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Abstract

Word count: 208

Antimicrobial resistance is one of the most important public health concerns —it causes 700,000 deaths annually according to the
World Health Organization (WHO). Enterobacterales such as E. coli and Klebsiella pneumoniae, have become resistant to many
relevant antimicrobials including carbapenems and extended spectrum cephalosporins. These clinically relevant resistant
Enterobacterales (CRRE) members are now globally distributed in the environment including different food types (meats, produce,
dairy). Unlike known foodborne pathogens, CRRE are not usually part of most food surveillance systems. However, numerous
reports of CRRE highlight the importance of these bacteria in food and have been shown to contribute to the overall crisis of
antimicrobial resistance. This is especially important in the context of carriage of these pathogens by immuno-compromised
individuals. CRRE infections upon consumption of contaminated food could colonize the human gastrointestinal tract and eventually
be a source of systemic infections such as urinary tract infections or septicemia. While different aspects need to be considered to
elucidate this, whole genome sequencing along with metadata could be used to understand genomic relationships of CRRE obtained
from foods and humans, including isolates from clinical infections. Once robust scientific data is available on the role of CRRE in
food, countries could move forward to better survey and control CRRE in food.

Contribution to the field

Enterobacterales as E. coli and Klebsiella pneumoniae resistant to relevant antimicrobials as carbapenems and extended spectrum
cephalosporins are considered clinically relevant resistant Enterobacterales (CRRE), which are also globally distributed in the
environment including different food types (meats, produce, dairy). Unlike known foodborne pathogens, CRRE are not commonly
part of most food surveillance systems. However, numerous reports of CRRE highlight the importance of the presence of these
bacteria in food in the overall crisis of antimicrobial resistance. Though, the public health impact of the presence of CRRE in food
remains unknown. A plausible outcome of CRRE upon consumption of contaminated food is to colonize the human gastrointestinal
tract and eventually be involved in urinary tract infections or bloodstream infections. The article represents a perspective on the
use of genomics to better understand the role of CRRE in food.
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Abstract

Antimicrobial resistance is one of the most important public health concerns —it causes
700,000 deaths annually according to the World Health Organization (WHO). Enterobacterales such
as E. coli and Klebsiella pneumoniae, have become resistant to many relevant antimicrobials

including carbapenems and extended spectrum cephalosporins. These clinically relevant resistant

Enterobacterales (CRRE) members are now globally distributed in the environment including

different food types (meats, produce, dairy). Unlike known foodborne pathogens, CRRE are not
usually part of most food surveillance systems. However, numerous reports of CRRE highlight the

importance of these bacteria in food and have been shown to contribute to the overall crisis of

antimicrobial resistance. This is especially important in the context of carriage of these pathogens by

immuno-compromised individuals. CRRE infections upon consumption of contaminated food could

colonize the human gastrointestinal tract and eventually be a source of systemic infections such as

urinary tract infections or septicemia. While different aspects need to be considered to elucidate this,

whole genome sequencing along with metadata could be used to understand genomic relationships of

CRRE obtained from foods and humans, including isolates from clinical infections. Once robust

scientific data is available on the role of CRRE in food, countries could move forward to better

survey and control CRRE in food.
Introduction

Antimicrobial resistance (AMR) occurs when microorganisms evolve to resist the action of
antimicrobials, making infections harder to treat, especially in critical patients leading to premature
death (Dadgostar 2019). Unfortunately, bacteria have progressively acquired resistance to numerous
antibiotics exhausting therapeutic alternatives and generating a serious public health problem and a
worldwide alert (World Health Organization 2020). Importantly, AMR can jeopardize many of the
advances of modern medicine, and threatens to turn usually treatable conditions into deadly infections
that could carry a high death toll around the globe (Menichetti and Tagliaferri 2012; Chioro et al.,
2015). Currently, AMR is estimated to cause 700,000 deaths per year, this number is projected to reach
10 million deaths annually by 2050 (Hoffman et al., 2015).

The dynamics of AMR are complex and poorly understood. However, the connection between
humans, animals, food, and the environment is increasingly recognized as a major player in the

dissemination of AMR (Ludden et al., 2020). Therefore, the threat of AMR needs an integrated



55
56
57
58
59
60
61

62
63
64
65
66
67
68
69
70

71

72
73
74
75
76
77
78
79
80

81
82
83
84

Resistant Bacteria in Food

approach such as the collaborative effort of key players from different disciplines at the WHO, Food

and Agriculture Organization (FAO), and World Organization for Animal Health (OIE) tripartite
(World Health Organization, 2021). To tackle AMR, it is important to reduce transmission of

resistant bacteria that are circulating among humans and animals. To accomplish this a better

understanding of the role of these organisms in food production is needed. This knowledge will

augment the responsible use of antibiotics in humans and animals (Pokharel, Shrestha, and Adhikari

2020).

Food products are well-known carriers of foodborne antibiotic-resistant pathogens such as
Salmonella spp. or Campylobacter spp. (Nordstrom et al., 2013; Allard et al., 2018). These
organisms represent an important public health concern and are, therefore, subject to active
surveillance in several countries (Hoffmann et al., 2017). Furthermore, food may also contaminated
with commensal organisms harboring antimicrobial resistance genes, most of these are not part of
routine surveillance strategies (Holzel et al., 2018). Importantly, several studies have already

reported the presence of resistant bacteria in foods but only a handful have established relationships

between resistant bacteria in food and in humans at the same time. This risk is not comprehensively

understood much less controlled (Kim et al., 2015; Liu et al., 2018; Liu and Song 2019).

Clinically-Relevant Antimicrobial Resistant Bacteria

In 2017, the WHO published a priority list of antimicrobial resistant pathogens, highlighting
the threat posed by multidrug-resistant bacteria (Harbarth et al., 2017). Common characteristics
among these priority pathogens are their wide dissemination and their ability to horizontally acquire
and transfer resistance traits (van Duin and Doi 2017; Logan and Weinstein 2017; Kelly et al., 2017).
Importantly, all organisms regarded as ‘critical’ in WHQO’s priority list are Gram-negatives and

include carbapenem-resistant bacteria of different taxa such as Acinetobacter baumannii,

Pseudomonas aeruginosa, and Enterobacterales. The list also includes Enterobacterales that produce
Extended Spectrum Beta-Lactamases (ESBL)—enzymes that can confer resistance to third-

generation cephalosporins (Ghafourian et al., 2014).

Enterobacterales are particularly relevant because they can be found in numerous
environments including food and cause significant human infections (Van Loon et al., 2018). For
instance, infections caused by antibiotic-resistant Klebsiella spp. and Escherichia coli are associated

with mortality rates of around 50% (Logan and Weinstein 2017; Lipari et al., 2020). The high
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mortality caused by these pathogens is probably associated with the absence of effective treatments
(Temkin et al., 2014). Globally, Klebsiella pneumoniae has been repeatedly identified over the past
30 years, as the most common Enterobacterales linked to the spread of ESBL genes in healthcare
settings (Nordmann, Naas, and Poirel 2011). Importantly, patients infected with carbapenem-resistant
K. pneumoniae have a 4-fold increased risk of death versus patients infected with antibiotic-
susceptible K. pneumoniae (Ben-David et al., 2012). Therefore, carbapenem-resistant
Enterobacterales along with those that produce ESBLSs are considered clinically relevant-resistant
bacteria, these are not only found in human but are also widely reported in the environment and food.
However, the fate of clinically relevant resistant bacteria in food and their role in public health are

not yet fully understood.

Food Reports and Subtyping of Clinically-Relevant Resistant Enterobacterales

Different food types have been found to contain clinically-relevant resistant Enterobacterales
(CRRE)—specifically Enterobacterales producers of ESBL and/or carbapenemases (enzymes that
confer resistance to carbapenems) (Liu et al., 2018; Zhang et al., 2019; Sugawara et al., 2019).
Reports of CRRE in food are seen from many different countries; meats, produce, and dairy have all
been found to harbor CRRE (Table 1). Most studies have focused on the study of CRRE in different
meats such as chicken, beef, and pork; more incipient is the study of CRRE in produce and dairy

(Table 1). Overall, the data suggest that CRRE appears to be widely and globally distributed in food.

E. coli and K. pneumoniae are the more commonly CRRE reported in food. These organisms
are found to harbor genes coding for carbapenemases (e.g., blaoxa-4s and blanpm). These CRRE
containing these genes have been found in meat and produce. CRRE carrying genes coding for the
ESBL enzymes blaSHV, blaCTX-M, and blaTEM, have been extensively reported in meat and
produce (Table 1). To date, reports of CRRE in food have not necessarily facilitated our
understanding of the public health role of the presence of CRRE in food and the risk for consumers

of food-mediated acquisition of CRRE.

For decades the gold standard technique to understand the genetic relationships between

bacteria has been pulsed-field gel electrophoresis (PFGE) (Salipante et al., 2015). Of the studies

selected in Table 1, eight of them used PFGE to understand the relationships of CRRE isolates in

food. These previous studies have shown the importance of subtyping isolates: the importance of

obtaining greater resolution and summarizing genetic data can improved the study of CRRE in food.
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For instance, one study used PFGE to type CRRE isolates obtained from vegetables and found two

1solates co-carrying relevant resistant genes (i.e., the colistin resistant gene mcr-1 and the B-lactamase

blaNDM). These isolates were PFGE typed along with isolates of avian origin (Liu et al., 2017).

However, the PFGE typing showed different patterns between avian and vegetable isolates,

suggesting that vegetable isolates were not directly derived from the avian feces previously studied

(Liu and Song 2019).

PFGE has a lower capacity to correctly identify strains in clusters than whole genome

sequencing (WGS), which shows better resolution (Gona et al., 2020). To advance this knowledge,
some studies have sequenced the genomes of CRRE obtained from food (Table 1); for instance, in
Table 1 only 5 of the 28 studies included used genomic information. However, genomic relationships
of CRRE isolated from food and CRRE obtained from human clinical cases or human colonization

could improve our understanding of the public health risk of food-mediated acquisition of CRRE.
Whole Genome Sequencing as a tool to identify the public health risk of CRRE in food

Whole genome sequencing is a useful tool in food safety and public health facilitating our

understanding of transmission and persistence of foodborne pathogens (Kovac et al., 2017). WGS has
been crucial for studying foodborne outbreak investigations for almost a decade in the US and
Europe (Brown et al., 2019; European Centre for Disease Prevention and Control, 2021). Numerous
outbreaks have been rapidly resolved using WGS along with epidemiological data. For instance, in
2018 an outbreak of salmonellosis in the European Union related to eggs was resolved using WGS to
confirm a source in Poland as the origin of the outbreak. This highlighted the public health value of
international sharing of epidemiological data along with rapidly obtained WGS (Pijnacker et al.,
2019). In addition, WGS have also been used to track contamination routes of Listeria.
monocytogenes in food production establishments (Nastasijevic et al., 2017). Therefore, WGS is now
widely use in all sectors involved in food safety including governments, academia, and the food

industry (Wang et al., 2016).

The use WGS is crucial to improve our understanding of the public health impact on CRRE in
food. One study compared the genomes from E. coli obtained from humans, poultry, wild animals,
and water collected in the past decade in Australia. Using WGS the study evaluated sequence types,
mobile genetic elements, phylogroups, etc. to improve understanding of epidemiological clones and

the presence of pervasive horizontal gene transfer across the species in all these sources (Touchon et
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al., 2020). In this study, the authors compared around 1,300 strains to represent the genetic diversity
of E. coli in Australia and looked for associations between the different phylogroups and the
environment. Their results showed that the acquisition of mobile genetic elements (MGE) plays an
important role in the first stages of genetic divergence between isolates, increasing the genome size
of E. coli. The source of isolation would be determined by the number of MGEs acquired, reinforcing
the idea that there is an association of certain genetic backgrounds with specific environments.
Therefore, understanding the genetic context of each source of isolation is be a key step in
understanding the movement of genes by including resistance and virulence genes at a specific
location (Touchon et al., 2020). Consequently, it is very important to study the genomic relationships
and MGEs of CRRE isolates found in food and to compare them with isolates obtained from human

clinical cases or human colonization in healthy people.

To use WGS to infer genomic relationships of CRRE is not an easy task; mostly because the
plausible effect of consumption of CRRE in food is not expected to represent an acute disease, but
rather gastrointestinal colonization is proposed (Hdlzel et al., 2018). Furthermore, the term foodborne
urinary tract infection (FUTI) was also proposed as a new paradigm widening the perspective on the
public health effects of CRRE in food (Nordstrom et al., 2013; Liu et al., 2018). WGS was used to
study the genomic relationships of CRRE from food to humans using a One Health approach. A one-
year study in Arizona compared the genomes of E. coli isolates from meat products and isolates from
human urinary and blood sources (Liu et al., 2018). The study found one sublineage of E. coli ST131
found in poultry meat and human clinical cases raising the hypothesis of foodborne transmission and
remarking the role of antimicrobial resistant £. coli in poultry meat (Liu et al., 2018). Importantly,
the ability to cause UTI of E. coli isolates obtained from different meats was proven in murine

models (Jakobsen et al., 2012).

Here, WGS has been an important tool to study the potential public health role of CRRE in
food, and the whole transmission route is not completely understood. The variety of food types in
which CRRE have been reported include food that is not further processed at home (e.g., fruits and
vegetables). To better understand this, CRRE obtained from different food types need to be studied

along with human gastrointestinal colonization and clinical cases (Fig. 1). WGS can provide

information about virulence potential, adaptation and survival such as resistance to biocides, metals,

and antimicrobial drugs along with the plasticity of genomes of food isolates. For example, in

antibiotic-resistant Salmonella obtained from retail meats and clinical isolates, WGS identified the
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resistance genes and the genomic environment of these genes (Keefer et al., 2018) providing unique

and valuable information for the study of the spread of antimicrobial resistance. Similarly. virulence-

associated genes of ESBL-producing K. pneumoniae from different sources including vegetables has

been identification by using WGS (Chi et al., 2019). Both examples provide an enormous advance

and facilitate the detection of potential risks to public health.

In Chile, the Millennium Initiative for Collaborative Research on Bacterial Resistance (microb-
r.org; which is a multi-institution research center focusing on the study of AMR) partnered with the
Maule Cohort (MAUCO) (Ferreccio et al., 2016; 2020). Here, suitable conditions are given to study
AMR and to use WGS of CRRE obtained from different food types and from human volunteers
(10,000 adults inhabitants) from Molina county where the MAUCO cohort is located. MAUCO

cohort’s participants represent a unique opportunity to advance the current understanding on the
public health consequences of the presence of CRRE in the food supply. Close genomic relatedness
of CRRE from different sources could help to trace isolates from the food supply to human
gastrointestinal tracts, to understand the movements of mobile elements as plasmids and resistance
genes in CRRE from different food and water sources, and to infer phylogenetic relationships (Fig.
1). Colonization is one aspect but clones that are capable of causing bloodstream infections can also
be traced to gastrointestinal colonization and to food using WGS. Identification of clonal isolates in
food, in colonized participants, and finally in bloodstream infections could possible close the current

gap and provide important data to policy makers.

The isolation of CRRE from samples from three main compartments are necessary to obtain

relevant data (Fig. 1). Importantly, WGS of isolated CRRE along with metadata from the cohort

participants obtained through, for instance questionnaires or participants records, could provide

information on susceptible populations related to foodborne acquisition of CRRE. The elderly or

immuno-compromised individuals are more susceptible to foodborne infections (Mohécsi-Farkas

2016). and thus we expect that this is particularly important to them. Moreover, this approach can

also include the impact of chronic diseases (e.g.. diabetes, hypertension), along with risk factors such

as antimicrobial therapy, patterns of food consumption, among others_(Fig. 1).

Discussion

The clinical interest in antimicrobial-resistant bacteria strikes at the hospitals where therapeutic

options to treat infections caused by, for instance carbapenem resistant or ESBL producer




206

208

231
232
233
234
235
236

Resistant Bacteria in Food

Enterobacterias are limited (Rodriguez-Bafio et al., 2018). Reports on the detection of bacteria

resistant to clinically relevant antibiotics associated with food have increased worldwide, however,

the outcome of CRRE in different food types and the potential public health impacts are currently

unknown. Colonization with carbapenem resistant or ESBL-producer Enterobacterales has been

described as one plausible outcome (Holzel et al., 2018). The consumption of food harboring CRRE
could further colonize the human gut—this will not necessarily cause or either be associated with a

known foodborne disease. In addition, colonization could further worsen some conditions, e.g.,

recent evidence has shown that individuals colonized by multidrug resistant microorganisms are

more likely to present systemic infections such as septicemia with a higher chance of treatment

failure than not colonized ones (Ferreira et al., 2018). Several questions remain and important

knowledge gaps need to be filled. These include a better understanding on the dose-response (Holzel
et al., 2018) and a genomic-based approach that better explains the distribution and closeness with
resistant bacteria present in the human gastrointestinal tract with bacteria obtained from different

food types.

Many antibiotics of human interest are used in domestic animals and may reach food and the
environment, although AMR in food and the role in the overall AMR crisis are difficult to compare

due to a lack of published studies or surveillance programs in animal, environmental, or food

samples. For instance only a small fraction of food types have been studied as carriers of CRRE

(Schrijver et al., 2017; Hudson et al., 2017). To avoid this problem, it is recommended to design
studies with statistical support to determine the number of samples and genomes needed. It is also
necessary to use methodologies that make relationships between what has been found in animals,
food, and the environment with all the antecedents that currently exist in humans (the most common
studied). Here, the use of study cohorts is recommended and can help to explain risk factors, the
origin of some resistance plasmids or multidrug resistant bacteria, CRRE, etc. (Arcilla et al. 2017,

Barria 2018).

Genomic tools and longitudinal study design at a global level, can improve food safety and
ensure a good surveillance system that is reliable, reproducible, and sustainable. This promotes
collaborative studies among different regions or countries. Importantly, the developed countries
could work together with underdeveloped countries, which do not have the financing or tools
necessary to carry out this type of study and which are often suppliers of food of animal or vegetable

origin (Errecart 2015; ONU, 2019).
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Finally, we believe that, in addition to the development of new antimicrobials, it is of extreme
importance to carry out the follow-up and analysis of carbapenem-resistant and ESBL-producing
Enterobacterales. The WGS, the generation of worldwide databases, and the publication of standard

protocols for working with these pathogens in food are needed.
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Figure 1. Schematic representation of use of whole genome sequencing to determine genetic
relatedness of clinically relevant resistant Enterobacterales (CRRE) presence in food and

humans. A) Samples from three distinct origins including different food types, human samples of

cohort participants colonized in the community and samples from hospitalized patients with a

bloodstream infection. B) Isolation of CRRE from the origins in A along with data collection. C)

Expected results include identification of mobile elements and phylogenetic relatedness on CRRE

from these three origins, and prediction of risk factors using computational analysis.
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Table 1. Selected reports of Clinically relevant antimicrobial resistant bacteria in different foods.

Bacterial Food type Carbapenems, PFGE/Genome Country Reference
Species cephalosporins and Sequenced
reported colistin resistance
genes reported™
Animal based food
E. coli Meat blaSHV-5, blaCMY-13, No/No Belgium (Garcia-
blaVIM-1 Graells et al.
2020)
E. coli, K. Chicken, pork, blaSHV; blaTEM; Yes'/Yes Burma (Sugawara et
pneumoniae beef, blaCTX-M; blaCMY; al. 2019)
blaOXA
E. coli, K. Pork, chicken, blaNDM-1,-5,-7 No/Yes China (Zhang et al.
pneumoniae and beef 2019)
E. coli, K. Raw beef blaSHV; blaTEM; No/No South Africa (Montso et
pneumoniae blaCTX-M; blaCMY-1,- al. 2019)
2; blaOXA
E. coli, K. Chicken meat blaSHV-2,-5,-12,-27; No/Yes Netherlands ~ (Huizinga et
pneumoniae blaTEM-15,-52B,-52C; al. 2019)
blaCTX-M-1,-2,-15,-32
E. coli Raw chicken blaSHV-12; blaTEM- Yes/No Tunisia (Hassen et
meat 1b; blaCTX-M-1,-55 al. 2020)
E. coli Chicken meat blaCTX-M-2,-8,-15; Yes/No Brazil (Botelho et
blaCMY-2 al. 2020)
E. coli Chicken, blaTEM-1b,-1D; No/Yes United States (Tadesse et
turkey, beef blaCTX-M-1,-14,-15,- al. 2018)
and pork 27,-32; blaHERA-3
E. coli Chicken, beef, blaSHYV, blaTEM, No/No China (Yeetal.
pork blaCTX-M 2018)
E. coli Chicken and blaSHV-12; blaTEM- No/No Japan (Hayashi et
pork 176, blaCTX-M-1,-2,- al. 2018)
3,-8,-14,-25,-55,-65
E. coli Beef blaTEM; blaCTX-M-1 No/No Portugal (Clemente et
al. 2019)
E. coli Beef blaCTX-M-1,-3,-14,- Yes/No Alegria (Rebbah et
15,-24,-32 al. 2018)
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E. coli Pork blaTEM-1; blaCTX-M- No/No Germany (Schill et al.
1,-14,-15; blaCMY-2 2017)
E. coli Pork blaCTX-M-14,-27,-55,- Yes*/No Vietnam (Hoang et al.
65 2017)
E. coli Beef, chicken, blaSHV-2,-2a,-12; No/No United (Randall et
pork blaTEM-1b,-52,-52¢; Kingdom al. 2017)
blaCTX-M-1,-2,-32,-55
E. coli Pork blaSHV; blaTEM; No/No China (Lietal.
blaCTX-M-1,-9 2016)
E. coli Chicken meat blaSHV; blaTEM, No/No Turkey (Tekiner and
and cow milk blaCTX-M-1,-8 Ozpinar
2016)
E. coli Chicken meat blaSHV-12; blaTEM- No/Yes Netherlands  (Kluytmans-
1B; blaCTX-M-1 van den
bergh et al.
E. coli Chicken meat blaSHV; blaTEM; No/No Ghana (Rasmussen
blaCTX-M-1,-15,-61 et al. 2015)
E. coli, K. Chicken meat blaSHV; blaTEM; No/No Egypt (Abdallah et
pneumoniae blaCTX-M al. 2015)
E. coli Chicken and blaCTX-M-1, blaSHV- No/No Turkey (Pehlivanlar
beef 5,-12; blaTEM-1b; Onen et al.
blaCTX-M-1,-3,-15; 2015)
blaCMY-2
E. coli Pork and beef blaCTX-M, blaTEM, No/No Germany (Kaesbohrer
blaSHV, blaCMY et al. 2019)
Vegetable based foods
E. coli Vegetables' blaNDM-5,-9; mcr-1 Yes/No China (B. T. Liu
and Song
2019)
E. coli, K. Vegetables' blaCTX-M-1G; Yes/No China (B. T. Liu et
pneumoniae blaNDM-5; blaKPC-2 al. 2018)
E. coli Vegetables blaCTX-M No/No Germany (Kaesbohrer
et al. 2019)
K. Lettuce blaSHV, blaTEM Yes/No United States (Bhutani et
pneumoniae al. 2015)
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E. coli, K. Vegetables' blaSHV-1,-2,-11,-12,- No/No Korea (Kim et al.
pneumoniae 27,-28,-61; blaTEM-1; 2015)
blaCTX-M-14,-15,-55

K. Vegetables' blaSHV-12, blaCTX-M- No/No Dutch (Reuland et

pneumoniae 14 al. 2014)

E. coli, K. Vegetables1 blaSHV; blaTEM; Yes*/Yes Burma (Sugawara et
pneumoniae blaCTX-M; blaCMY; al. 2019)

blaDHA; blaOXA
Dairy based food

E. coli, K. Cow milk blaCTX-M-15 No/No Tunsania (Saidani et

pneumoniae al. 2018)

"Includes a variety of vegetables reported in the selected publication, for details see the references.

? Only resistance genes conferring resistance to carbapenems, cephalosporins, and colistin are listed. Original
articles might report resistance genes to other antibiotics.

3 In the case that more than one variants on a given resistance gene were reported, these are listed as this
example: blaNDM-1,-5,-7 for blaNDM-1, blaNDM-5, blaNDM-7

* PFGE was used for plasmid analysis instead of for molecular typing
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Figure 1.JPEG

A. Sample origins B. Bacterial isolation C. Expected results




