
23 Klebsiella pneumoniae Spinach at retailer P .... . .. - ... ..-
24 Kiebsiella pneumoniae  Spinach at retailer » HEEY H ER —
25 Klebsiella pneumoniae  Spinach at retailer P .... . .. -
26 Klebsiella pneumoniae  Unwashed spinach bunches at retailer P .... . .. - ... ...
27 Rahnella aquatilis Spinach at receival P .... ... - .-
28 Rahnella aquatilis Spinach at receival P ... . . . . . - .
29 Rahnella aquatilis Unwashed spinach bunches at retailer P ... . .. . - ... ...
30 Rahnella aquatilis Spinach at retailer P . . . . - - -- ... ..
31 Rahnelaaguatiis  Spinach at retailer » HHER EETE Bl [ |
32 Serratia fonticola Unwashed spinach punnet at retailer P - -. .... . -- -. .
33 Serratia fonticola Spinach at dispatch P . .. -.. - - . .
34 Serratia fonticola Unwashed spinach punnet at retailer P . .. ... - . .
35 Serratia fonticola Spinach at receival e ... . . . - .. ..
36 Serratia fonticola Spinach after pack P .... . .. = . . .-.
37 Serratia fonticola Spinach at retailer P . .. ...- . - . ...
38 Serratia fonticola Unwashed spinach punnet at retailer P - . . . . . - .
39 Serratia fonticola Spinach at receival P - -. - . . -- ..
40 Serratia fonticola Unwashed spinach punnet at retailer P . .. . . -. . -- ..
41 Serratia fonticola Unwashed spinach punnet at retailer P . . ..... -- ... ... .
42 Sematia fonticola Unwashed spinach punnetatretater P [N HE BN 1 R [ |
43 Serratia fonticola Unwashed spinach punnet at retailer P -...- . . . . . - ..
44 Serratia fonticola Spinach at retailer P ..-. - . . . . . . -
45 Serratia fonticola Unwashed spinach punnet at packhouse P . - . . . . - ... .. .
46 Serratia fonticola Unwashed spinach punnet at packhouse P .... B . .. . -
47 Serratia fonticola Spinach at receival (packhouse) P . . . .. -- .. .. .
48 Serratia fonticola Spinach at receival P . .. . - -. - ..
Water W I Resistant lPositive .Present
Produce P Intermediate Negative Absent
[ Susceptible

Figure 6.1: ExtendedSpectruma and AmpC b-Lactamase producing Enterobacteriaceae isolated -
water, spinach and contact surface sources, indicating the phenotypic antibiotic resistance profile
detection of ESBL arldr AmpC, and integron genetic determinants. The colour code of the antimic
resistance profiles indicate the resistant, intermediate resistant or susceptible phenotypes to
antibiotics from seven different classes. ESBL/AmpC production isdtetl as positive or negatiaad
detection of genetic determinants indicated as present or absent.
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6.4 Discussion

This study documents the prevalence of ESBL/Armp@ducing Enterobacteriaceae in spinach
production, from the agricultural environment, during processing, and subsequent retailed products
in SA. Overall six ESBL/AmpGproducingEnterobacteriaceae genera, including environmental
bacteria §. fonticolaand R. aquatili, and potential human patpens E. coli, K. pneumoniage
Salmonellaspp. andE. asburiag were detected from 42 of the 288 samples. From the first
production scenario, ESBhroducing potential pathogenic Enterobacteriaceae were mainly
isolated, whereas the predominance of EQBadicing S. fonticolafrom the second production
scenario correspond to environmental ESBbducing Enterobacteriaceae previously reported

(Blaak et al., 2014)

Irrigation water is a known source of antimicrobial resistant bacterial contamination in fresh
produce productiorVital et al., 2018 Koutsoumanis et al., 2021In both spinach production
scenarios, the prevalence of ESBL/Ampf@ducing Enterobacteriaceae (n=48) was higher in
samples from produce (29.17 % and 37.5 %, respectively) than river (20.83 %) and borehole (10.42
%) water. Similarly,Njage and Buys (2014gported highest prevalence of ESBtoducingE.

coli isolates in fresh produce (lettuce) at harvest (90 %), followed by different irrigation water
(canal, 73 % and river, 84) samples in South Africén contrast, 100 % irrigation water samples
and only 14.7 % of the harvested lettuce samples were found to be positive for ESBE/AmpC
producing environmental Enterobacteriaceae in the Nether{Bhaisk et al., 2014)The 20.83 %
(10/48) occurrene of ESBL/AmpCproducing isolates from river irrigation water was higher than
the 13.2 % reported in a similar study from river water in Cliia et al., 2017a)Potential
pathogenic ESBiproducingK. pneumoniagk. coliandSalmonellaspp. found in our river water
samples were similar to the ESBiroducing potential pathogeriic coli, Citrobacter freundiiand

K. pneumoniaeeported byye et al. (2017)In contrast t&Zekar et al. (2017 10.4 %occurrence

of ESBL/AmpGCproducing isolatesH. coliandS. fonticola was found in borehole irrigation water

from the second production scenario. The occurrence ESBL/AmpGproducing
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Enterobacteriaceae on all our spinach samples increased 26 at hArvest, to 34.38 % after
processing, up to 59.36 % in retail spinach samplé®th production scenariosurthermore, an
increase in species diversity from harvested, to procesaadl subsequent retail spinach were also
observed. The identified species retailer spinach samples included ESBL/AmpGducingK.
pneumoniagS. fonticola R. aquatilis E. coliandE. asburiae similar to other studiegre et al.,

2017; Zekar et al., 2017; Richter et al., 2019)nterestingly, no ESBL/Amp@roducing
Enterobacteriaceae isolates were detected in soil samples from any of the farms analysed in the
current study, which contrasts ®en Said et al. (2015and Blaak et al (2014) where
ESBL/AmpGproducingE. coli andS. fonticola respectively, were detected in soil samples at

harvest, respectively.

In this study, 98 % of the ESBL/Ampgroducing isolates were multidrug resistant, while 93.3 %
MDR have been reported for ESRiroducing isolates fra a similar study in TunisiéBen Said

et al., 2015)Moreover, 100 % of the river irrigation water isolates from this study showed MDR
phenotypes, which is significantly higher than the 42.3 % MDR previoustytegpin ESBL
producing Enterobacteriaceae isolates from river wateet al., 2017ajOverall, 63.16 % (12/19)

of the isolates from retailed spinach showed a MDR phenotype, which is lower than the 83.78 %
MDR previously reported on retail spinach in South Afr{Bachter et al., 2019)in addition,
resistance to as many as four additionalbdactam antibiotic classes were observed in the MDR
ESBL-producing potential pathogenic isolates from river water and spinach samples. This included
K. pneumoniaésolates with resistance to cotrimoxazole, aichlly relevant antibiotic, similar to
clinical isolates in a recent South African styasaikar et al., 2017)'he occurrence (36 %) of

MDR ESBL-producing K. pneumoniaethroughout the first production scenario was high,
compared to similar studies where 0 % (the Netherlands) and 15 #aj@icicurrence have been
reported(Blaak et al., 2014; Ye et al., 2017his highlights the potential role that the agricultural
environment may have as a reservoir of MDR opportunistic pathogens in fresh produce production.

However, the importance of not only assessing the agrralienvironment as a possible source of
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antimicrobial contamination in fresh produce, but also the processing and distribution steps were
discussed in a recent revidttolzel et al., 2018)Accordingly, all ESBEproducing isolates from
spinach (n=18) in the second production scenario of this study were isolated from produce during
processing and retail (distribution), of which 94.4 % showed a MDRqtiee. Interestingly, from

the supplier farm where no isolates were found in the agricultural environment, resistance against
a maximum of one additional ndnlactam antibiotic class was seen in the MDR ES§Baducing
environmental strains, contrastifgetmajority of resistance profiles from the other supply chains

in this study.

Molecular characterisation of the MDR ESBL/Amyp@ducing Enterobacteriaceae isolates from
both spinach production scenarios revealed the dominanick@k-m, followed byblasyy and

blarem. Worldwide SHV, TEM and CTXM -lactamases are the major ESBLs detected in clinical
and agricultural settings, including fresh produce (Njage and Buys, 2014, Zhang et alY,e261.5

al., 2017)The most common Vvaatiwmmd st o dqiaatve £ BFNKINu da |
Group bOawaH € F Gr o unpur $thdy, CTXM group 9 b lc am-1 ) was found

in E. coli isolates from river irrigation water as well as the holding dam borehole water. This
corresponds t&. coliisolates from river water reported by Njage and Buys (2014). Interestingly,
forthe CTXM Group 1 ESBLs detected in our study, variants found in the first processing scenario
includedblacTx-m-1andblacTx-m-15from E. coli, K. pneumonia@ndS. fonticolasolated from river,
irrigation pivot point water, harvestednd retailed spinach samples, whilst in the second
processing scenario, CtTM Group 1 variants includeilactx-m-3, blactx-m-206 and blactx-m-12

from S. fonticolaand E. asburiaeisolated from spinach samples during processing and at retail.
Previous studies have reportaldcrx-m-14andblactx-m-15as the most broadly dispersed in clinical
isolates, whilst in environmental isolates, GNXGroup 1 variants blactx-m-1 and blacTx-m-3

among other), have been repor(€a&nton et al., 2012; Borgogna et al., 2016)

Additionally, CTX-M Group 1 variants lactx-m-15, blactx-m-3 and blacrx-m-12) found in the

different Enterobacteriaceae isolates from vegetablessmwnded to other studies (Ye et al., 2017,
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Richteretal.,, 2019Apar t fr om t pPAmpCHSIBldncegenesavsere also detected in
six S. fonticolaisolates from the second production scenario, but only included the CIT type
(identified asblacmy variants). This is in contrast to our previous findings in produce at the point
of sale where the EBC type was predominantly detected from different Eaxte¥nhceaspecies
(Richter et al., 2019), but corresponds to a studiNjage and Buys (2014ywho predominantly
detected the ddctaimasey if.ecolipsdatedgf©m lettuce and irrigation water

samples in the North West Province, SA.

A high percentage of the ESBL/Amg&oducing isolates in the current study further harboured
integrons, which is consistent with previous rep(Bn Said et al., 2015; Ye et al., 2017&)ass

1 integrons were detected in 47.96 % of the MDR ESBL/Arppitiucing isolates from both
scenarios, corresponding to results repo¢hdd et al., 2017; Ye et al., 2017&imilar to results
reported byFreitag et al. (2018)no class 2 integrons were detected in the current study. This
contrasts to previous studies where class 2 integrons were predominantly detected, followed by
class 1 integrons from raw salad vegetables retailed in CéBadanson et al., 2008 thisstudy

it was interesting that class 3 integrons were the most prevalent, detected in 72.92 % (35/48)
ESBL/AmpGCproducing isolates. This contrasts previous studies where only class 1 integrons were
detected from water and retail food samghés et al., 2017a)Co-existence ofntll andIntl3 was
determined in 41.67 % (20/48) of the environmental and potential pathogenic isolates from water
and spinach samples in production scenario 1Sandnticolaisolates from processed and retail
spinach in production scenario 2, whictaikigher occurrence than the 2.9 % reporte&angar

et al. (2014)n E. coliisolates from a clinical setting. To the best of our knowledge, the only report
of class 3 integron detection from vegetables wasKn pneumoniaasolate (JonesDias et al.,

2016) Identification of class 3 integrons have further been associated with less than ten
Enterobacteriaceae genera in isolates of environmdataerobacterand Delftia) and clinical

(Serratig Klebsiella and Escherichia origin (Barraud et al., 2013; Joné&sas et al., 2016;
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Rajkumari et al., 2018)In our study, class 3 integrons were predominantly detected in the
environmentalS. fonticolasolates throughout each of the supply chains. Future studies will include
characterisation of these integrons for determination of the gene cassettes encoding specific
resistance genes present and the potential role that thisoflasegrons and ESBL/AmpC
producing environmental Enterobacteriacde/e in the spread of resistance genes in the

agroecosystem.

6.5Conclusion

This is thefirst study to show the presence of ESBL/Amp@ducing Enterobacteriaceae in the
agricultural environment, throughout processing, and the retailer spinach samples. Where river
water was used for irrigation, higher contamination levels were seen irefiiegroduce supply
chains, including an increase in ESBL/Amp&ducing Enterobacteriaceae genera isolated, as
well as the phenotypic multidrug resistance profiles. This highlights the importance of the
microbiological quality of irrigation water used fivesh produce to be eaten raw. Furthermore, in
both spinach production scenarios, the abundance and diversity of ESBL/pmoghGing
Enterobacteriaceae on retailer spinach samples increased. This study showed that
Enterobacteriaceae with expanded spectntimicrobial resistance are prevalent in selected fresh
produce supply chains and moreover, that the resistance genes persist, with ESBL/AmpC
producing MDR organisms remaining present on fresh produce throughout processing in different
production systemsThe prevalence of MDR ESBL/Amp@roducing Enterobacteriaceae
harbouring class 1 and class 3 integrons throughout complete spinach production systems highlights
the importance of further surveillance of antimicrobial resistance in different environmental
settings. In addition, this study adds to the global knowledge base regarding the prevalence and
characteristics of ESBL/Amp@roducing Enterobacteriaceae in fresh vegetables and the
agricultural environment required for future risk analy§ie use of whie genome sequencing for

surveillance of antimicrobial resistance within the one health framework is increasingly
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implemented. Future work should therefore include whole genome sequence doalgsiepth
molecular characterisatiof multidrug resistain potential pathogenic isolates within the

agricultural environmentThis will be addressed in Chapter 7.
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Whole Genome Sequencing
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Whole genome sequencing of extendegpectrum- and ampc b-lactamase producing

enterobacteriaceae isolated from spinach production in Gauteng Province, South Afrita

Abstract

The increasing occurrence of multidrtesistant (MDR) extendesl p e ¢ t -lactamasé(ESBL)
and/ or -l#&m@mpaSe(AmmpC) producing Enterobacteriaceae in irrigation water and associated
irrigated fresh produce, represent risks related to environmentstfety and public healtim South
Africa, information about the presence of ESBL/Amp@ducing Enterobacteriaceae from non
clinical sources is limited, particularly in the wapmantfood interface. This study aimed to
characterisd9 selected MDR HRL/AmpC-producingEscherichia col{(n=3),Klebsiella pneumoniae
(n=5), Serratia fonticola(n=10) andSalmonella entericgn=1) isolates from spinaeland associated
irrigation water samples from two commercial spinach production systems within South Adrigg
whole genome sequencing (lllumina MiSedntibiotic resistance genes potentially encoding
resistance to eight different classes were present following analysis with ABRicat®]awitam-15

the dominant ESBL encoding gene dofahct the dominant AmpC encoding gene deteckedreater
number of resistance genes across more antibiotic classes were seen iK.gbintiemoniastrains,
compared to the other genera tested. From one fdagyx-m-15 positiveK. pneumoniastrains of the
same sequence type (ST 985) were present in spinach at harvest and retail samples after processing
suggesting successful persistence of these MDR strains. In addition;fE#&BicingK. pneumoniae
ST15, an emergg highrisk clone causing nosocomical outbreaks worldwide, was isolated from
irrigation water.Known resistance plasmid replicon types of Enterobacteriaceae including IncFIB,
IncFIA, IncFll, IncB, and IncHI1B were observed in all strains following anash PlasmidFinder.

However,blactx-m-iswa st h dactamade yesidbance gene associated with plasmids (IncFll and

" Publishedas: Richter, L.,du PlessisE. M., Duvenage, S., Allam, M., Ismail, A., and Korsten, L. (2021). Whole
Genome Sequencing of Extend®dectrum and AmpC b-LactamaseéPositive Enterobacterales Isolated From Spinach
Production in Gauteng Prawde, South Africa. 12:734649. doi: 10.3389/fmich.2021.734649.
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IncFIB) in K. pneumoniag¢n=4) strains. In ong&. coliand fiveK. pneumoniastrains, integron In191
were observedRelevant similarity to human pathogens were predicted with PathogenFinder for all 19
strains, with a confidence of 0.63%.721 inS. fonticola 0.852i 0.931 inE. coli, 0.7961 0.899 inK.
pneumonia@nd 0.939 inheS. entericastrain. The presence of MDR ESBL/Amyp@oducingE. coli,

K. pneumoniae, S. fonticodandS. entericavith confirmed similarities to human pathogens that reflect

the agricultural production environment link in the emergence and spreaddt@ntesistance genes.

7.1 Introduction

The discovery of antibiotics in the 19406s | e
increase in antimicrobial resistance (AMR) is reducing the effectiveness of clinically important
antibiotics (Lobanovska and Pilla, 2017; Dandachi et al., 202®) example of shifting stance
profiles i n bac tlaetam eassaof antibiaticst indluding pemieillinsband third
generation cephalosporins, which are the most widely used in human and veterinary medicine and
widely expressed AMR are being repor{Ethton et al., 2020Persistent exposure to these antibiotics
have resulted in bacteria becoming resistant by evolving extespadied r ulantanfimses (ESBLS),

whi ¢ h hy dfactamyringewitiintthe antibiotic. Thus rendering it inactiBeishand Jacoby,

2010) Consequently, production of ESBLs are regarded as one of the most clinically significant
resistance mechanism@ush and Jacoby, 2010)with ESBL-producing Enterobacteriaceae
(Escherichia coliKlebsiella pneumoniaandSerratiaspp., among others) listed as priority pathogens

for research and development in the new frontier of antibiotics fArdelalth Organisatio/VHO),

2017.

Classified into several groups according to their amino acid sequence homology, thé, TEX/
and SHV ESBL var i an tlactamases idantified infBoobdcteriacea@andnin b

and Doi, 2017) I n addi tdacamases AarepcGrombsomally encoded by several
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Enterobacteriaceae species and play a key role in resistance develpmmeduin and Doi, 2017)
Plasmid encoded AmpC genes have been knowse sif89(Jacoby, 2009and are now regularly
reported in clinical and environmental stra{i&hari et al., 2016; Colosi et al., 2020; Tekele et al.,
2020) Both chromosomally encoded and plastmé d i at e dlacramgseS comfer resistarioe
a br oad s-aaams suchas penicillifs, oxyimieephalosporins (including cefotaxime and

ceftazidime), cephamycins and aztreonam at variable |@adsby, 2009; Palzkill, 2018)

The increase in antimicrobial resistant strains and effective resistance mechanisms among
Enterobacteriaceae has led to numerous global reports of ESBLs, -Armp& moe recently
carbapenemagaroducing Enterobacteriaceae not only in clinical settings, but also in the agricultural
environmenf(Ye et al., 2017b; AKharousi et al., 2019; Dandachi et al., 2019; Hassen et al., 2020;
Richter et al., 2020)Although members of the Enterobacteriaceae family occur naturally in human
and ani mal s Otragsas Wetl asiinrihe ensironmana (lvater, soil and pl@alaak et al.,

2014c; Ye et al., 2017ppccurrence of multidrug resistant (MDR) gtiain the different habitats are
concerning. Inadequately treated or untreated effluents from industries, households and zootechnical
farms are reported as one of the main contamination causes of South Africar sndagr@und water
resourcegVerlicchi and Grillini, 2020) It is also well documented that the three principal antibiotic
contamination channels in the environment are anjrh@man and manufacturing wasteO6 nei | | ,
2016) Consequently, contamination of soil, irrigati@md drinking water as well as crops can occur,

adding additional exposure routes to hum@ston et al., 2020)

Previaus surveillance studies have shown prevalence of MDR ESBL/Apnp@ucing
Enterobacteriaceae in fresh vegetables sold in South ARichter et al., 2019nd in other countries

i.e the Netherlands, Switzerland and Germ@guland et al., 2014a; Zurfluh et,&015; Reid et al.,
2020) Occurrence of ESBiproducing Enterobacteriaceae have also been reported in corresponding

irrigation water sources and cultivated cr@gBsaak et al., 2014c; Njage and Buys, 2014; Ye et al.,
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2017b) Furthermore, Richter et al. (2020)reported occurrence of ESBUMpC-producing
Enterobacteriaceae in different spinach supply chains from irrigation water and produce at harvest,

throughout processing and at retail in the Gauteng Province of South Africa.

The high discriminatory power of whole genome sequencing (W@sS)dd to an increase in use of

this method for detecting points of contamination, source tracking, pathogen surveillance and outbreak
investigationgOniciuc et al., 2018; Centre for Disease Control and Prevention (CDC),.20h8]e
genome sequencing provides information regarding multiple antimicrobial resistance genes, genomic
mutations, mobile genetic elents and association with resistance genes, as well as-regbéred
microbial typing(Oniciuc et al., 2018a; CDC, 2019; Kim et al., 20ZD9pnsequently, the WGS results

can aid in elucidating the genetic relationship among isolates from different environments and along
the food chair(Adator et al., 2020) Surveillance of antimicrobial resistant stiaithrough WGS is
increasingly being used due to increasing accessibility and affordgBiigtor et al., 2020)in South

Africa, WGS has been used for characterisation of clinical EfBHucingK. pneumoniaestrains

among othergFounou et al., 2019ps well as typing dfisteria monocytogendgsom environmental

and clinical settings during the 2017 listeriosis outbr@domas et al., 2020However, the use of

WGS for surveillance of antimicradd resistant potential pathogenic Enterobacteriaceae in retailed

fresh produce and the production environment, have not been reported locally.

The World Health Organisation (WHO) developed Global Antimicrobial Resistance Surveillance
System (GLASS) in 2@.supporting research and surveillance as well as a global data sharing through
a standardized analysis appro@HO, 2020) Initially, the GLASS focus was mainly on surveillance

of human priority pathogens, but has since shifted to include AMR in foodborne path(yett3,

2020) Moreover, theone healtiframework for understanding AMR in pathogenic Gramgative
bacteria, is increasingly attracting attenti@ollignon and McEwen, 2019)In SA information

regarding AMR in fresh produce production systems and specifically focusing on the
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Enterobacteriaceae is lackinbhe aim of this study was thus to use whole genome sequencing for
analysis of AMR genes, associatedhi® genetic elements, virulence factors, serotypes, +haaitis
sequence types and pathogenicity of selected, partially characterised, ESBLphogpCing
environmental Enterobacteriaceae from commercial spinach production s{Riehtsr et al., 2020)
These isolates includetbur different speciesH, coli, K. pneumoniag Serratia fonticolaand
Salmonella enteridalisted by the WHO as a patrticular threat of Gmaegative bacteria that are
resistant to multiple antibimts (WHO, 2017) while isolates harbouring integrons as described in
Richter et al. (2020)ere preferentially selected.he results of this study will contribute towards the
global knowledge base and understanding of how genetic processes within thelavateod

interface might impact human healthdadisease.

7.2 Materials and Methods
7.2.1Samplecollection, isolation and DNA extraction of extendedspectrum b-lactamase and

AmpC-producing Enterobacteriaceae

Irrigation water and fresh produce samples from spinach production systems were collected and ESBL
producing Enterobacteriaceae were isolated as desanilthptei6 (Richter et al. 20201 selection

of 19 isolates were further characterized (Tahlg. The genomic DNA of each isolate was extracted
with the DNeasy Power Soi |l kit (Qiagen, Sout h ¢/
Following gDNA extraction, the concentrations were determined using the Qubit dsDNA Broad Range
Assay and a Qubit 2.0 fluorometer (Life Technologies, Johannesburgyuartification was

determined on a Nanodrop 2000 (ThermoScientific, Johannesburg).
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Table 7.1 Isolates selected for whole genome sequence analysis from the agricultural environment in

spinach supply chains, Gauteng Province, South Africa

Source

Isolation point from spinach

Strain Organism identity water (W) or spinach (S) production systems

UPMP2117 Escherichia coli W Water reservoir

UPMP2120 Escherichia coli S Unwashed spinach bunches at reta
UPMP2130 Escherichia coli w Holding dam water (source water)
UPMP2112 Klebsiella pneumoniac wW Irrigation pivot point water
UPMP2114 Klebsiella pneumoniac S Spinach at harvest

UPMP2118 Klebsiella pneumoniac wW Irrigation pivot point water
UPMP2121 Klebsiella pneumoniac S Unwashed spinach bunches at reta
UPMP2122 Klebsiella pneumoniac S Spinach at retailer

UPMP2115 Salmonella spp. w River water

UPMP2116 Serratia fonticola W River water

UPMP2119 Serratia fonticola W Irrigation pivot point water
UPMP2123 Serratia fonticola S Unwashed spinach punnet at retaile
UPMP2124 Serratia fonticola S Spinach ateceival

UPMP2125 Serratia fonticola S Spinach after pack

UPMP2126 Serratia fonticola S Spinach at receival

UPMP2127 Serratia fonticola S Unwashed spinach at retailer
UPMP2128 Serratia fonticola S Unwashed spinach at retailer
UPMP2129 Serratiafonticola S Spinach at receival

UPMP2131 Serratia fonticola S Unwashed spinach at retailer
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7.2.2DNA sequencingand whole genomeanalysis

Sequencing was performed on an lllumina MiSeq instrument with 100X coverage by the National
Institute for Communicable Diseases Sequencing Core Facility, South Africa, following preparation
of multiplexed paireeend libraries (2x300bp) with the Nextera XONA sample preparation kit
(lumina, San Diego, CA, USA). The resultant reads were quality trimmed using CLC version 20
(https://digitalinsights.giagen.com) ardké novoassembledwith all assembly metrics shown in
Appendix F, Table F1The contiguous segaces were then submitted to the National Centre for
Biotechnology Information (NCBI) Prokaryotic Genome Annotation Pipeline
(https://pubmed.ncbi.nim.nih.gov/27342282/). Antimicrobial resistance gene presence was
corroborated usingBRicate (https://githultom/tseemann/abricate) that includiee Comprehensive
Antibiotic Resistance Database (CARD), ARGBINOT, ResFinder, NCBI AMRFinder Plus, and
MEGARes databasd€Zankari et al., 2012; Gupta et al., 2014, Jia et al., 2017; Feldgarden et al., 2019;
Doster et al., 2020)

Plasmid replicon types were determined with  PlasmidFinder (version 2.1)

(https://cge.cbs.dtu.dservices) (Carattoli et al., 2014)Jsing the Centre for Genomic Epidemiology

(CGE) platform (https://cge.cbs.dtu/d&rvices/), mobile genetic elements for all four species,
sequence types d&. coli, K. pneumoniaeand S. entericaas well as thde. coli serotypes based on
lipopolysaccharide (€@ntigen) and capsular flagella (protein)#&Htigen) and virulence genes bf

coli were determined with MGEFinder, Multilocus Sequence Typing (MLST) (version 2.2),
SeroTypeFinder (version 2.0) and VirulenceFinder (version 2.0), respedtivalen et al., 2012;
Joersen et al., 2014, 2015; Johansson et al., 202®) following parameters were used in the Serotype
Finder Webbased tool: 85% threshold for %ID and 60% minimum length (the number of nucleotides
in a sequence of interest that must overlap a serotypetgerount as a hit for that ger(@pensen et

al., 2015)
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Thein silico serotyping based on the capsule polysaccharidanfigen) ofK. pneumoniaestrains
wereconducted using Kaptive WelVick et al., 2018)whilst the presence efrulence gnes foK.
pneumoniae were identified by ®wi ng t he | n s tKilebsielta daRlzaset e ur

(https://bigsdb.pasteur.fr/klebsiella/klebsiella.Htnidditionally, paired reads of the whole genome

sequencing raw data files for tBeentericastrain was uploaded to the online SeroSeq tool version 1.0
which predicted th&almonellaserotype of the requested isol@@dang et al., 2015; Thompson et al.,
2018) The SalmonellaPathogenicity Islands (SPI) were identified with SRdler 2.0(Roer et al.,
2016) Next, the existence of virulence factors in each SPI were analysed by performing BLAST
analysis on the predicted SPIs against the virulence factor database ({F#2B)et al., 2016; Ashari

et al., 2019)The virulence factors &. fonticolaand were determined using the VFDB witBRicate

(Chen et al., 2016) All sequences were submitted to the INTEGRALL database

(http://integrall.bio.ua.pt for annotation and integron number assignment. Using PathogenFinder

(versim 1.1) on the CGE platformhitps://cge.cbs.dtu.dk/services/PathogenFindéhe st r ai ns 6

pathogenicity towards humans were predig¢tédsentino et al., 2013)

7.2.3Data availability

The nucleotide sequences of the 19 Enterobacteriaceae strains described in this paper were depositec
in the National Center for Biotechnology Information GenBank database in the BioProject number:
PRJINA642017, accession numbers  NZ_JACAAL010000000, NZ_JMA@EI000000

NZ_JACBJEOO0000000 and NZ_JACNYMO000000602_JACNYTO000000000.

7.3Results
7.3.1Detection ofantimicrobial resistancegenes
The selected 19 ESBL/ AmpC producing Enterobac

lactamase encoding geme addition to the ESBL/AmpC genetic determinants, accompanied by
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resistance genes from different antibiotic classes including fluoroquinolone, sulfonomide, fosfomycin,
aminoglycoside, trimethroprim, phenicol and/or tetracycline (Figure) . -ladtdnase fesistance
genes included chromosomally encoded AmpC inShentericastrain as well as all three. coli
strains. Plasmiagnediated AmpC geneslécmy-113andblacwy-101) were preserih two E. coli strains
from irrigation water andlaacr-13, blaact-ss, blaacT-s and/orblaact-sswere preserin tenS. fonticola
strains from irrigation water (n=2) and spinach (n=8) samples (Figure 1). Additidnlalynas (n =

8) from irrigation water and spina@mndblarona-6 (N = 2) from spinach were present3n fonticola
strains. The ESBL genes includétbsro1 in all ten S. fonticolastrains, blactx-m-15 in five K.
pneumoniaestrains from irrigation water and spinach, and &neoli strain from spinach. lalso
includedblactx-m-14in anE. coli strain from irrigation water, whildilasnv-187(n = 3), blastv-106 (N =

1) andblasHv-178(n = 1) were present ik. pneumoniaastrains (Figuré&'.l1).

Interestingly, a greater number of resistance genes across more classes were seen K. all the
pneumoniaestrains (n=5), compared to the other genera tested. AlKfiyeneumoniaestrains had
chloramphenicol datB3, aminoglycosidesadac(6'ylb-cr, aph(§-ld and aph(3"}Ib], fosfomycin
(fosA§ and sulfonomidesl?) resistance genes present (Figod). Other resistance genes included
fluoroquinoloneogxA(n = 4),0qxB(n = 4), andgnrB1 (n = 4) inK. pneumoniadrom spinach and
water,qnrS1(n = 1) inE. colifrom spinach andinrB6 (n = 3),qnrB37(n = 5),gnrE1(n = 10) inS.
fonticolafrom spinach and water, whilstdtk(n = 4), andndtH (n = 3) were present i8. fonticola
from water only The gnrB17resistance gene were presenKinpneumonia€n=4) andS. fonticola
(n=2) strains from spinach and water (FigdrB). TheS. entericastrain isolated from irrigation water
also harbouredhac(6'ylaa and aac(6'+ly aminoglycoside resistance genes (FigdrE) and aS.
fonticola strain from irrigation war harboured an aminoglycosidaph(3")Ib] and sulfonomide

(sul?) resistance gene (Figurel).
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7.3.2Detection ofmobile genetic elements and association to antimicrobial resistance genes

Known resistance plasmid replicon types of Enterobacteriaceae including IncFIB, IncFIA, IncFll,
IncB, and IncHI1B were observed in all strains following analysis with PlasmidFinder (data not
shown). Theb-lactamase gendilactx-m-15, was the only resistaacgene associated with plasmids
(IncFll_pKP91 and/or IncFIB(K)_1 Kpn3) in fol. pneumoniastrains upon further analysis (Table
7.2). ThelS6 family elements (IS6100) have been reported to play a pivotal role in the dissemination
of resistance determinants in Graregative bacteri@Partridge et al., 2018and were observed in
relation to thedfrAl4bresistance gene in all fid€. pneumoniaetrains (Tabl€7.2). Theblacrx-m-14
andsul2resistance genes were related to the ISCEP1 elenitin e 1S1380 familyn oneE. coli

and threeK. pneumoniaestrains, respectively, whilst or& fonticolastraincarried asul2 gene that

was related té65110(Table7.2). OneE. colistrain carriedlactx-v-1sthat was related to ISKra@ther
insertion sequences detected belonged predominantly to the IS3 and IS110 families (data not shown),
with oneK. pneumoniastraincarrying theblasyvsob r 0 a d s fdaetanmase uhat wés related to

IS3 (Table 7.2). In all K. pneumoniaestrains (n=5) where thenrB1 resistance gene was present,
association to Tn5403 were seen (TahlB. In oneE. coliand fiveK. pneumoniasatrains, integron

In191 was observed, witlifrAl14in the cassette array (Tabie).
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UPMP2117 Escherichia coli
UPMP213C Escherichia coli
UPMP212C Escherichia coli
UPMP2112Klebsiella pneumoniae
UPMP2118Klebsiella pneumoniae
UPMP2114Klebsiella pneumoniae
UPMP2121Klebsiella pneumoniae
UPMP2122Klebsiella pneumoniae
UPMP2115 Salmonella spp.
UPMP2116 Serratia fonticola
UPMP2118 Serratia fonticola
UPMP2123 Serratia fonticola
UPMP2124 Serratia fonticola
UPMP2125 Serratia fonticola
UPMP2126 Serratia fonticola
UPMP2127 Serratia fonticola
UPMP2128 Serratia fonticola
UPMP2128 Serratia fonticola
UPMP2131 Serratia fonticola
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Figure 7.1: Antimicrobial resistance genes present in Enterobacteriaceae isolated from water and spinach from farm to retail. Abbvéatati¢w) and
Spinach (S)
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7.3.3In silico analysis of serotypes, multiocus sequence types and virulence factors

Thein silico MLST analysis, predicted serotypes and pathogenicity probability of all 19 strains, are
shown in Tabler.3. Three different sequence types (ST58, ST117, and ST10) raeddifferent
serotypes (O75:H9, O11:H4, and O8:H17) were observed in theEhiasi strains. The fivek.
pneumoniaetrains belonged to three different sequence tgpdgshree different serotypes (KL27,
KL24, and KL39) which were observed based orkkaemntigen, whilst the &erotype included O4
and O1 (Tabler.3). The predicted antigenic profile of th8. entericastrain was O11:k:1,2.
Furthermore, th&. entericastrain contained 11 Salmonella SPI, namely-EBP12, SP3, SP}

4, SP15, SP19, SPt13, SP114, one unnamed, as well as the centisome 63 (C63PI) and 54 (CS54)
pathogenicity islands, each harbouring between 20 and 60 virulence fAgpendixF Table F2).

A total of 42 virulence genes were identified in EhecoliandK. pneumoniastrains AppendixF
TableF3 andF4). Of these, 20 were detecteddncolistrains only and 20 id. pneumoniastrains

only, whilst fyuA andirp2 virulence factors were detected in t&o coli strains from irrigation
water as well as thrd€ pneumoniastrains from spinach samples. All thiecoli strains carried

the terC virulence geneAppendixF TableF3) and in all fiveK. pneumoniaestraing the mrkA

mrkB, mrkC, mrkD, mrkE, mrkH andmrkl virulence factors were presedppendixF Table F3.

No shigatoxin producing genes were present in Ehecoli strains. A total of 89 virulence factors
were identified in thé&. fonticolastrains AppendixF TableF4). This included 25, 18, 16, and 6 of
the virulence factors present in 100% (n=10), 90%, 80%, and 70% of the s&edtedicola
strains, respectilg whilst the remaining 24 virulence factors were present in varying numbers in
one to six of the strain@\ppendixF TableF4). TheiroN salmochelin siderophore receptor which
plays a role in disease establishment was presenhtaaS. fonticolastrairs (two from unwashed
baby spinach samples at the retailer and one from the irrigation pivot point watét) cofistrain

from the ground water, as well as in the-&Blin theS. entericastrain from river irrigation water.

Relevant similarity to human pathogens were predicted for all 19 strains with a confidence-of 0.635
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0.721 in theS. fonticolastrains (n=10)0.8521 0.931 in theE. colistrains (n=3), 0.796 0.899 in

theK. pneumoraestrains (n=5) and 0.939 in ti$ entericastrain. (Tabler.3).

Table 72: Ext ended <daptanade randmAmBEroducing Enterobacteriaceae with
resistance genes related to mobile genetic elements

: . Resistance genes associated with mobile genetic elements
Isolate information

Genes Mobile genetic elements
. . b- . Insertion
Source Strain Species Other Plasmids Transposons Integron
lactamase sequences
w UPMP2130 Escgslri"’h'a CTX-M-14 151380
Escherichia  CTX-M-15 ISKra4
S UPMP2120 coli dfrA14b In191
SHV-80 1S3
Klebsiella  CTXM-15 IncFIB(K)_1_Kpn3 1S1380
W UPMP2112 . sul2
pneumoniae
qnrB1 Tn5403
dfrA14b IS6 In191
Klebsiela ~ TEM-1B 1S1380
W UPMP2118 ) dfrA14b IS6 In191
pneumoniae
gnrB1 Tn5403
CTXM-15 IncFIl_pKP91
Klebsiell IncFIB(K)_1_Kpn3
s UPMP2114 n:u;:jn;e sul2 151380
P qnrB1 Tn5403
dfrA14b IS6 In191
CTX-M-15 IncFIl_pKP91
Klebsiella TEM-1B 1S1380
S UPMP2121 pneumoniae gnrB1 Tn5403
dfrA14b IS6 In191
IncFIl_pKP91
TX-M-1 y
Klebsiell c > IncFIB(K)_1_Kpn3
s UPMP2122 ebsiela sul 2 151380
pneumoniae
qgnrB1 Tn5403
dfrA14b IS6 In191
w UPMP2116 serratia sul2 IS110
fonticola

Abbreviations: Water (W) and Spinach (S)
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Table 7.3: In silico multilocus sequence typingnalysis, predicted serotypes and pathogenicity
probability of Enterobacteriaceae isolated from irrigation water and spinach throughout production

from farm to retail

Accession Strain Source  Species Sequence Serotype Pathogenicity
type probability
NZ_ JACNYS000000000 UPMP2120 S Escherichia coli ST58 0O75:H9 0.888
NZ_JACNYTO000000000 UPMP2117 W Escherichia coli ST117 O11:H4 0.931
NZ_JACNYNO0OOO00000 UPMP2130 W Escherichia coli ST10 08:H17 0.852
NZ_JACAALO10000000 UPMP2112 W Klebsiella pneumoniae ST3559 KL27:04 0.899
NZ_JACBJB000000000 UPMP 2118 W Klebsiella pneumoniae ST15 KL24:01vl 0.889
NZ_JACBJE000000000 UPMP2114 S Klebsiella pneumoniae ST985 KL39:01v2 0.885
NZ JACBIZ000000000 UPMP2121 S Klebsiella pneumoniae ST985 KL39:01v2 0.796
NZ_JACBIY000000000 UPMP2122 S Klebsiella pneumoniae ST985 KL3901vl 0.885
NZ_JACBJD000000000 UPMP2115 W Salmonella enterica ST4924 Pretoria 0.939
NZ_ JACBJC000000000 UPMP2116 W Serratia fonticola N.D N.D 0.721
NZ_JACBJA000000000 UPMP2119 W Serratia fonticola N.D N.D 0.699
NZ_JACBIX000000000 UPMP2123 S Serratiafonticola N.D N.D 0.692
NZ_JACNYRO000000000 UPMP2124 S Serratia fonticola N.D N.D 0.635
NZ_JACNYQO000000000 UPMP2125 S Serratia fonticola N.D N.D 0.645
NZ_JACNYP0O00000000 UPMP2126 S Serratiafonticola N.D N.D 0.659
NZ_JACNYOO000000000 UPMP2127 S Serratia fonticola N.D N.D 0.659
NZ_JACBIWO0O00000000 UPMP2128 S Serratia fonticola N.D N.D 0.674
NZ_JACBIV000000000 UPMP2129 S Serratia fonticola N.D N.D 0.659
NZ_JACNYMO00000000 UPMP2131 S Serratia fonticola N.D N.D 0.705

Abbreviations: Water (W) and Spinach (S), Not detected (N.C

7.4 Discussion

To the authors knowledge this is the first study to use WGS-fibeith molecular characterization

of ESBL/AmpGCproducingE. coli, K. pneumoniae, S. enterica and S. fonticméates, previously

identified and partially characterized, from spinach andation water samples in commercial

production chains (Richter et al., 2020). Characterization inclagtihicrobial resistance, mobile

genetic elements (e.g. insertion sequences, plasmids and integrons), serotypes and determining the

pathogenicity. Allthese factors are crucial in defining and attributing infection sources of food

related outbreaks caused by resistant microorgan{€ngiuc et al., 2018)Overall, results

corresponded with main global findings where AMR genes and associated mobiie glensnts

have been reported in Enterobacteriaceae from fresh produce and irrigation water, with the potential

to pose a health risk to humans upon expogilmeesDias et al., 2016b; Finton et al., 2020)
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Previously, the presence woitl3 were reported in a high percentage of isolates from the current
study following conventional PCR and sequenc{Richter et al., 2020However, indepth WGS
analysis showed that rattl fragment preceded thietl3 genes, consequently, thetl3 genes
detected and previously reported did not form part of complete integrons, which typically include
an integraséntl gene encoding a s#pecific recombinase, a recombination sitik as well as a
promoter (B (Kaushik et al., 2018)Overall, six isolates in the current study were positive for
Class 1 integrons (In191), similar to In191 positive clinical EQBhducing Enterobacteriaceae
from an academic teaching hospital in Pretoria(Sékyere et al., 2020)dditionally, these MDR
environmental isolates harbored various virulence factors central to pathogenicity, including genes
associated with urinary tract infections and iron sequestering systems crucial for disease
establishmentAll isolates had relevant similarity to ham pathogens and form part of the WHO

3 generation cephalosporin resistant critical priority patho@@fis$O, 2017)

Two of theE. coli strains from the current study harboured plasmetliated Amplacmy-2-iike
genes flacmy-113 and blacwy-101), which correspond to the phenotypic profile of resistance to
expandeespectrum cephalosporins previously reported for these isolates using traditional PCR
analysis Richter et al., 2020)Theblacmy-2 pAmpCgenes are the most commonly reporte.in
coli and other Enterobacteriaceae species and have clinical relevance, as it inattiyatesaion
cephalosporins and mediate resistance to carbapddaocuby, 2009; Bortolaia et al., 201%hree
different multilocus sequence typesgamely ST58, ST10, and ST117, were identified ir&heoli
isolates Isolated from the retailed unwashed spinach samples in the current studyk:.S3d@B
have previously also been associated with human-axgstinal infections including sepsis, and
have emerged worldwide in wild and fepdoduction animal¢Reid et al., 2020)As an example,
ST58E. coliwith serotype O75:H9 corresponded taearolistrain of bovine origin from Pakistan

and also carried the IncFIB plasn{ii et al., 2020)

Although the strain from the current study had less AMR genes than reported ik Sd@&vith
serotype O7%9 by Ali et al. (2020) the trimethoprimdfrA14), fluoroquinolone@¢nrS) and b
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lactam PlacTx-m-15) genes corresponded. Similarly, uropathogenic H.58li with resistance to
fluoroquinolone and trimethoprim @ previously been isolated from hospital patients in Australia
(McKinnon et al., 2018)Theblacrx-m-15gene identified in the STB. coli strain from the current
study was assated with thdSKra4 insertion sequence, previously identifie&inpneumoniae
harbouringblacTx-m-15, and responsible for the movement to different parts of the genome through
a replicative transposition mechanigRazavi et al., 2020)In contrast taHauser et al. (2013yho
identified foodassociated shigxin producingE. coli ST58, nostx genes were present in the
strains. TheE. coli ST58 from the current study harboured tjaal (glutamate decarboxylase)
virulence gene, similar t&. coli ST58 strains isolated from aragula (rock&gid et al., 2020)
However, the presence {dfA (long polar fimbriae) anderC (tellurium ion resistance protein)
virulence factors in the strain from the current study, contrasted the virulence gene profiles reported
by Reid et al. (2020) Escherichia coliST10 have previously been associated with human clinical
infections and habeen isolated from different sources including recreational and/or wastewater
samplegFalgenhauer et al., 201%rom the current study, the coliST10 with serotype O8:H17

was isolated from boreholeater used for irrigation. Although this sequence type has previously
been associated with shitiaxin-producingE. coli (STEC)(GonzalezEscalona and Kase, 2018)

no stxgenes were detected in the current study. The virulence factors presetdr@étellurium

ion resistance ptein), astA (EAST-1 heatstable toxin),fyuA (ferric yersiniabactin uptake
receptor),irp2 (nonribosomal peptide synthetaseasy (increased serum survival) asdA (iron
transport protein). Previousli, coliST10 with similar virulence gene profiles were isolated from
human blood cultures and reported as exttastinal pathogeni&. coli (ExPEC)(Maluta et al.,
2017) Additionally, ESBIL-producingE. coli ST10 of the same serotype have beeratedl from
wastewater and are depicted as a probable environmental reseblaisr@fs genetic determinants

(Tanaka et al., 2019)

In the current study, the STEB coli strain harboured thielacTx-m-15 genetic determinant, whilst

blactx-m-14was present in the STID. coli strain. Globally, the CT>M type ESBLs (especially
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blactx-m-14andblacTx-m-15) have become the dominant genotype and the most widely distributed
(Cantén et al., 2012; Adamski et al., 201B¥scherichia coliblacTx-m-14 positive strains have
previously been isolated from store bought produce in Germany and South(Ridbéer et al.,
2019; Reid et al., 2020jood producing animals in Chir{aiao et al., 2015and clinical settings

in Brazil and & (CergoleNovella et al., 2010; Peirano et al., 2011)

The thid E. colisequence type (ST117) detected from irrigation source water in the current study,
have previously been reported as part of a group of 1seiltitype extrantestinal pathogenig.

coli (EXxPEC) and avian pathogerc coli (APEC) straingKim et al., 2017) TheE. coli ST117

strain from the current study harboured 20 viruleiac¢ors includinghe ExPEChlyF (Hemolysin

F) virulence gendn previous studiestxgenes were identified i&. colistrains with the same STs
detected in the current study, yet the virulence gene content and serotypes differ from the strains in
the arrent study(GonzalezEscdona and Kase, 2018However, the three ne®BTEC E. coli

strains (ST58, ST10, and ST117) from the current study had a 93%, 89% and 85% probability of

being human pathogens, based on the pathogenic protein families.

In addition toE. coli, other Enterobacteriaceae isolates harboublagrx.m-15 have also been
detected in different environments. In the current study, allkiveneumoniaetrains harboured

the blacTx-m-15 genetic determinant. The prevalence and disseminatidslagfx-v throughout
various environments globally underlines the different contammabutes through which fresh
produce may also become contaminated with these MDR organisms. For inSekeeidis et al.
(2020) have demonstrated the letgrm persistence d&. coli harbouringblactx-m-15in soil and
lettuce after its introduction via irrigation water. Sianl}, blactx-m-15 positive ST985K.
pneumoniaestrains were present in spinach at harvest on the farm as well as retail samples after
processing in the current study, suggesting successful persistence of these MDR strainK. In four
pneumoniastrains (SB559, n=1 and ST985, n=3), thiactx-m-15genes were associated witlcF
replicons (IncFik and IncFIB) which have previously been linked to diveksepneumoniae
outbreak straingDolejska et al., 2012, 2013; Lohr et al., 2Q1B8)oreover, inK. pneumoniae
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ST3559 blactx-m-15swas also associated witBEcpl(also calledSEc9, a member of the widely
reported 1S1380 family, and can enable the independent transposition with insertion mutation and
genetic relocation@artridge, R11). TheK. pneumoniastrains in the current study also harboured
blashv ESBL encoding genesl@snv-1s7, blashv-106 and blaskv-17g). Previously, SHV genetic
determinants were reported kh pneumoniadrom hospitals and receiving wastewater treatment
plants in RomaniéSurleac et al., 202@s well as irrigation water and agricultural soil & Gwu

et al., 2020; Richter et al., 202Mterestingly, the. pneumonia&T15 strain isolated from water

in the current study harbourethshyv.106which Liakopoulos et al. (201§)reviously reported to be
geographically constrained and have only been descriiédaneumoniaésolates fronPortugal
together withblarem-1. Similarly, theK. pneumoniaeST15 strain from the current study also
harbouredlasnhv-10stogether wittblarew-1. Klebsiella pneumonia8T15 is regarded as an emerging
international higkrisk clone causing nosocomial outbreaks worldwide with {hegkels of
antibiotic resistance including production of ESBLS, mainly EVIXL5 (Han et al., 2021)

TheK. pneumonia&T3559 strain isolated from irrigation water in the current study were capsular
type 27 anderotype O4, which is similar to an O4 serotype MRRneumonia@utbreak strain

from a neonatal care unit in s@aharan AfricdCornick et al., 2020)in addition K. pneumoniae
ST3559 harboured thdashv-17sgene which, to the best of oknowledge, have previously only
been reported in clinicaEnterobacterhormaecheistrains from the First Affiliated Hospital of
Zhejiang University in HangzhadiGou et al., 2020)

Apart -latamase denes, th€. pneumoniaestrains also harboured aminoglyates;
fosfomycin, fluoroquinolone, tetracyline, phenicol, trimethoprim and sulfonomide resistance
genes, which is a greater diversity of resistance genes than previously reported in
Enterobacteriaceae isolates from German surface wgtalgenhauer et al., 2019imilar to
results of clinicaK. pneumoniastrains reported by Mbelle et al. (20201191, harbouringifrA14

was identified in the three differedt pneumoniasequence types of the current study, reiterating

that it is not a narrow spectrum integr In addition,dfrAl4bwas associated witl&6 that has
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previously been reported as having a vital role in the rearrangement and dissemination of antibiotic
resistancgVarani et al., 2021)The presence dbsAandsul2in all theK. pneumoniaetrains of

the current study also correspond to the results reportddbbeile et al. (2020jrom clinical K.
pneumoniaestrains in Pretoria.

The highlevel of trimethoprim resistance globally has however led tomethoprim
sulfamethoxazole nlmnger being recommended for outpatient treatment of urinary tract infections
and similarly, the use of fosfomycin might not be efficacious anyrfMbelle et al., 2020) Four

MDR K. pneumoniaésolates from irrigation water (ST15, n=1) and spinach (ST985, n=3) had O1
serotypes, previously reported as the most commonly isolated serotypes from human hosts and
dominant in human diseag€ollador et al., 2016)However, it is noteworthy that no genes
encoding carbapenamases nor resistance to colistin were identified in the current study. All five
characterised. pneumoniaestrains &0 harbored several virulence factors including those that
coded for an iron uptake systekfil) and type 3 fimbrial adhesins(k) that play an important role

in adhesion to medical devices such as cathéMbasha et al., 2020; Finton et al., 2020)

Serratiaspp. are opportunistic pathogens that may pose a health threat to immunocompromised and
hospitalised patien{®etersen and Tisa, 2013heS. marcescergpecies is most often associated
with nosocomial infections, howeveg. fonticolahas been reported tmnction as a human
pathogen when detected alonemmaly be abystander and act as carrier of resistance genes when
discovered with other organisniBetersen and Tisa, 2013; Aljorayid et al., 20T8)aracterising
virulence genes of the MDR environmental strains therefore becomes important within the plant
food producing environment. In the curresttidy, allS. fonticolastrains harbourebtlasro1 and
numerous plasmid incompatibility (Inc) groups were identified in ti&s®nticolastrains (data

not shown). However more -thepth plasmid typing and analysis will be required to fully
understand the risk/probability d®lasFo1 dissemination in the environment whe$e fonticola
naturally occurs. In certain Enterobacteriaceae speE®BL genes are inherently carried on

chromosome@Naas et al., 2008T his includes thblasro1 ESBL gene fron®. fonticolahat differs
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from most cl ass-l &dctEdbBdses Gasprtchdeucht i on can be
imipenem(Naas et al., 2008 heblasro1 ESBL does not form part of the most clinically relevant

ESBLs and are therefore rarely reported.

Zhou et al. (2020jeported in contrast an increasing trend of thexstence of plasmitborne
blasro1and carbapenemase genes in clintgaerobactespp. in ChinaAll theS. fonticolastrains

also harboured numerous fluoroqumee resistance genes, raising a health concern for treatment
options, as fluoroquinolones are often used for management of conditions including typhoid fever
and MDR tuberculosiéRichards et al., 2@®). Interestingly, oné. fonticolastrain harboured an
acquired trimethoprim sul2) resistance gene associated with 1S110, corresponding. to

pneumoniadrom a German university hospit@chwanbeck et al., 2021)

The Serratiagenus naturally lacks resistance genes for trimethoprim and sulfongi@atener

Miranda et al., 2018Previous reports of potential pathogeBidonticolgprimarily foaused on the
antibiotic resistance profil§gsTasi | et al ., 2013; Al jThestrainsd et
from the current study additionally harboured various virulence factors. This indiageiiar
biosynthesis and chemotaxiselated genes as well as genes encoding iron uptake systems
corresponding to those previously reported in important MDR nosocomial patho§enic

marcescenglguchi et al., 2014)

Only oneS. entericastrain isolated from river irrigation water was characterised in the current
study. Irrigation water is well documented as a source for fresh produce contamination of foodborne
pathogens includin@almonellaspp.(Liu et al., 2018) The strain harboured an AmpC resistance
gene, similar t&. entericacharacterised from surface water in the United S{hiest al., 2014)

In addition, theS. entericdrom the current study carried aminoglycoside resistance gaae®\)

laa andaac(6'}ly), similarto results reported biMair et al. 2016)for nontyphoidal Salmonella

spp. isolated from a United Kingdom population. Of the 23 kn®aimonellaSPIs previously

describedMansour et al., 2020}he isolate from the current study carried 11 SPIs. This included
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SPIs that are commonly reportedSnentericaand encode genes responsible for enabling invasion

of epithelial cells (SPI1)facilitating the replication of intracellular bacteria (SPI2), adhesion to
epithelial cells (SPI3, 4, 5, and @Vvaterman and Hden, 2003; Velasquez et al., 2016; Mansour

et al., 2020)as well as SPI113 and 14 which corresponds to being part of the core genome of invasive
nonttyphoidal Salmonellaspp.(Suez et al., 2013Additionally, pathogenicity islands C63PI and
CS54 were present in ti& entericastrain in this study, which hgseviously beefiound in the S.
Typhimurium and S. Typhi genomgabbagh et al., 2010; Jibril et al., 2023ince no phenotypic
indication of virulence was investigated, the prediction of virulence genes iassilico tools

should be regarded with care, however, using PathogenFind8r ghtericastrain from the current

study showed 94% probability of Iogi a human pathogen.

7.5 Conclusion

This is the first WGS analysis study MDR ESBL/AmpGproducingE. coli, K. pneumoniagS.
fonticolaandS. entericasolates from spinach production systems wit The selected isolates
represent potential pathodengenera listed by the WHO as a priority for surveillance of
antimicrobial resistance screening. Numerous clinically relevant resistance genes were detected in
the screened samples. This study showed the potential of using WGS in metadata studies for
detaled molecular characterization of potential pathogenic Enterobacteridegdieermore, the

study highlighted the importance of the agricultural production environment as a source of
antibiotic resistance genes within Enterobacteriaceae in the-platesfood interfaceThe results

from this study highlights the need for expanded surveillance in agricultural systeore. studies

should include anore irdepth and controlled analysis, with a greater number of sequenced isolates
from the farmto-retail 0 better understand the prevalenteesistance gene transmission through

the supply chain.
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General Discussion

Consumption ofreshproduceis vital for a healthy dieanda strongmmune defence system.
With increased consumption comes greater risks in the food syStestproduce safetys
thusa globalpriority and requires improved production systems from the farm to the consumer.
Understandinghte microbiologicalquality of fresh fruit and vegetalels are importanas it
directlyrelatesto safey of fresh produc€Schuh et al., 2020In this thesighe microbiological
safetyof commonly consumed raw vegetatleas studiedThefocuswason occurrence and
characterisation of potential human pathogens with expanded antimicrobial resistamce
fresh produce retailetbrmally and informdlyy and particuldy the commercialeafy greens
supply chain. @mmercial spinach supply chaingre monitoredirom the farm, through
processing up to retail in Gauterthe most densely populated provinceSA. The study
included amulti-perspective approach in microbiological food safetyh a focus on
traditional indicator bacterigEscherichia coli and foodborne pathogg(E. coli, Salmonella
spp., andListeria monocytogengas well aantimicrobial resistance phenotypic and genotypic
characterisation of Enterobacteriaceae. Three main hypothesemvestigatecas described

in Chapter 1 and will be assessed in this final concluding section of the thesis

Hypothesis 1. Occurrence of m@imicrobial resistant Enterobacteriaceae is higher and
microbiological safety parameters unsatisfactory for fresh produce sold in the informal

compared to formal markets.

Fresh produce safety at the point of sale

Theobjectives of the scoping study of 545 fresh produce samples at the point(Gfiregiéer
3 and Chapter 4)included microbiological safety analysis (coliformg. coli and
Enterobacteriaceae counts), detection and characterization of potential foopdtbrogens

(E. coli, SalmonellaandListeria monocytogengss well as isolation and characterization of
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extendeespectrumb-lactamasg ESBL)-producing EnterobacteriaceéiRichter et al., 2019,
20217). The microbiological safety of fresh produce at retail has been studieally with the
focus mainly on assessing indicator bacteria levels and detection and characterisation of
foodborne pathogenk(coli, Salmonellaspp., and.. monocytogenggVital et al., 2014; Denis
et al., 2016bdu Plessi®t al., 2017; Li et al., 2017; Roth et al., 2018d&)e lack of consensus
in guidelines with regard to acceptable hygiene indicator bacteria levels ortoesatyRTE)
freshproduce renders compliance according to different countries diffiMaleover,current
national recommendations are needed forB#ese could include adoption edtablisked and
tested recommendations, such as those stipulated by the European Union, adjusted accordingly

to be country specific.

In the South African context,dding complexity to integrated fresh produce safety and
antimicrobial resistance surveillanceplantbased agriculturas the dualistic fresh produce
food supply system. Both commercial and srsallle farmers supply fresh produce to the
public, with dstribution channels that go through a formal (regulated) or an informal
(unregulated) system. To date, limited information is available regarding the microbiological
safety and prevalence of antimicrobial resistance and virulence genes in bacterial fisotate
fresh produce sold informally compared to that from formal retaileSAnMoreover,no
studies have investigated the presence of multidrug resistant -p®8LUcing potential
pathogens in fresh produce sold in the differ@Attrading sectors.Yet, 50% of thelocal

population depend on informal tra(feetersen and Charman, 2018)

The resultdrom Chapte 3 showedthat coliforms,E. coliand Enterobacteriaceae enumerated

from produce retailed formally and informally were mostly not significantly different, with

some exceptions notedn overall statement couldhereforenot be made regarding the
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microbiological safety of fresh produce sold informally compared to that from formal retailers.
Per product type, coliform counts that were ngicanty differert in the current studyrém

the formal and informal marketorrespondd to Du Plessiset al. (2017)who reported no
significant difference in coliform counts on spinach from informal vendors and formal retailers
in GautengProvince

As coliforms form part of the natural microflora of fruit and vegetables, testingofar
coliforms in fresh produce food safety practices is not intended to detect faecal contamination,
but rather to reflect general hygiene during food production or harj@argre for Food Safety
(CF9, 2014. For this reason, enumeration of Enterobacteriaceae, which includes a larger
selection of potential pathogens than colifor(Baylis et al., 2011) might give a better
reflection of the microbiological safety and possible mitigation necessary to miniatitzzibl
contamination. However, most international guidelines omit tbaeliforms and
Enterobacteriaceae criteria completely for fresh fruit and vegetables due to the natural high
bacterial load on these produitiealth Protection Agency, 2009; Health Canada, 2010j FSA
2016; FPSC ANZ, 2019) The main hygienéndicatorused in fresh produce safdigingE.

coli, with varied acceptable limits in different countries

AcceptableE. colilimits for retailed fresh produce differ with guidelines specified in the UK

as 20 to 100 CFU/g, Australia as 3 to 100 CFU/g, and Canada as 100 MPNégha/I8IA

Department of Health (DoHjuidelines which are currently under revision proposed Eero

coli per gram for raw fruit and vegetabl@@oH, 2000; FSANZ, 2001; Health Protection

Agency, 2009; Health Canada, 201The results from Chapter $howed that 44% of the
spinach sampl es fr om H. eolwitle sigaificantydigherertea. h ar b o |
cai counts (1.22 log CFU/g) than the 12% of spinach samples from street traders that

harbouredE. coli. However, no significant difference in the méarcolicounts from the street

203



Chapter 8
traders (0.25 log CFU/g) and 28% trolley vendor spinach samples positizedali (0.72 log
CFU/qg) were seen compared to the 20% retailer spinach samples that hatbaaiedith a
mean value of 0.84 log CFU/ghis contrasts a previous study whErecolicounts on spinach
purchased from informal vendors were significantly higher than that of spinach from formal
retailers(du Plessist al., 2017) Interestingly,Baloyi et al. (2021numeratede. coli from
only 2% of tomato samples (n=50)rpbased from informal markets in GautePgpvince
while the current scoping study reflected higgercoli occurrenc&73%)in tomatoegetailed
informally. I n 20% of the tomato sanbf)lEecoliviereom t he
enumerated at levelldt were not significantly different than that of the 94%, 100% and 98%
retailer (n=50), street trader (n=50) and trolley vendor (n=50) tomato samples that also
harbouredE.coli, r espectively. However, after enrich
markets in the current study were positiveEorcoliisolateswhile Baloyi et al. (2021jsolated

E. colifrom informally street vended tomataesGautengProvince

In addition to assessing hygiene indicator bacteria levels and foodborne pathogen presence in
fresh produce, inclusion osurveillance of antimicrobial resistance and the genetic
determinants from bacteria found on fresh produce in food safety research has become more
common (Ben Said et al., 2016; Holzel et al., 2018)verall, 81/545 samples (14.86%)
harbouredE. coliin the current study t he maj ority i solated fron
samples. Offte 67 characterised isolates, 40.3% wetdtidrug resistanfMDR) (Richter et

al., 2021, Chapter 3)This is similar to the 37.9% multidrug resistance reportef.icoli

(n=29) isolated from spinach retailed formally and informally in GautengPlessist al.,

2017) but lower than the 85.7% multidrug resistanc&.rcoli (n=48) isolated from spinach,

tomatoes, carrots, cabbage and apples from Gauteng informal n{Bidets et al., 2021)
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Antimicrobial resistance genes in addition to acquisition of virulence genes increases the
pathogenicity of microorganisms and consequently the severity of infd&iddaky et al.,

2020) Commensal bacteria may act as a reservoir for transferring resistance genes to pathogens
(Hassan et al., 2011; Adharousi et al., 2019) Consequently, enumeration of
Enterobacteriaceae and associated antimicrobial resistancehgeeelseen consideres an
additionalmicrobiological safetyparametein food supply to include a better indication of

both commensal and paotigal pathogenic bacteria levels on fresh prod(geKharousi et al.

2016; Liu and KilonzeNthenge, 2017)Although MDRE. coliwas not isolated from samples
from all the different vendors, ESBhroducing Enterobacteriaceae were isolated from 95/545
(17.43%) of the samples that included produce from all ver(@rapter 4) This is higher

than the 13.3%, 5.5%, and 0.83% ESRiodwcing Enterobacteriaceae occurrence reported
from retailed fresh produce in similar studies within the same sampling period in China,

Romania and South Korea, respectivéle et al., 2017; Colosi et al., 2020; Song et al., 2020)

Dissemination of antimrobial resistant organisms globally is a major public health challenge,
threatening effective prevention and treatment of an increased amount of bacterial infections
(Prestinaci et al., 2015; Vikesland et al., 20M)reover, ESBEproducing Enterobacteriaceae
forms part of the global priority list of antibiotic resistant bacteria as thatf®gens cause

high morbidity and mortality and increased healthcare ¢@gitsO, 2017)

Enterobacteriaceae regarded as emerging bacterial threlate E. coli, K. pneumoniaand
Enterobacters p p . s h o wi n glactarassandsamiaoglycesidéBair and Tor, 2014)
DominantESBL-producing Enterobacteriaceakentified in the current studyvere E. coli,
Enterobacter cloacaeEnterobacter asburiaandK. pneumoniag¢Chapter 4) From spinach

and tomato samples, which were the two products sampled from all the different vendors, the

highest number of ESBproducing isolates were frosamples purchased frostreet traders,
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followed by retailers, trod y vendor s andIntoatrashdhe snéjoritynDRk e t s .
genericE. colii sol ates were from farmersd mar ket spi
samples from street traders and retailers, while no MB#ericE. coliwas isolated from the
spinachand tomato samples bought from the mobile trolley vendors
Additional products (lettuce, cucumber and g
as no South African farmersd market fresh pr
Naicker and Rogerson (201 Tgcently highlighted th growing expansion of farmers markets
in SA as part of a wider trajectory of local and alternative food networks. Similar to results
reported byColosietal. (202Q0) t he fresh produce analysed fr
current sudy also harboured ESBL genetic determinahit® occurrence of MDIE. coliand
more notablyESBL-producing Enterobacteriaceesported for the first time in formally and
informally retailed fesh producein SA highlights theimportance of expanded rougin
investigations of environmental bacteridhis is necessary apredictive data on the
development of antimicrobial resistance in the environméhtontribute towards mitigation

strategies of antimicrobial resistance withie one healtframework (WHO, 2017).

Conclusions based on the analysis of the fresh produce at theofyeale scoping study
include:i) MDR ESBL/AmpGproducing potential pathogenic Enterobacteriaceae are present
in raw vegetables retailed formally amtformally at selected sites in Gautemgth no
definitive difference in occurrence between produce from the different trading segtors;
Expanded microbiological safety surveillance for retailed fresh produce is necessary in
different SA provinces, espilly within the currently unregulated informal fresh produce
trade, that supplies to a large proportion of the SA populaiipihe occurrence of MDR
potential human pathogens and MDR commeEBsaloli in retailed fresh produce highlights

the need fostandardized commodity specific fresh produce safety guidelines, with inclusion

206



Chapter 8

of antimicrobial resistance surveillance in food safety strateyiptmproved antimicrobial
resistance surveillance is necessary in fresh produce production systemgrindgnirigtail, to
identify potential sources of contamination, as ten different genera of ESBL/4ungui0cing
Enterobacteriaceae, including clinically significant species, were isolated from the retailed

fresh produce.

Hypothesis 2:Microbiological quality of irrigation water contributes towards the presence and

persistence of antimicrobtaésistant bacteria in the spinach production system.

Significance of rrigation water microbiological quality in fresh produce production
As fresh produce IS produced I n a natur al

mi croorganisms on frygBergervegetable2Qild; eBp
Accordingly, Enterobacteriaceae was enumer at
production and processing as well as spinac
irrigatiofClwapteer us)e.d The r escudnfsi rfseeohth tthhee
hypothesis as a link between thecoliisolated from the irrigation water and spinach at harvest,

through processing and at retail was shown and the irrigation water quality dictated th

potential of pathogen contamination in fresh produce production.

I nternational gui delines and regul ations for
(Banach and-KVem xDer2vhE@les fresh sprcdduwmse tihred us

Greens Mar keting hAdrpee mé r tgs(alf-@MdAoo@i/ f otolde U.

has commodity specific guidelines for produc
gui delines are often based on the UsSromkgod
food safety focus shifting fromFDAsSspd»GHAERG t
gui dance docufmmket enttEapcdceegtedlsidebased on t he

agricultural water systems and specific uses
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(https:/ /1l gwmaf-erhrygmoamdtemari del i nes include bot

E. Iciomits as criteriaMboe ppetenftfiahbhl tgnt amen
safety rule of wahmirdrSavAI @lr ogpidaald apd a laivteyr agtea
E. kteVels <126 MPN/ 100ml f or nuusletd pilre Iseaarfpyl ¢
produ(cHayoomaker et al ., 2019).

AccordiWagr lted Héeael t WHRxi ganigsaatiiommn wat er qual it
fecal coliform |l evels in irrigation water us
exceed 1000( VCHQ,/ 1200®i6mli | ar 1l y, the Department
guidelines in SA stipulate that woaut| edr  huasveed
coliform |l evels <1000 CFU/100 mlI and that th
and other crofEs catseamngewbédbwvéebeFU/ 100 ml (
1996). The <col i f wa tmencdo ubnotrse hoadlmet thieetrarvefr age d
current study exceeded these recommendati ons
came in contact with the harvested spinach f
al so not have bedm ddhece DIWAKFI ¢ 1L®OG)r giung el i ne

wat er hkEd cwelaat s of 2.02 | og MPN/100ml and tF

circulation in the secontdehsetlosr agfe 2ad.a6m hlaadg
Al t hough ehBH.meosltrii @wint ionely used as an i ndice
water sources used in fresh produce product.

e X I Moteover, the extraordinarily high pathogenic loads present in South African surface
water often used for agricultural irrigation purposes poses a particular challenge for fresh
produce safety.

Recently, a joinFood and Agriculture OrganizatidffAO) and WHO report stated that the
assessment dE.coli levels alone inirrigation water for safe use in food safety is not an

appropriate measure as it is not considerguopersurrogate for the diversity of potential
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pathogens that may be preséRAO and WHO, 2019)Moreover,the presence of generic
(nonpathogenick. coli arereported as podndicators of the presence of STEC (Haymaker
et al., 2019)Further to this, e results from Chapter 3 and Chaptef 4resh produce at the
point of sale also indicated thdé¢termining theresence oE. colilevels alondas not a good
indicator of prevalence of antimicrobial resistance genes.

The LGMA commodity specifigrigation waterguidelines recommends the insion of STEC
(includingE. coliO157:H7) andalmonellan follow-up water testing if the overhead irrigated
leafy greens had direct contact with irrigation water exceeding the spectali acceptance

criteria(ht t ps: / /| gwa f-@h g @ dlashdcific@auth African guidelines exist,

nor guidelines in many other countries, for the presen8alofionellaspp. or other pathogens

in irrigation waterwhich might result in underreporting. Expanded irrigation water guidelines
with inclusion of a wider range of pathogens should therefore be considexeever, regional
challenges in SA and other developing countries should also be considered as expanded
monitoring and implementation might not always be realistic

Previous studies have shown that multidrug resistant Enterobacteriaceae, including commensal
and potential human pathogenic isolates are present in South African irrigation water sources
and comrercially produced leafy green®jage and Buys, 2014; Jongman and Korsten,
2016a) After enrichment in the current study, gendticcoli was isolated from 40.30 % and

14.60 % of water and spinach samples, respect{@igpter 5) Collectively, 43.73% (n=80)

were MDR and ERIEPCR cluster analysis showed tlgatcoli isolates from irrigation water

and spinach at retail within each respeztisupply chain had at least 85% similarity.
Concomitantly, ESBL/Amp&producing Enterobacteriaceae were isolated from 29.1% and
37.5% spinach samples from the respective production scenarios and 20.83% river and

borehole (10.42%) watéRichter et al., 2020Chapter 6)
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Interestingly, a greater abundance and species diversity from harvested, to proamedsed
subsequent retail spinach samples were seen throughout a&ims.clsolates from retailer
spinach samples includé&d pneumoniagS. fonticolaR. aquatilis E. coliandE. asburiaghat
corresponded to isolates from retailed fresh produce samples in similar gtelies al.,
2017a; Zekar et al., 201, 7as well as ESBlproducing Enterobacteriaceae isolatednfr
formally and informally retailed fresh produas reported in Chapter(Richter et al., 2019)
The results fronChapter 5 and Chapterréiterates the contribution of irrigation water as a
source ofantimicrobial resistant bacterial contamination in fresh produce production as
previously reportedVital et al., 2018) Yet, relevant, standardized data for elucidgtthe role
of plantbased agriculture in the holistic picture of AMR ecology is still lacking glolB/&O,

2018)

Analysis of thethe spinach supply chainsmfirmed the second hypothesid conclusions
include i) a high prevalence ofmultidrug resistancen commensal and potential pathogenic
Enterobacteriaceae isolated frooontaminatedriver and borehole irrigatio water and
associated spinach at harvest, throughout processing and atijetesistance genes persist
throughout processing of fresh produce in both washed and unwesimedercial spinach
product lines as ESBL/Amp@roducing MDR organisms with simail phenotypic MR
profiles were isolated from harvested spinach, spinach during processing and samples from the
retailer, iii) where contaminated river water with unacceptable microbiological quality
according to the current guidelines were used for irrigattongoli was enumerated from
spinach samples throughout the complete chain and an increase in ESBLpaogpCing
Enterobateriaceae generavere seen in isolates from the spinach sampleg the
microbiological quality of the initial source watptayeda vital role in the retailed fresh

produce microbiological qualifyv) there is aneed forstandardized risbased water qlisy
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guidelines for fresh produce productismhere the context of water uses along the food chain

has to beconsidered in a fifor-purpose manner.

Hypothesis 3:Clinically relevantantibiotic resistance genes are present in Enterobacteriaceae

isolatedfrom commercial spinach production environments.

Food safety, antimicrobial resistance anane health
This hypothesis was cofirmedth WGS analysi®f selected isolates from the spinach supply

chains Application of WGS is increasingly used for surveillance within food supply chains.
This follows as a single assay can provide informategardingantimicrobial resistance,
mobile genetic elements ¢e.insertion sequences, plasmids and integrons), serotypes and
determining the pathogenicity. All these factors are crucial in defining and attributing infection
sources of foodelated outbreaks caused @gtimicrobialresistant microorganisn{®©niciuc

et al., 2018h)Although clinically relevant bacteria were isolated from the water and spinach
sources and antibiotic resistance genes associatedrenioys outbreak strains were detected,

it is noteworthy that no genes encoding carbapenamases nor resistance to colistin were
identified in the current study. This study was the first to report on \&l@#acterisation of

MDR ESBL/AmpGproducing Enterobaetiaceae from fresh produce supply chainS/
(Chapter 7). Globally, limited quantitative data is available and a lack of understanding
regarding the behaviour and pestsnce of microbial hazards introduced via irrigation water,
andthe interaction of water with different fresh produce products in varied environments at
different steps along the supply chain remgf&0O and WHO, 2019)Only once sufficient

data is generated, risk assessments for AMR within fresh produce supply chains can be
initiated.

The overuse and misuse of antibiotics is aldwide problem and thighesis outlind that
resistance to antibiotics also forms part of food safety challeniglein South African fresh

produce supply Recently, he global COVIB19 pandemic highlighted how crucial
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surveillance systems are for detentand management of public health threats. If antimicrobial
resistance is not tackled aggressively, this emerging threat will also lead to permanent
humanitarian and economic consequences globally. However, to establish effective

surveillance programs,atdardised data acquistion and analysis is required.

The overall results from this studpowedthat traditional microbiologial methods still have a
very important role in food safety strategies, albeit fresh produce and irrigation water
microbiological quality guidelines need to be -assessed and standardisédoreover,
government guidelines for fresh produce are currently absent id&#htional inclusion of
molecular techniques such as WGS within these food safety strategies provigaadaah
information through which bacterial isolates from environmental and clinical settary
easily be linked, which is crucial for foodborne outbreak investigations and surveillance
systems. Furthermore, mitigation strategies and improved food safety lamaesihnd
awareness training required especially in the unregulated informattorthat play a vital

role in food supply for the SA population. This follows as a high prevalence of MDR
ESBL/AmpGproducing Enterobacteriaceae that included clinicallpiBaant species were
isolated from the informally traded raw fresh produce- dlovery limited tracking systems
currently exist regarding thsourceof fresh produceetailed informally Furthermorethe
microbiological qidity of associated irrigation wateised during production as well as the
wash water used on site at the different street traders, in which the fresh produce was
continously soakedemainsunknown Analysis within the formal commercial spinach supply
chains, where sufficient sourtiecking systems are in placemphasised the important role

that the water quality plays during production and processing for the final retailed product and
further, the need for surveillance of antimicrobial resistance within the -piaiefood-

human healtinterface.
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On a final notethe occurrence dfIDR potential pathogeniénterobacteriaceaeith expanded
resistance profilesvere reportedfor the first timein fresh vegtables sold formally and
informally as wellaswatersoucesand irrigated spinach from commercial production systems

in SA. Worldwidethe dangers oAMR have been known for yeangetthe extent, emergence

and maintenance ®iDR organisms in plant productioemainunderreported within the one
health context of combatting AMR. Fromtiaditional food safety perspective, this thesis
presents evidence that a pardigm shift in microbiological quality parameters, which currently
focuseson hygiene indicatomicroorganismgfecal coliforms, E. coli) in the SA waterplant

food interface, is needddr a holisticmicrobiological safety profile of fresh produce to be
consumed rawlnclusion of addional members of Enterobacteriaceae often implicated in
foodborne disease outbreaks (Balmonellaspp.) other microorganisms such as protozoa and
viruses as well as surveillance of AMR needs to be considered.

Training and awareness of responsible agpion of antimicrobials in agriculture,
consequences of misuse, and the severity of the problem in the food chain in both formal and
informal fresh produce production systems need to peoved.Moreover, this study showed

that a national database of AMRrveillance within the watgrlantfood-human health nexus
needs to be established as this information is essential for future development and
implemenation of risk mitigation strategies. Through inclusion of WGS analysis in food safety
surveillance, algbal link between potential pathogens and AMR gene dissemination can be
establishedAntibiotic resistance is a known major global health threat, exacerbated by the
growing demand in food supply and recemtreased use of antibiotics in response to the
COVID-19 pandemicResistancgene disseminaticeimong microorganisms fao regard for
borders and continents, therefore, a global collaborative multisectoral approach to detect,

prevent, and respond is vital.
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INTRODUCTION
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