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CHAPTER |

1.1 IMPORTANCE AND RATIONALE

Antimicrobial resistance (AMR) has drastically increased and its prevalence
varies across world regions, of which that in Asia is highest (WHO, 2014). Evidently,
food animals and their products serve as major reservoirs of resistant bacteria and
resistance determinants that could be transferred to food chain, humans, ani'mals
and environment (FAO, 2016). It has been pointed out that horizontal transfer of
resistance determinants via conjugative plasmids is an important route that promotes
the widespread of AMR bacteria (Mathers et al., 2015). Therefore, analysis of plasmid

could serve as a tool to describe the genetic linkage and wide distribution of AMR.

In Thailand, Salmonella is one of the most common foodborne pathogens
and used as safety indicator in meat and meat products. Concurrently, Escherichia
coliis a commensal bacterium in both human and animal guts and serves as
reservoir for resistance determinants. Based on our previous studies, at least 85% of
Salmonella and E. coli from pigs, poultry, pork, chicken and patients were resistant
to at least one antibiotic and more than 50% of the isolates were resistant to
multiple drugs (; Sinwat et al,, 2015; Sinwat et al,, 2016). In our laboratory, the
research has focused on genetic characterization of AMR and created certain amount
of AMR data in food animals and their products in Thailand (Chuanchuan et al., 2009;
Trongjit et al., 2017). We have used mobile genetic elements, particularly integrons,
as a tool to study genetic characteristics of AMR. The results from our previous
studies demonstrated the complexity and dynamics of AMR in animal sector in the
country (Sinwat et al., 2015). The widespread distribution of multidrug resistance
among foodborne and commensal bacteria originated from animals and meat was
predominant (Trongjit et al., 2016; Padungtod et al., 2011). When the results are
taken together, the outstanding observations and some comments/questions are

raised as follows:



1.

A variety of resistance genes were identified on conjugative plasmids in the
Salmonella and E. coli isolates from different sources and locations in
Thailand, indicating that horizontal transfer is a major route of spread of
resistance determinants. This highlights the need of identification and
classification of R plasmids among the isolates to amplify the understanding

of the possible sources and link of AMR in the country.

Class 1 integrons was predominant integrons type in the majority of our
studies and several resistance gene cassettes have been identified in their
variable regions (Chuanchuen et al,, 2009; Wannaprasat et al., 2011). The
same resistance gene cassettes, particularly dfrA12-aadA2, were found in
different bacterial species from different sources in Thailand e.g. Salmonella
from pigs in Khon Kaen and Roi Et, from pork in Chiang Mai, E. coli from pigs
in Nakhon Ratchasima (Wannaprasat et al., 2011; Lay et al,, 2012; Sinwat et
al., 2015), Salmonella enterica from pet dogs and cats (Srisanga et al., 2017),
Aeromonas hydrophila from nile tilapia (Lukkana et al., 2012), Acinetobacter
baumannii and Pseudomonas aeruginosa from patients (Poonsuk et al,,
2012). The findings highlight the importance of horizontal transfer in AMR
spreading and the role of the dfrA12-aadAZ2 array in spreading of
trimethoprim and streptomycin resistance in bacteria of animal origin in the
country. These indicate that AMR among food animals, food of animal origin,
pets and humans is genetically linked and therefore, the genetic investigation
of dfrA12-aadA2 carrying plasmid may provide the supporting data
(Domingues et al., 2012).

Chloramphenicol usage has been banned from food animal sector in
Thailand since 1999, however, chloramphenicol-resistant bacteria with
chloramphenicol-resistance genes are still found in food animals and their
meat (Wannaprasat et al,, 2011; Lay et al,, 2012). This indicate that the
persistence of chloramphenicol resistance genes does not always depend on

chloramphenicol use. It further suggests that the persistence of AMR genes



may be the results of co-selection with other antibiotics or a consequence of
non-antibiotic selection pressure, particularly disinfectants and heavy metals
that are commonly used in food animal production (Wales and Davies, 2015).
In this case, the use of disinfectants and heavy metals may promote cross
resistance to antibiotics and cause persistence of AMR (Chapman et al., 2003;
Andersson and Hughes, 2011). In addition, use of other antibiotics can co-
select chloramphenicol resistance genes, especially co-locallized of the
resistance genes on the same plasmid. Therefore, study of resistance plasmid
and cross resistance created by non-antibiotic pressure will help to explain

why AMR still persist after the drug ban.

Some Salmonella isolates carried both resistance genes/class1 integrons with
gene cassettes and virulence gene that are probably co-locallized on the
same plasmid (Wannaprasat et al., 2011; Sinwat et al,, 2015). If so, using of a
single antimicrobial drug can simultaneously select both resistance and
virulence genes, with the potential to create a serious public health problem
in the future. Therefore, understanding of genetics of the cointegrated-
resistance and virulence plasmid will provide information that is of public

health significance.

Based on the major findings described above, certain questions have been raised and

still left unresolved. In this research project, we aim to characterize the resistance

determinants, especially plasmid, that were obtained in prior studies to identify the

potential answers. The bacterial strains with different AMR phenotype and genotype,

and resistance determinants in our strain collection will be used in this project.

1.2 QUESTIONS OF STUDY

What is the characteristics and profile of R plasmid in E. coli and Salmonella

isolated from food animals, meat and humans in Thailand?

2. Why is the dfrA12-aadA2 cassette array widespread in Salmonella isolated

from food animals, meat and humans in Thailand?



Why does the chloramphenicol-resistant £. coli and Salmonella persist after
ban of chloramphenicol usage in food animals?

Can disinfectants and heavy metals create selection pressure for AMR?

Is there cointegration of virulence and resistance genes on the same plasmid?
If so, what is the genetic characteristics of virulence-resistance plasmid in

Salmonella?

1.3 OBJECTIVES OF STUDY

1.

To characterize the profile of R plasmid in E. coli and Salmonella isolated
from food animals, meat and humans in Thailand.

To investigate the genetic characteristics of plasmid carrying the dfrA12-aadAZ2
cassette array in Salmonella isolated from food animals, meat and humans in
Thailand.

To characterize plasmid carrying chloramphenicol-resistance genes in E. coli
and Salmonella from food animals, meat and humans in Thailand.

To determine the possible cross resistance between disinfectants/heavy
metals and antibiotics in E. coli from food animals in Thailand.

To characterize genetic characteristics of plasmid with the cointegration of

resistance and virulence genes in Salmonella.

1.4 KEYWORDS (THAI):
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1.6 LITERATURE REVIEW

1.6.1 General characteristic of Escherichia coli and Salmonella enterica

E. coliis a Gram negative, rod shaped and facultative anaerobe bacterium that
commonly found in intestine and feces of warm blooded animals (Tenaillon et al,,
2010). Most strains of E. coli are harmless, but some strains can cause the illness by
producing toxin (Rangel et al.,, 2005). Therefore, E. coli can be both commensal and
pathogenic bacterial strain (Tenaillon et al.,, 2010). E. coli can grow easily with

optimum temperature, 37°C.

Salmonella is a Gram negative, rod shaped, facultative anaerobe and non-spore
forming bacterium in Enterobacteriaceae family. There are two species of
Salmonella including S. enterica and S. bongori (EFSA, 2010). S. enterica has been
divided into six subspecies which contains more than 2,500 serotypes base on O
somatic and H flagella antigens of Kauffmann-White classification (Brenner et al,,
2000). S. enterica can infect in warm blooded animals, cold blooded animals and
found in the environment. Salmonella is a pathogen which some strains, non-
typhoidal Salmonella, can infect to animals, cause food poisoning in humans and
transfer from animal or human to human. However, the other strains, typhoidal

Salmonella, can infect only in humans and higher primates.

1.6.2 Antimicrobial resistance in E. coli and S. enterica

E. coli has been used as a sentinel for AMR monitoring in fecal bacteria (Tadesse et
al,, 2012). In addition, Salmonella is one of the pathogenic bacteria suggested to
included in monitoring program of AMR (Flanklin et al., 2001). There are several
global reports about resistant E. coli and Salmonella to antimicrobial drugs that have
been used in human and veterinary medicine. Up to date, the Salmonella and E. coli
which develop resistance to fluoroquinolone, broad spectrum penicillins and third
generation cephalosporins are significant public health impact worldwide (WHO,
2014). Genetic mutations and mobile genetic elements are the importance factors

that can be emergence of multidrug resistance (MDR) E. coli and Salmonella. In



Thailand, MDR E. coli and Salmonella have been isolated from animals and their

food products (Lay et al., 2012; Sinwat et al., 2015).

1.6.3 Transfer of AMR determinants

AMR determinants can spread by both vertical and horizontal transfer. Vertical
transfer of AMR occurs when there is clonal spread of particular resistance strain. As
for the horizontal genes transfer, three main mechanisms including transduction, DNA
transfer by bacteriophages; transformation, obtaining of naked DNA from extracellular
compartment; and conjugation, the main mode of AMR genes transfer which require
cell to cell contact, have been identified (Mathur and Singh, 2005). The horizontal
transfer of resistance genes which frequently found and promote the widespread of
AMR among intra- and inter-species is associated with mobile genetic elements such

as plasmids, transposons and integrons (Boerlin and Reid-Smith, 2008).

1.6.4 Role of plasmid in AMR distribution

Plasmid is an extra-chromosomal DNA that can self-replicate independently from
chromosomal control. Plasmid contains necessary genes for initiation and control of
replication (Johnson and Nolan, 2009) and carries many accessory genes including
the genes for AMR, virulence and specific functions (Smalla et al., 2015). Normally,
plasmids provide host the advantage accessory supplement under pressure situation.
Plasmid is one of the most important mobile genetic elements which can promote
horizontal transfer of resistance determinants among different bacterial species
(Carattoli, 2011). Identification and characterization of plasmid which associated with
different bacterial host can provide the understanding of the contribution of plasmid

in dissemination of AMR determinants (Rozwandowicz et al., 2018).

1.6.4.1 PCR-based replicon typing

Nowadays, the classification of plasmid based on incompatibility of plasmids. The
incompatibility is the inability of two plasmids to be stabled in the same cell due to
the same plasmid replication control and equipartitioning (Couturier et al., 1988).

Incompatible plasmids have been assigned to be the same incompatibility group or



Inc group, while two compatible plasmids in the same cell have been assigned to be
different Inc groups (Johnson and Nolan, 2009). The former plasmid incompatibility
grouping methods by using conjugation and hybridization are laborious, time
consuming, non-standardize and unsuitable for a number of strains. Therefore, PCR
based replicon typing was developed to identify and classify the Inc groups of
plasmid in Enterobacteriaceae family (Carattoli et al., 2005). This scheme is using the
set of primer to detect the specific region in each plasmid group. This method have
been revised to detect the 28 major Inc group that associated with the importance
AMR genes (Carloni et al., 2017). In addition, this typing method can be used together
with other characterization such as resistance gene identification for tracing the
spread of specific resistance determinant in the bacterial isolates from different

sources (Carattoli, 2013).

1.6.4.2 Plasmid multilocus sequence typing

Plasmid multilocus sequence typing (pMLST) is the additional tool that was
developed to differentiate the plasmids within the same Inc group (Carattoli, 2011).
This scheme analyzes the different sequence types which are categorized based on
DNA sequence of specific loci for each Inc group. Currently, there is only the
common family of plasmids, including IncN, IncF, Incl1, IncHI1, IncHI2 and IncA/C are

subtyping with this scheme (Carattoli et al., 2014; Hancock et al., 2017).

1.6.4.3 Plasmid sequencing

In AMR epidemiology, plasmid mapping and whole plasmid sequencing have been
used to characterize the genetic feature of plasmids. Novel in silico plasmid analysis
tools which are application for plasmid characterization based on whole genome
sequencing studies can help to analyze among large datasets of plasmids (Orlek et

al., 2017).

1.6.5 Phenotype after the ban of antimicrobials
The European Union banned some antibiotics, belong to antimicrobial class used in

human that use as growth promotion in food producing animals, for example,



avoparcin in 1997 and four antibiotics including bacitracin, spiramycin, tylosin and
virginiamycin in 1999 (Casewell et al., 2003). Because, used of these antibiotics such
as avopracin in food animals can generate vancomycin resistance Enterococci which
can transfer to human. After banning, the prevalence of bacteria which resistance to
these drugs in healthy food animals and humans seem to be decrease, but in

patients are still increase (Casewell et al., 2003).

In Thailand, chloramphenicol has been banned since 1999 because of its toxicity
(Phongpaichit et al.,, 2007). However, the phenotypic and genotypic resistance on
chloramphenicol have been recently found in bacteria isolated from food animals
and their products (Chuanchuen et al., 2009; Wannaprasart et al., 2011; Lay et al,,
2012). More than 20% and 50% of prevalence of chloramphenicol resistance
Salmonella and E. coli, respectively have been reported in several studies in 2008-
2016 (Nhung et al,, 2016). These studies in this period showed the increasing of
prevalence of chloramphenicol resistance bacteria when compare to the other
studies which reported before 2008 (Nhung et al., 2016). Other studies reported that
the co-selection with other AMR genes on the same mobile genetic elements such as
plasmid, transposon and integrons are the major factors which drive the
chloramphenicol resistance even absence the chloramphenicol use (Bischoff et al.,

2005).

There are two main chloramphenicol resistance mechanisms including
chloramphenicol acetyl transferase, an inactivated enzyme encoded by cat gene and
chloramphenicol specific exporter encoded by cml gene (Schwarz et al., 2004). In
addition, a previous study showed that the cm(A gene could be found in gene
cassette of class1 integrons which can carry other resistance genes (Chuanchuen et

al., 2009).

1.6.6 Contribution of AMR by non-antibiotic factors
Other factor that can contribute the persistence of AMR are using of biocides and

heavy metals. There were several studies reported that the biocides used in food
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producing animals is the one factor for AMR selection (European Commission, 2009).
The biocides such as quaternary ammonium compounds (QACs), formaldehyde,
chlorhexidine and triclosan are commonly used for disinfection in farm animals. In
food animal production, heavy metals i.e. copper sulfate and zinc chloride are
frequently used as growth promoting supplement in animal feed. The bacteria can
concurrently against all antibiotics, biocides and heavy metals via some intrinsic
resistance mechanisms such as reduction of membrane permeability and over
expression of the efflux pump, (Singer et al., 2016). Biocides, heavy metals and
antimicrobial agents can attack the same target in multidrug efflux pump which can

contribute the cross resistance (Chapman, 2003).

Bacterial antibiotic efflux pumps have been categorized into 5 families, including i)
the ATP-binding cassettes (ABC) superfamily, ii) The major facilitator superfamily
(MFS), iii) The multi-antimicrobial and toxic compound extrusion family (MATE), iv) the
small multidrug resistance (SMR) family, and v) the resistance nodulation cell division
(RND) superfamily (Li and Nikaido, 2009). In particular, the antibiotic efflux pumps in
RND superfamily are extremely found in Gram negative bacteria and can affect the
several substance not only antibiotic drugs, but also disinfectant compounds
(Mahamoud et al,, 2007). The main efflux pump in E. coli is the AcrAB-TolC efflux
pump that belongs to RND superfamily (Blanco et al., 2016). AcrAB-TolC efflux pump
composes of 3 components including AcrB, the transporter that attach to plasma
membrane and encoded by acrB gene; AcrA, the side proteins of AcrB that help the
movement of substrates through the AcrB transporter and encode by acrA gene, and

TolC protein which is a channel that connected with AcrB (Amaral et al., 2014).
1.7 ADVANTAGES OF STUDY
1.7.1 Novel knowledge

- The genetic profile of R plasmid in E. coli and Salmonella in Thailand will be

obtained. It will generate the better understanding of link of AMR in the country
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- Characteristics of plasmid carrying dfrA12-aadA2 cassette array will be obtained.
This may explain about the distribution and link of AMR.

- Characteristics of plasmid carrying chloramphenicol-resistance encoding genes
and determination of the possible cross resistance between disinfectants/heavy
metals and antibiotics will be obtained. It will reveal the possible mechanisms for
AMR persistence.

- Characteristics of virulence-resistance plasmid in Salmonella will be obtained.
This will provide more understanding of cointegration of resistance and virulence

genes on the plasmid.

1.7.2 Application of knowledge

- Data obtained can be used as a guide for development of control and prevention
strategy of AMR dissemination in Thailand and the legislation of antimicrobial use
in food animal.

- Data obtained from non-antibiotics selection pressure can be used as part of

development of regulation of disinfectants and heavy metals use.
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Plasmid profile analysis of Escherichia coli and Salmonella enterica isolated

from pigs, pork, and humans

2.1 ABSTRACT

This study aimed to determine the epidemiology and association of antimicrobial
resistance (AMR) among Escherichia coli and Salmonella in Thailand. The E. coli
(n=1,047) and Salmonella (n=816) isolates from pigs, pork and humans were
screened for 18 replicons including HI1, HI2, I1-Y, X, L/M, N, FIA, FIB, W, Y, P, FIC, A/C,
T, FlIAs, F, K and B/O using PCR-based replicon typing. The E. coli (n=26) and
Salmonella (n=3) isolates carrying IncF family replicons, ESBL and/or mcr genes were
determined for FAB formula. IncF represented the major type of plasmids. Sixteen
and eleven Inc. groups were identified in E. coli (85.3%) and Salmonella (25.7%),
respectively. The predominant replicon patterns between E. coli and Salmonella
were IncK-F (23.7%) and IncF (46.2%). Significant correlations (p<0.05) were observed
between plasmid-replicon type and resistance phenotype. Plasmid replicon types
were significantly different among sources of isolates and sampling periods. The most
common FAB types between E. coli and Salmonella were F2:A-:B- (30.8%) and ST:A-
:B- (66.7%), respectively. In conclusion, various plasmids present in E. coli and
Salmonella. Responsible and prudent use of antimicrobials is suggested to reduce
the selective pressures that favor the spread of AMR determinants. Further studies to
understand the evolution of R plasmids and their contribution to the dissemination

of AMR genes are warranted.
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2.2 INTRODUCTION

Antimicrobial resistance (AMR) constitutes a complex and multifaceted public health
challenge that requires a board-integrated one health approach to deal with. AMR
monitoring and surveillance has been established across human, animal, and
environmental sectors to understand the burden and ecology of the problem. As for
AMR monitoring and surveillance in food-animal origin, target bacteria included
commensal Escherichia coli and Salmonella (EFSA, 2012). Commensal E. coli
normally live in the large intestines of humans and animals, serving as reservoirs of
AMR determinants that could spread to bacterial pathogens. Salmonella is a
foodborne zoonotic bacterial pathogen prevalent in food animals and meat; it is also
frequently resistant to multiple antibiotics. Both bacteria possess a vast array of R
plasmids, conjugative plasmids conferring on bacteria resistance to one or more
antibiotics, that are critical positions for the spread of AMR determinants (Madec J-Y,

Haenni M, 2018).

Mobile genetic element (MGE) acquisition, especially plasmid, via horizontal
transmission is a major route for the emergence and dissemination of AMR (von
Wintersdorff CJ, et al,, 2016). Transmissible R plasmids usually carry multiple genes
encoding resistance to clinically relevant antibiotics and play an important role in
AMR evolution and spread. Certain species-specific association plasmids exist e.g.
IncX plasmids in Salmonella and E. coli (Rozwandowicz M, et al,, 2018) and IncF
plasmids in Enterobacteriaceae (Carattoli A., 2013). Previous studies investigated the
dynamics and diversity of AMR among humans, livestock, and food of animal origin
(Sinwat N, et al., 2016; Trongjit S, et al,, 2017; Trongjit S, et al., 2016). A variety of AMR
determinants have been found to be associated with conjugative plasmids. The same
genetic elements were detected in different bacterial species from different sources
and locations. For example, classl integrons with dfrAl12-aadA2 cassette were
isolated from Salmonella in pigs (Sinwat N, et al,, 2016; Trongjit S, et al., 2017),
poultry (Trongjit S, et al,, 2017; Trongjit S, et al,, 2016; Sinwat N, et al,, 2015) and
humans (Sinwat N, et al., 2016; Trongjit S, et al., 2017; Trongjit S, et al., 2016; Sinwat
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N, et al,, 2015); E. coli in pigs (Trongjit S, et al., 2016; Sinwat N, et al., 2015; Lay KK, et
al,, 2012), poultry (Sinwat N, et al.,, 2016); Aeromonas hydrophila in Nile Tilapia
(Lukkana M, et., 2011) and Pseudomonas aeruginosa and Acinetobacter baumannii
in patients (Poonsuk K, et., 2012). These findings underscore the horizontal transfer of
plasmids as a major driver for AMR dissemination in Thailand and neighboring

countries.

A classical method for plasmid identification and classification is incompatibility (Inc)
group testing (Rozwandowicz M, et al, 2018). To date, at least 27 different Inc
groups of plasmids have been identified among Enterobacteriaceae (Carattoli A, et.,
2009). Plasmids in the same Inc group share the same replication control or
partitioning mechanisms and can neither coexist in the same bacterial cells nor be
co-transferred (Novick RP., 1987). The presence of bacterial strains originated from
different sources but carrying plasmids of the same Inc group indicate the horizontal
widespread of the plasmids with close-phylogenetic relationship. Accordingly,
molecular epidemiological investigation of plasmids has been used to trace the

source and potential risk of AMR spread via plasmids.

Data from molecular epidemiological analysis of plasmids will increase knowledge
and understanding of plasmid diversity and transmission and benefit the
development of strategic action plan to contain AMR. This study aimed to
characterize the plasmid profiles in E. coli and Salmonella from pigs, pork and

humans in Thailand.

2.3 MATERIALS AND METHODS

2.3.1 Bacterial isolates and their AMR phenotype and genotype

E. coli (n=1,047) and Salmonella (n=816) isolates were included in this study. They
originated from our previous epidemiological studies investigating AMR in healthy
food animals, meat, and humans during 2005-2019 (Sinwat N, et al., 2016; Sinwat N,
et al,, 2015; Lay KK, et al, 2012; Pungpian C, et al.,, 2020; Lay KK, et al., 2021,
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Khemtong S, Chuanchuen R., 2008; Wannaprasat W, et al., 2011) (Table 1). The
research protocols involving human subjects in these previous studies were
approved by Ethics Committee of the Faculty of Medicine of Khon Kaen University
(the authorization ID, HE572136). There was no involving of the human sampling in

this study, thus the ethical approved was not issued.

AWl the E. coli strains were isolated from rectal swabs of clinically healthy pigs
(n=697), pork (n=247) and humans (n=103) from Northern, Northeastern, Central and
Western Thailand. A single colony of E. coli was collected from each positive sample.
The Salmonella isolates originated from pigs (n=169), pork (n=510), and humans
(n=137) in Northern, Northeastern and Central Thailand (Table 1). Salmonella was
isolated as described in 1SO6579:2017 and serotyped using slide agglutination. A
single colony of each serovar was collected from each positive sample. Rissen was
the most common serovar among the Salmonella isolated from pigs (30.8%, 52/169)
and pork (29.2%, 149/510). While Salmonella Stanley was the most predominant
among the isolates from humans (26%, 19/137) (Table 2).

All E. coli and Salmonella isolates were previously tested for susceptibilities to 9
antimicrobial agents including ampicillin (AMP), chloramphenicol (CHP), ciprofloxacin
(CIP), gentamycin (GEN), streptomycin (STR), sulfamethoxazole (SMZ), tetracycline
(TET), Trimethoprim (TMP), colistin (COL) and phenotypically detected for ESBL
production (CLSI, 2013) (Table 3). All the isolates were also screened for mcr-1, mcr-2
and mcr-3. Ten percent of E. coli and 1.5% Salmonella carried at least one mcr. The
ESBL-producing E. coli (n= 155) were tested for ESBL genes and found to harbor
blacry (95.5%), blare, (80.6%) and blacyy., (1.3%). The blacm., group (95.2%) and
blary, (33.3%) were found in ESBLs-producing Salmonella (n=21) (Table 3). The

relevant resistance phenotypes are indicated in the text when appropriate.
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Table 1 Sources and number of Escherichia coli (n=1,047) and Salmonella (n=816)

used in this study.

No. of E. coli isolates Total No. of Salmonella isolates Total
Year Huma

Pig Pork Human Pig Pork

n

2005-2010 309 - - 309 8 104 52 164
2010-1014 123 223 103 449 67 263 85 415
2015-2019 265 24 3 289 94 143 - 237
Total 697 247 103 1047 169 510 137 816
Grand total 1,047 816

Table 2 Serovars of the Salmonella from different sources including pigs, pork and

humans that included in this study (n=816)

Salmonella serovars  No. (%)

Pig (n=169) Pork (n=510) Human (n=137)
Agona 1(0.2) -
Albany 1 (0.6) 3(0.6) -
Anatum 11 (6.5) 110 (21.6) 8 (5.8)
Augustenborg 1 (0.6) 1(0.2) -
Baiboukoum - 1(0.2) -
Bardo - - 1(0.7)
Bovismorbificans - 4(0.8) 2(1.5)
Bradford - 1(0.2) -
Braenderup 1(0.6) - -
Brunei - - 1(0.7)
Calabar - 1(0.2) -
Coeln - 1(0.2) -
Corvallis - 5(1.0) 9 (6.6)
Cuckmere - 1(0.2) -

Derby 2(1.2) 4(0.8) 3(2.2)
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Salmonella serovars  No. (%)

Pig (n=169) Pork (n=510) Human (n=137)
Eastbourne 1(0.6) - -
Enteritidis - - 9 (6.6)
Fareham 4 (2.4) 2(0.4) -
Fulda - 1(0.2) -
Give 1 (0.6) 9(1.8) 2(1.5)
Hayindogo - 3(0.6) -
Huettwillen 1(0.6) - -
Hvittingfoss - 2(0.4) 2(1.5)
Kedougou 13(7.7) 21 (4.1) 14 (10.2)
Kingston 1(0.6) . -
Langensalza - 1(0.2) -
Lexington - - 4(2.9)
Lille - < 1(0.7)
Muenster - 1(0.2) -
Newport - - 4(2.9)
Norwich - 2(0.4) -
Orion 1(0.6) = -
Panama - 5(1.0) 6 (4.4)
Paratyphi - 2(0.4) -
ParatyphiB - 1(0.2) -
Rideau 1(0.6) 4(0.8) -
Rissen 52 (30.8) 149 (29.2) 4(2.9)
Saintpaul 2(1.2) 21 (4.1) 1(0.7)
Sanktmarx 5(3.0) 10 (2.0) -
Sao 12 (7.1) 9(1.8) -
Schwarzengrund 2(1.2) - 1(0.7)
Senftenberg - 1(0.2) 1(0.7)
Ser 1,4,5,12 - - 2(1.5)
Ser 4,12 - - 1(0.7)
Ser 4,12: - - 1(0.7)
Ser 4,21 - - 1(0.7)
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Salmonella serovars No. (%)

Pig (n=169) Pork (n=510) Human (n=137)
Ser 4,5,12:1 - - 1(0.7)
Ser 4,5,12:b:- - - 1(0.7)
Ser 9,12:1,5 - - 1(0.7)
Serembah - 1(0.2) -
Singapore - 2(0.4) -
Stanley 5(3.0) 33 (6.5) 26 (19.0)
Typhimurium 43 (25.4) 62 (12.2) 8 (5.8)
Urbana - 2(0.4) -
Vejle - 1(0.2) -
Virchow - 1(0.2) 3(2.2)
Weltevreden 8 (4.7) 24 (4.7) 19 (13.9)
Worthington 1(0.6) 3(0.6) -
Yalding - 4(0.8) -
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2.3.2 Plasmid incompatibility grouping by PBRT

Plasmid incompatibility groups were identified by PCR-Based-Replicon-Typing (PBRT)
in all £ coli and Salmonella isolates using 18 targeting replicons using specific
primers (Carattoli A, et al., 2005) (Table 4). PCR-DNA templates were prepared by the
whole-cell boiling method (Lévesque C, et al., 1995). PCR reactions were prepared
using the Toptag Master Mix kit (QIAGEN, Hilden, Germany) according to the

manufacturer’s instructions.

2.3.3 Replicon Sequence Typing (RST)

Since IncF was the most common plasmid, the E. coli (n=26) and Salmonella (n=3)
isolates that carried ESBL and/or mcr genes and IncF plasmid were tested using the
RST scheme (Villa L, et al, 2010) (Table 4). The RST scheme included the PCR
amplification of FIA, using the same primers FIA FW/FIA RV that were used in the
PBRT scheme; Fll, using FIl FW/FII RV for E. coli and Flls FW/Flls RV for Salmonella;
and FIB, using FIB FW/FIB RV for E. coli and FIBs FW/FIB RV for Salmonella,
respectively. PCR products were purified using Nucleospin gel and PCR clean up
(McCherey-Nagel, Duren, Germany) and submitted to First Base Laboratories (Selangor
Darul Ehsan, Malaysia) for nucleotide sequencing. The obtained sequences were
analyzed using the DNA-star program (DNAstar, Madison, WI) and Blast search
program (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and then, compared to alleles

available at https://pubmlst.org/plasmid/.

2.3.4 Statistical analysis

The prevalence of plasmid replicon types was analyzed using Microsoft Excel.
Comparisons of the associations between plasmid replicon types and AMR
phenotypes were performed separately using odd ratios (OR) by SPSS version 22.0.
Comparisons of the replicon type prevalence of E. coli and Salmonella from
different sources and years were conducted using Fisher’s exact test. A p-value of <
0.05 was considered statistically significant. Odds ratios (ORs) and 95% confidence

intervals (Cls) were calculated.


https://pubmlst.org/plasmid/
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Table 4 Primers used in this study.

PCR-reaction Inc Name  Sequence of primers Amplicon Reference
group size (bp)
PBRT Multiplex 1 HIT  HI1 FW 5’-GGAGCGATGGATTACTTCAGTAC-3’ 471 [17]

HIT RV 5-TGCCGTTTCACCTCGTGAGTA-3’

HI2  HI2 FW 5 -TTTCTCCTGAGTCACCTGTTAACAC-3’ 644
HI2 RV 5’-GGCTCACTACCGTTGTCATCCT-3’

11-Y  11-Yy FW 5’-CGAAAGCCGGACGGCAGAA-3’ 139
I1-Y RV 5’-TCGTCGTTCCGCCAAGTTCGT-3’

Multiplex 2 X X FW 57-AACCTTAGAGGCTATTTAAGTTGCTGAT-3’ 376 [17]
X RV 5’-TGAGAGTCAATTTTTATCTCATGTTTTAGC-3’
L/M /M FW 5-GGATGAAAACTATCAGCATCTGAAG-3’ 785
L/M RV 5’-CTGCAGGGGCGATTCTTTAGG-3’
N N FW 57-GTCTAACGAGCTTACCGAAG-3’ 559
N RV 5’-GTTTCAACTCTGCCAAGTTC-3’
Multiplex 3 FIA  FIAFW 5’-CCATGCTGGTTCTAGAGAAGGTG-3’ 462 [17]
FIARV  5’-GTATATCCTTACTGGCTTCCGCAG-3’
FIB  FIBFW 5-GGAGTTCTGACACACGATTTTCTG-3’ 702
FIBRV 5-CTCCCGTCGCTTCAGGGCATT-3’
W W FW  5’-CCTAAGAACAACAAAGCCCCCG-3’ 242
W RV 5’-GGTGCGCGGCATAGAACCGT-3’
Multiplex 4 Y Y FW 57-AATTCAAACAACACTGTGCAGCCTG-3’ 765 [17]
Y RV 5’-GCGAGAATGGACGATTACAAAACTTT-3’
p P FW 57-CTATGGCCCTGCAAACGCGCCAGAAA-3’ 534
P RV 5’-TCACGCGCCAGGGCGCAGCC-3’
FIC  FICFW 5-GTGAACTGGCAGATGAGGAAGG-3’ 262
FICRV  5’-TTCTCCTCGTCGCCAAACTAGAT-3’
Multiplex 5 A/C  A/C FW 5’-GAGAACCAAAGACAAAGACCTGGA-3’ 465 [17]
A/C RV  5-ACGACAAACCTGAATTGCCTCCTT-3’
T T FW 5 -TTGGCCTGTTTGTGCCTAAACCAT-3’ 750
T RV 5’ -CGTTGATTACACTTAGCTTTGGAC-3’
FIIAs  FlIAs FW 5’-CTGTCGTAAGCTGATGGC-3’ 270

FIIAs RV 5’-CTCTGCCACAAACTTCAGC-3’

Simplex FF Freps FW 5’ -TGATCGTTTAAGGAATTTTG-3’ 270 [17]
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PCR-reaction Inc  Name  Sequence of primers Amplicon Reference
group size (bp)
Freps RV 57-GAAGATCAGTCACACCATCC-3’
Simplex K K K/B FW 5’-GCGGTCCGGAAAGCCAGAAAAC-3’ 160 [17]
K RV 5’-TCTTTCACGAGCCCGCCAAA-3’
Simplex B B/O RV 5’-TCTGCGTTCCGCCAAGTTCGA-3’ 159 [17]
B/O
RST F FIl FW  5’-CTGATCGTTTAAGGAATTTT-3’ 258-262 [19]

FIl RV 5’-CACACCATCCTGCACTTA-3’

FIB FW® 5’ -TCTGTTTATTCTTTTACTGTCCAC-3’ 683 [19]
FIBs 5'-TGCTTTTATTCTTAAACTATCCAC-3’ 683 [19]
Fw®

Flls FWS 5’-CTAAAGAATTTTGATGGCTGGC-3’ 259-260  [19]

Flls RVS 5’-CAGTCACTTCTGCCTGCAC-3’

®Use in a pair with FIB RV for detection of FIB replicon in E. coli isolates.
®Use in a pair with FIB RV for detection of FIB or Fll replicon in Salmonella isolates.

Use for detection of Fll replicon in Salmonella isolates.

2.4 RESULTS

2.4.1. Plasmid replicon types of Escherichia coli

Sixteen replicon types (except IncL/M and T) were identified in the E. coli isolates
(Table 5), of which IncK replicon (60.6%, 634/1047) and IncF (48.9%, 512/1047) were
most common. The HI2 (2.7%, 19/697), W (0.1%, 1/697) and X (0.1%, 1/697) replicons

were limited to the pig isolates.

The predominant replicon type in the human isolates was IncF (33%, 34/103), while
IncK plasmids were predominant in the pigs (73%, 509/697) and pork (42.9%,
106/247) isolates. IncFllAs (18.2%, 127/697) and K (73%, 509/697) plasmids were
significantly higher (p<0.05) in the pig isolates than those from other sources. The
prevalence of IncHI1, 11-Y, N, FIB, Y, FllAs, K and F among E. coli from pigs (17.2%
(120/697), 15.5% (108/697), 13.3% (93/697), 34.4% (240/697), 15.1% (105/697), 18.2%
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(127/697), 73% (509/697) and 58.1% (405/697), respectively) were significantly higher

(p <0.05) than those from other sources.

When considering years of isolates, IncK and IncF were the most predominant
replicons in all periods, 2007-2010 (79.6% (246/309) and 65.4% (202/309)), 2011-2014
(36.6% (163/449) and 31.2% (140/449)) and 2015-2019 (77.9% (225/289) and 58.8%
(225/289)), respectively (Figurel). The Inc X (0.3%, (1/289)) and W (0.3% (1/289))
plasmids were identified at a very limited rate and only in the years 2015-2019. The
percentage of IncHI1 (20.4% (63/309), 14.2% (41/289)), N (14.9% (46/309), 11.8%
(34/289)), FIB (35.9% (111/309), 37.7% (109/289)), FllAs (10.7% (33/309), 30.8%
(89/289)), K (79.6% (246/309), 77.9% (225/289)), and F (65.4% (202/309), 58.8%
(170/289)) plasmids among the E. coli isolates during 2007-2010 and 2015-2019,
respectively, were significantly higher (p<0.05) than those during years 2011-2014. In
contrast, the presence of IncP (4.0%, 18/449) and FIC (6.0%, 27/449) plasmids from
2011-2014 were significantly higher than those in other years (p<0.05) (Table 5).

Up to 66 replicon patterns were defined (Table 14), of which the K-F replicon pattern
was most common (23.7%). Thirty replicon patterns were found in ESBL-producing E.
coli (n=155), of which I1Y-K-F was the most frequently found (27.3%). The mcr-
carrying E. coli (n=109) had 27 replicon patterns, of which K-F (18.3%) was the most

common.

2.4.2 Plasmid replicon types of Salmonella

Eleven plasmid replicon types, except IncL/M, X, T, FIA, W, P and K were found
among the Salmonella isolates (Table 5). Overall, IncFllAs was the most common
replicon type (9.9%, 81/816), followed by IncY (4.9%, 40/816) and Incl1-Y (4.3%,
35/816). The predominant replicon of Salmonella isolated from pigs was IncY (20.1%,
34/169), while that among the pork and human isolates were IncFllAs (7.1% (36/510)
and 24.1% (33/137), respectively). The percentage of IncHI1 in the pork isolates
(3.5%, (18/510)) and Incl1-y, FIB, Y and F (10.7% (18/169), 3.6% (6/169), 20.1%
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(34/169) and 4.7% (8/169), respectively) among the pig isolates were significantly
higher than those from humans (p<0.05). In contrast, the prevalence of IncN, A/C and
FlIAs (9.5% (13/137), 4.4% (6/137) and 24.1% (33/137), respectively) among human

isolates were significantly higher than those among the pig and pork isolates (p<0.05).

The predominant replicon types in each period varied. IncN (9.1%, 15/164) were the
most common plasmids in 2005-2010, while that in 2011-2014 and 2015-2019 were
IncFllAs (12.0%, 50/415) and IncY (13.9%, 33/237), respectively. IncY plasmids in 2015-
2019 (13.9%, 33/237) were significantly higher than that in the other periods (p<0.05).
The prevalence of IncN and FIC plasmids was the highest during 2005-2010 (9.1%
(15/164) and 3.0% (5/164), respectively) (p<0.05).

Fifteen-replicon patterns were found in Salmonella (Table 9). The most common
replicon pattern was F (46.2%). The ESBLs-producing Salmonella (n=21) had five

replicon patterns, of which HI1 (42.1%) was the most common.

2.4.3 Association between replicon type and AMR phenotype in E. coli and
Salmonella

Overall, the significant positive associations were more frequently observed than the
negative association in both E. coli and Salmonella (Table 6). In E. coli, IncHI1
exhibited the strongest positive associations (OR>1) to AMP, CIP, GEN, STR and TET
resistance. For other types of resistance phenotype/replicon associations, the
strongest positive associations were between CHP/IncN (OR=2.78), SMZ/FIA (OR=5.22),
TMP/B/O (OR=9.47) and COL/HI2 (OR=20.34). Incl1-Y plasmid showed the strongest
positive association (OR=6.33) to ESBL production.

As for Salmonella, IncHI1 displayed the strongest positive association (OR>1) to CHP
resistance (OR=46.8) and ESBL production (OR=159.9) (Table 6). Resistance to CIP,
GEN and COL exhibited the highest positive association to IncN, A/C, and FIC,
respectively (OR>1).
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2.4.4 Associations between replicon types in E. coli and Salmonella
Associations between each replicon type were diverse (Table 7). The significant
positive association between IncFIB and B/O in E. coli was the strongest (OR=41.24).
The presence of IncFIB exhibited the strongest positive association with IncF
(OR=24.26), FIA (OR=8.85), FIC (OR=2.23) replicons in E. coli only. The replicons with
the strongest positive associations to IncHI1 (OR=5.58), Y(OR=3.77) and FIlIAs (OR=3.86)
were IncN, P and K, respectively. The negative association between IncY and F
replicons (OR=0.66) was the strongest in E. coli. In Salmonella, the strongest positive
association was observed between IncHI2 and IncN (OR=41.84). IncHI1 was positively
associated with Incl1-Y (OR=5.80) and FllIAs (OR=4.87). The positive associations were
additionally detected for Incl1-Y /IncY (OR=14.03) and IncA/C/IncN (OR=17.84).

2.4.5 Replicon sequence types of E. coli and Salmonella carrying bla and/or
mcr

Twenty-six ESBL-producing E. coli from pigs (n=11), pork (n=8), and humans (n=7) and
three Salmonella from a pig (n=1) and pork (n=2) were further subtyped using RST.
Seven allele numbers of Fll replicon including F-, F46, F18, F2, F29, F100 and S1 were
identified. Three alleles including A-, A1,6 and A5,6 were detected in the FIA allele,
while seven alleles (i.e. B-, B1, B20, B10, B40, B24 and B13) were observed in the FIB
allele. The S1 allele was identified in two Salmonella carrying Flis replicon. Thirteen
FAB formulas were assigned (Table 8), of which the most common FAB formula
between E. coli and Salmonella were F2:A-:B- (26.9%, 7/26) and S1:A-:B- (66.7%, 2/3),

respectively.

F46:A-:B20 was the FAB formula shared in four E. coli isolates (15.4%, 4/26) from pigs
(n=3) and one human. F18:A-B1 was in the E.coli isolates (11.5%, 3/26) from pig
(n=1) and pork (n=2). While F-:A-:B24 was found in the E. coli strains (11.5%, 3/26)
isolated from pork (n=3). Two different FAB formulas, S1:A-:B- and F2:A-:B-, were

assigned for plasmid in the Salmonella isolates.
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Table 8 Replicon sequence types of Inc F of Escherichia coli (n=26) and Salmonella (n=3)

Allele number for FAB

Strain

Species Regions® Provinces Sources Year Resistance genes replicon Formula®
name FII,Flls® FIA FIB

E. coli CREM 10 N CRI Pork 2016-2017  blacrxm, blarem Fa6 - - Fa6:A-:B-
CRES 14 N CRI Pig 2016-2017  blacrym, blaem Fa6 - - Fa46:A-:B-
CRES 7 N CRI Pig 2016-2017  mcr! Fa6 - B20 Fa6:A-:B20
FpCal W RBR Pig 2015 blacrym, blarem, mcrl F46 - B20 F46:A-:B20
FpEa24 W RBR Pig 2016-2017  blacryy, blarew, mcrl F46 - B20 F46:A-:B20
NK 253 NE NKI Human 2013-2014  blacrym Fa6 - B20 F46:A-:B20
CRES20 N CRI Pig 2016-2017 mcr3 F18 - B1 F18:A-B1
MH 95 NE MDH Pork 2013-2014  blacrym, blaem F18 - B1 F18:A-B1
SaEM 37 E SKW Pork 2016-2017  mcrl F18 - B1 F18:A-:B1
E405 NE NMA Pig 2007-2008  blacry.w, blaey, mcr3 F2 - - F2:A-:B-
MH 70 NE MDH Human 2013-2014  blacrym F2 - - F2:A-:B-
SaEM 19 E SKW Pork 2016-2017  blacrx, blarem F2 - - F2:A-:B-
SaEM 29 E SKW Pork 2016-2017  blactym F2 - - F2:A-:B-
SaES 22 E SKW Pig 2016-2017  blacrxw, blayem, mcr3 F2 - - F2:A-:B-
NK 261 NE NKI Human 2013-2014  blacrym, blaem F2 - - F2:A-:B-
NK 262 NE NKI Human 2013-2014  blacrym, blaem F2 - - F2:A-:B-
E431 W RBR Pig 2007-2008  mcr2, mcr3 F2 - B40 F2:A-:B40
MH 227  NE MDH Human 2013-2014  blacrym F29 - B10 F29:A-B10
NK 276 NE NKI Human 2013-2014  blacrym Fa6 - B24  F46:A-B24
PLCa 7 NE NMA Pig 2015 blacrym, blatey, mcrl F2 - B20 F2:A-B20
PLEa 14  NE NMA Pig 2015 blacrym, blaey, merl F100 - B13 F100:A-:B13
SaES 46 E SKW Pig 2016-2017  mcrl F18 A5, A6¢ Bl F18:A5,6:B1
NK 267 NE NKI Human 2013-2014  blamm - Al, A6 ¢ Bl F-A1,6:B1
CREM 48 N CRI Pork 2016-2017  blacrym, blaem - - B24  F-A-B24
SaEM 15 E SKW Pork 2016-2017  blacrxm, blaem - - B2d  F-:A-=B24
SaEM 57 E SKW Pork 2016-2017  blacrym, blaem - - B24  F-A-B24

S. Weltervreden MH 178.1 NE MDH Pork 2013-2014  blactxmia S1 - - S1:A-B-

S. Yalding NSM 11.3 NE NKI Pork 2016-2017  mcr! S1 - - S1:A-B-

S. Anatum CRSS 28.1 N CRI Pig 2016-2017  blacryw, blaey ,mcr3 F2 - - F2:A-:B-

?N, Northern; NE, North-eastern; W, West; E, East.

bCRI, Chiangrai; RBR, Ratchaburi; NKI, Nongkhai; MDH, Mukdaharn; SKW, Sakaew; NMA, Nakornratchsrima
© Both sequences of Fll and Flls were identified to be allele F.

9FAB formula was the combination of the sequence type of Fil or Flis: FIA: FIB.

€ Exactly matched to more than one references.
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Table 9 Replicon patterns among E. coli (n=1,047) and Salmonella (n=816).

Escherichia coli Salmonella spp.
Replicon pattern® No. of No. of ESBL producing No. of mcr carrying No. of No. of ESBL producing No. of mcr carrying
isolate (%) isolate (%) isolate (%) isolate (%) isolate (%) isolate (%)

AC 1(0.1) - - 10 (4.8) 5(23.8) -
ANCF 3(0.3) 1(0.6) - 1(0.5) - -
A/CK 1(0.1) - - - - -
A/CK-F 2(0.2) - - - - -

B/O 1(0.1) - - 1(0.5) - -
B/O-K-F 10 (1.1) - 1(0.9) - - -

F 129 (14.4) 13 (8.4) 8(7.3) 97 (46.2)  1(5.3) 3(60.0)
F-Y-K 36 (4.0) 11(7.1) 4(3.7) - - -

HI1 8(0.9) 2(1.3) 2(1.8) 10 (4.8) 8 (42.1) 1(20.0)
HI1-F 10 (1.1) 1(0.6) 5(4.6) 7(3.0) 1(5.3) 1(20.0)
HI1-HI2-F 4(0.4) - 4(3.7) - - -
HI1-HI2-K-F 15 (1.7) 7(4.5) 11 (10.1) - - -
HI1-11-y - - - 4(1.9) 4(21.1) -
HI1-11-y-F 2(0.2) 7 - - - -
HI1-11-Y-K-B/O-F 5(0.6) - 5(4.6) - - -
HI1-11-Y-K-F 3(0.3) 1(0.6) 1(0.9) - - -
HI1-K 11(1.2) 1(0.6) 7(6.4) - - -
HI1-K-F 24.(2.7) 2(1.3) 6 (5.5) - - -

HI1-N 5(0.6) - - - - -
HI1-N-A/C-K 1(0.1) = S - - -
HI1-N-F 8(0.9) 3(1.9) 3(2.8) - - -
HI1-N-K 13 (1.5) 8(5.2) ~ - - -
HI1-N-K-F 11(1.2) 2(1.3) - - - -
HI1-N-Y 1(0.1) - - - - -
HI1-N-Y-F 1(0.1) - - - - -
HI1T-N-Y-K 1(0.1) - - - - -
HI1-N-Y-K-F 2(0.2) - - - - -

HI1-Y 1(0.1) 1(0.6) - - - -
HI1-Y-A/CK 1(0.1) 1(0.6) - - - -
HI1-Y-F 1(0.1) 1(0.6) - - - -
HI1-Y-K 8(0.9) 8(5.2) 1(0.9) - - -
HI1-Y-K-F 1(0.1) - - - - -

HI2 - - - 1(0.5) - >
HI2-N - - - 1(0.5) - >

11-y 8(0.9) 1(0.6) - 16 (7.6) - -
11-A/C-F 1(0.1) - 1(0.9) - - -

11-F 16 (1.8) 4.(2.6) 1(0.9) 3(1.4) - -
11-Y-F-Y-P 1(0.1) - - - - -
11-y-K 9 (1.0) - - - - -

11-Y-K-F 61 (6.8) 42 (27.3) 4(3.7) - - -
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Escherichia coli Salmonella spp.

Replicon pattern® No. of No. of ESBL producing No. of mcr carrying No. of No. of ESBL producing No. of mcr carrying

isolate (%)

isolate (%) isolate (%)

isolate (%)

isolate (%)

isolate (%)

11-Y-N-K-F 1(0.1) - - - - -
11-y-P-F 1(0.1) - - - - -
11-y-Y 6 (0.7) 3(1.9) - 12 (5.7) - -
11-Y-Y-A/C-K-F 1(0.1) - - - - -
11-y-Y-F 3(0.3) - - - - -
11-y-Y-K-F 3(0.3) 2(1.3) 1(0.9) - - -
11-y-Y-K 8(0.9) 4.(2.6) 2(1.8) - - -
K 106 (11.9) 1 (0.6) 3(2.8) = - -
K-F 212 (23.7) 17 (11.0) 20 (18.3) - - -
N 4.(0.4) - 1(0.9) 15(7.1) - -
N-A/C - - 2 4(1.9) - -
N-F 9(1.0) 5(3.2) 2(1.8) - - -
N-K 25(2.8) 1(0.6) 3(2.8) - - -
N-K-F 22(2.5) 4(2.6) 5(4.6) - - -
N-Y 1(0.1) Z N - - -
N-Y-A/C-K 1(0.1) - \ - - -
N-Y-K 1(0.1) - 3 - - -
N-Y-K-F 5(0.6) 3(1.9) - - - -
P 5(0.6) S S S S S
P-F 3(0.3) S S S S S
P-K 3(0.3) S S S S S
P-K-F 3(0.3) = = = - -
W-K-F 1(0.1) - = - - -
X-F 1(0.1) = = = - -
Y 12(1.3) - 3(2.8) 28(13.3) - -
Y-F 12 (1.3) 2(1.3) 5 (4.6) - - -
Y-K 21 (2.49) 2(1.3) - - - -
Y-P-F 1(0.1) - - - - -
Y-PK 2(0.2) - - - - -
Y-P-K-F 4(0.9) - - - - -
Positive at least one

replicon type 893 (85.3) 154 (99.4) 109 (100) 210 (25.7) 19 (90.5) 5(41.7)
No replicon pattern 154 (14.7)  1(0.6) = 606 (74.3)  2(9.5) 7 (58.3)
Total 1047 155 109 816 21 12

°F, at least one replicon type of IncF family replicon (i.e., FIA, FIB, FIC, FllAs and F)

was found.
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2.5 DISCUSSION

The E. coli and Salmonella isolates in this study originated from clinically healthy
pigs, pork, and humans previously collected across geographical regions over a long
sampling period. It is expected that only healthy animals are slaughtered for human
consumption, but their healthy appearance does not guarantee the absence of
resistant bacteria. Antimicrobials may be administered to the animals prior to
slaughtering for infection treatment, disease prevention or growth promotion and
such antimicrobial use could result in AMR acquisition in commensal bacteria and
pathogens. Antimicrobial susceptibilities and determinants were investigated among
the isolates in this collection. However, they have not been thoroughly investigated
for resistance plasmids, despite their important role in resistance traits and resistance

gene dissemination.

Up to now, most studies of plasmid Inc groups have been based on the resistance
genes identified. Due to the lack of wide screening reports on Inc groups, a direct
comparison is rather difficult. In this study, IncK was the most frequently plasmid
replicon type present in E. coli (60.6%) from pigs, pork and humans. Currently, there
are two IncK plasmid subtypes identified, including IncK1, that are commonly found
in a variety of mammals, and Inck2 that were predominantly found in poultry
(Rozwandowicz M, et al,, 2019). While studies of the Inc group are widely available
for the E. coli isolates from pigs and pork, there is still very limited research covering
IncK plasmids. Most IncK studies were conducted in the isolates of humans and
poultry originally from European countries (Rozwandowicz M, et al., 2017; Randall LP,
et al,, 2011). In addition, the absence of IncK in the Salmonella isolates in this study
supported a previous study demonstrating that some replicon types are specific to

certain bacterial hosts (Redondo-Salvo S, et al., 2020).

When considering the sampling period of E. coli, IncK plasmid was continuously
predominant from 2007 to 2019. In contrast, the prevalence of most of the others

fluctuated. For example, HI1, N, FIA, FIB, FllAs, K, B/O and F decreased from 2011-
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2014 and increased between 2015 and 2019. The opposite trend was observed for P,
FIC, A/C. Factors that affect the maintenance of some plasmids in each period
remain unclear. These changes may be involved in different sampling locations and
antimicrobial use. However, the phenomenon was not obvious in Salmonella, and
this could be due to the limited replicon type observed. In addition, many plasmids
of the same Inc group were found in the E. coli isolates from pigs, pork, and humans,

indicating the circulation of the plasmids in different sectors.

The PBRT primers used for the detection of Incll in this study cannot differentiate
Incll and Incl-y (Smith H, et al,, 2015). Therefore, the Incll-y type was used to
describe the results obtained. In this study, the coexistence of Incll-Y type and
IncHI1 was observed in Salmonella (OR>1), in agreement with a previous study
conducted on MDR Salmonella Typhi (Mutai WC, et al., 2019). Most Salmonella from
pigs carried IncY replicon, in line with a previous report (Zhang C, et al,, 2017). In
addition, IncT and IncW plasmids were unidentified among the isolates in this study.
This agrees with the notion that IncT and IncW are rarely detected among bacteria in
the Enterobacteriaceae family in recent decades (Harada S, et al,, 2012; Fernandez-

Lopez R, et al., 2006)

IncL/M, a broad host-range plasmid, was not detected in this study. The L and M
plasmids were mistakenly classified together into an incompatibility group due to
their hish DNA homology and later, they were genetically differentiated to two
different groups (Carattoli A, et al., 2005). Therefore, the absence of IncL/M plasmid
in this study may be a false-negative result due to PCR primers used (Carattoli A, et
al,, 2005). Simultaneously, IncX was absent in Salmonella. The limited detection of
IncX plasmids may be attributable to the uncovered typing scheme. The PCR primers
of the PBRT scheme used in this study were specific to IncX2. However, IncX
plasmids are diverse and at least nine types of IncX (i.e. X1 to X9) have been

identified worldwide (Dobiasova H, Dolejska M., 2016). Therefore, the detection
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capacity of the IncX plasmid family should be expanded to enhance the

identification and typing of novel AMR-related plasmids in Enterobacteriaceae.

It is important to observe that the same Inc plasmids are shared among the E. coli
and Salmonella isolates that originated from different sources (e.g., pigs, pork and
humans). Even though the direction of gene flow between different hosts was not
investigated, such observations indicate the circulation of plasmids between different

hosts.

Multiple plasmids of different Inc groups were found in the same bacterial host strain
in this study (Table 9). Since several AMR genes are plasmid mediated and a plasmid
could carry several AMR genes, the presence of multiple plasmids agreed with the
MDR phenotypes observed. The association between resistance phenotypes and
replicon types varied. The significant-positive associations between resistance
phenotype and replicon types were commonly observed, highlighting the important
role of plasmids in the dissemination of AMR genes in E. coli and Salmonella in this
study. IncHI1 plasmids in E. coli exhibited the strongest association with increased
resistance rates to AMP, GEN, STR and TET resistance (OR>1), suggesting the existence
of corresponding resistance genes on the plasmid of this replicon type. In
Salmonella, IncHIT1 plasmid was strongly associated with CHP resistance (OR=46.8),
inconsistent with a previous study where the strong positive correlation of IncHI1
plasmids to AMP, TMP, SMZ, STR and TET resistance was demonstrated in the
pathogen (Mutai WC, et al., 2019). This discrepancy may be from the effects of

different antimicrobial-selective pressure in the environment of the bacterial isolates.

Persistent resistance to chloramphenicol after the ban on its use in food-producing
animals has been observed in several countries (Frye JG, Jackson CR., 2013; Ibrahim
S, et al,, 2021; Bischoff KM, et al., 2005). It was linked to co-selection caused by using
other antibiotics, of which their resistance genes co-localized on the same plasmid
with chloramphenicol-resistance genes. In this study, the chloramphenicol resistance

rate in E. coli was significantly correlated to IncN (OR=2.78). This plasmid replicon
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type was positively associated with resistance to the commonly used antimicrobials
including AMP, GEN, STR, SMZ, TET, TMP and COL. In Salmonella, in addition to CHP
resistance, IncHI1 plasmid was strongly associated with GEN and COL resistance and
ESBL production. Such positive associations indicate the possible co-localization on
the same plasmids of the resistance genes and serve as evidence that the selective
pressure imposed by the use of other antimicrobials commonly used in food animals
could promote the co-selection of chloramphenicol resistant bacteria after the ban.
However, further studies to analyze the plasmid context are suggested to confirm

the co-localization of AMR genes on the same plasmid.

Conversely, negative correlations were observed between some resistance genes and
replicon types. For example, IncY in Salmonella was significantly associated with
reduced frequencies of AMP resistance (OR=0.17). Similarly, IncFIC (OR=0.2) and FllAs
(OR=0.2) plasmids were significantly associated with a reduced prevalence of
tetracycline resistance. This indicates that these plasmids do not frequently carry
resistance genes for these tested antibiotics. Besides, non-plasmid borne mechanisms
(e.g. chromosomally encoded genes, chromosomal mutations) may present and

contribute to antibiotic resistance in these bacteria (Jahantigh M, et al., 2020).

Strong positive associations were observed between CIP and IncHI1 plasmids in E.
coli (OR=5.46) and IncN plasmid in Salmonella (OR=14.4). The high quinolone
resistance level in bacteria is mediated by chromosomal mutations that alter drug
targets and reduce the intracellular concentration of quinolones. The presence of
plasmid-mediated quinolone resistance (PMQR) genes provides low-level resistance,
not exceeding the clinical breakpoint for susceptibility. However, PMQR genes
facilitate higher levels of quinolone resistance if a plasmid carries two or more PMQR

genes (Jacoby GA, et al,, 2014).

In this study, colistin resistance exhibited a strong positive association with IncHI2
(OR=20.34) and IncHI1 (OR=6.83) in E. coli and IncFIC (OR = 20.1) and IncHI1 (OR=11.9)

in Salmonella, in agreement with a previous study (Zakaria AS, rt al., 2021). Colistin-
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resistance encoding genes were previously found on plasmids of several replicon
types including Incl2, HI1, HI2, X4, P, F and Y (Sadek M, et al., 2021). A previous study
revealed that the Incl2 replicon was the most common plasmid carrying colistin
resistance gene in E. coli isolated from poultry, food and humans. However, this was

not the case for this study (Elbediwi M, et al., 2019).

ESBL genes are usually plasmid-borne. In this study, ESBL production showed the
strongest positive association with Incll-y plasmid (OR=6.33) in E. coli and IncHI1
plasmid (OR=159.9) in Salmonella (Table 11). This indicates the possible localization
of ESBL genes on these plasmid replicon types, in agreement with a previous study
in E. coli (Dierikx C, et al., 2010) and Salmonella (Mutai WC, et al., 2019), respectively.
This was supported by the observation that the blacrymis carrying Salmonella from
pork (n=4) in this study was postive for Incl1-y and HI1 plasmids (Table 14). Almost
all blacry.carrying Incll-Y -positive isolates also contained both IncF and IncK
plasmids (43/57, 75.4%). When considering ESBL genes, most blacryy carrying E. coli
(106/155, 68.3%) were positive for IncK plasmid, in agreement with a previous study
in Europe (Cottell JL, et al., 2011). Since these isolates harbored multiple plasmids,
the location of blacryy was uncertain and could be further investigated by plasmid

characterization.

The presence of genes encoding ESBLs and colistin resistance were presented in
previous study that associated with IncF family plasmids in Enterobacteriaceae (Li R,
et al., 2018). In this study, the IncF family replicon, including FIA, FIB, FIC, FllAs and F
was the most common in both E. coli and Salmonella strains. Of all the 13 FAB
formulas obtained, the most common FAB formula of E. coli was F2:A-B- as
previously observed in many studies (Yang QE, et al., 2015; Chen X, et al., 2014). F
plasmid belonging to F46:A-:B20 was identified in the E. coli isolates from pigs and
humans. This plasmid was previously reported in Salmonella Typhimurium from a
patient in Taiwan (Chen CY, et al,, 2019). The F18:A-:B1 plasmid was also found in E.

coli from pigs and pork. This plasmid was previously found in E.coli from poultry
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(Yang QE, et al., 2015). The same FAB formula of IncF plasmid was found among the
strains from different pigs, pork and humans from various locations, indicating that
the particular plasmids circulate in the food chain. Further studies are suggested to
investigate if the circulation was due to horizontal transfer of the plasmid or the

bacterial strain dissemination.

In summary, the results revealed a variety of plasmids distributed in pigs, pork, and
humans in Thailand. Plasmids were strongly associated with various resistance
phenotypes. Multiple plasmids were found in the same host strain, and their major
role in the spread of AMR was emphasized. Plasmid analysis serves as an
epidemiological marker for AMR surveillance. To the best of our knowledge, this is
the first report of plasmid replicon types among E. coli and Salmonella from pigs,
pork and human in Thailand. The findings of the replicon type in this study forms a
basis for future studies to explore the possible methodology to counteract horizontal

transfer of plasmids.
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Genomic analysis of Salmonella carrying class 1 integrons with dfrA12-aadA2

gene cassette array isolated from food animals, meat and human in Thailand

3.1 ABSTRACT

Fifteen Salmonella isolates with class1 integrons carrying dfrA12-aadA2 cassette array
on transferable plasmids were included in this study. All were isolated as part of
previous studies from healthy pigs (n=8), poultry (n=4), pork (n=2) and human (n=1)
during 2020-2022. The presence and transfer of class 1 integrons with dfrA12-aadA2
cassette array was determined prior to the use of the bacterial isolates. All were
detected for Incompatibility (Inc) group using PCR Base Replicon Typing (PBRT) and
subjected to Whole genome Sequencing using Oxford Nanopore technologies and
Ilumina platform Hiseq sequencers. Only two Salmonella isolates were positive to
plasmid replicons, including SA016 carrying IncY and SA684 carrying IncFIB and IncF
plasmids. The WGS analysis showed that the Salmonella genome length ranged
between 4,692,127 to 5,110,480 bp, of which 7 MLST types including ST29, ST64,
ST48, ST96, ST469, ST696 and ST1499 were identified. For the genetic relationship
between Salmonella isolates, 6 distinct clades were present using phylogenetic
trees. Based on WGS analysis, IncFIB(K), ColpVC, IncFIB, IncHI2, IncHI2A, IncX1, IncY
and IncR plasmids were identified. Twenty-eight AMR genes were found among all
Salmonella isolates, of which aac(6’)-laa, dfrA12, blaTEM-1B, sull, gacE and aadA2
or aadA2b genes were found in all Salmonella isolates. According to ResFinder, all
were predicted to be resistant to aminoglycosides, B-lactams, folate pathway
antagonists, quaternary ammonium compounds, aminocyclitols and quinolones.
Chromosomal point mutations that generated amino acid substitutions were
observed in parC, parE, gyrA, pmrA, pmrB and acrB. Al Salmonella, except B82,
carried class 1 integrons with dfrA12-DUF1010-aadA2 and gacE-sull in conserved
region. In conclusion, the results indicate the important role of transferable plasmids
as the underline cause for the wide distribution of class 1 integrons with dfrA12-
aadA2 gene array. Decreasing the selective pressure could limit the wide distribution

of AMR associated with transferable plasmids.
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3.2 INTRODUCTION

Antimicrobial resistance (AMR) in bacteria pathogens is one of the greatest public
health challenges globally. Concurrently, Salmonella is one of the most common
foodborne pathogens and used as safety indicator for meat and meat products for
domestic consumption and export. Infection of multidrug-resistant (MDR) Salmonella
has rapidly increased and had a significant impact on economy, public health, and
international food trade in most parts of the world. Over and imprudent use of
antibiotics has been blamed as a major cause of emergence and spread of AMR in

either commensals or pathogenic bacteria.

There are several methods in which bacteria might develop resistance to antibiotics,
but there are three basic ways in which AMR determinants can spread ie.,
conjugation, transformation, and transduction. The most frequent type of horizontal
transfer is conjugation, which also happens in the natural world. The horizontal
transfer of AMR genes through mobile genetic elements is one of the most frequent
conjugative processes that might hasten the formation and spread of AMR (MGEs)

(e.g., resistance plasmids, integrons and transposons) (von Wintersdorff et al., 2016).

Class 1 integrons is the predominant integrons type and numerous resistance gene
cassettes have been found in their variable regions (Chuanchuen et al., 2009;
Wannaprasat et al., 2011). Integrons are frequently found on conjugative plasmids,
which aid in the spread of AMR genes (Trongjit et al.,, 2017). In Thailand, there has
been a great deal of research done on class 1 integrons of food animal and product
origin. It has been observed that the same resistance gene cassettes were identified
in class 1 integrons variable region from various bacterial species from different

sources in the country.

A particular example is class 1 integrons with dfrA12-aadA2 gene cassette array that

has been previously reported in many bacterial species from different sources e.g.,
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Salmonella from pigs in Khon Kaen and Roi Et, from pork in Chiang Mai, E. coli from
pigs in Nakhon Ratchasima (Wannaprasat et al., 2011; Lay et al., 2012; Sinwat et al,,
2015), Salmonella from pet dogs and cats (Srisanga et al, 2017), Aeromonas
hydrophila from nile tilapia (Lukkana et al., 2012), Acinetobacter baumannii and

Pseudomonas aeruginosa from patients (Poonsuk et al., 2012).

Trimethroprim, an analog of dihydrofolate, competitively inhibits dihydrofolate
reductase (DHFR). which catalyses the conversion of dihydrofolate to the active
coenzyme tetrahydrofolate, the precursor of the DNA synthesis pathway (Huovinen
et al, 1995). Trimethoprim resistance is most commonly due to overproduction of
trimethroprim-resistant DHFR encoded by dfr. The dfr gene encodes dihydrofolate
reductases (DHFR) enzyme that confers resistance to trimethoprim. There are two
main families of dfr genes including dfrA and dfrB genes (van Hoek et al,, 2011). To
date, over 30 genes in dfrA family have been regularly reported, of which the dfrA1-
group and dfrAl12-group are most commonly found in Gram-negative bacteria. The
aadA2 gene encodes aminoglycoside adenylyltransferases and confers resistance to
antibiotics in aminoglycoside group, including streptomycin and spectinomycin

(Michael et al., 2005).

Conjugative plasmid-associated class 1 integrons with dfrA12-aadA2 cassette array
have frequently been found in Salmonella isolated from food animals, animal
products and human. The dfral2-aadAZ cassette array was reported approximately
20-60% among classl integrons- positive Salmonella isolated from different sources
in many country worldwide such as China (Wang et al., 2010; Li et al., 2013; Zhang et
al, 2018; Zhou et al., 2019), Korea (Yu et al,, 2003; Noh et al.,, 2019), Thailand
(Padungtod et al.,, 2011; Wannaprasat et al,, 2011; Sinwat et al., 2016; Srisanga et al,,
2017), Portugal (Antunes et al., 2005; Antunes et al., 2007) and Egypt (El-Sharkawy et
al,, 2017). These findings suggest the importance of horizontal transfer in AMR
spreading and the role of the dfrA12-aadA2 array in spreading of trimethoprim and
streptomycin resistance in bacteria of animal origin. These also highlight the genetic

connection between AMR in people, pets, food animals, and food of animal origin.
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Comprehensive genetic data of Salmonella carrying class 1 integrons with dfrA12-
aadA2 cassette array will help to explain the genetic link and the widespread of
class 1 integrons with dfrA12-aadA2. Therefore, this study aims to genetically
characterize Salmonella carrying class 1 integrons with dfrA12-aadA2 gene cassette
array isolated from food animals, meat and human in Thailand using Whole Genome

Sequencing analysis.

3.3 MATERIALS AND METHODS

3.3.1 Bacterial isolates and antimicrobial susceptibility

Fifteen Salmonella isolates with class1 integrons carrying dfrA12-aadA2 cassette array
on transferable plasmids were obtained from healthy pigs (n=8), poultry (n=4), pork
(n=2) and human (n=1) during 2020-2022 (Table 10) (Khemtong and Chuanchuen,
2008; Wannaprasat et al.,, 2011; Sinwat et al., 2015; Sinwat et al., 2016). Isolation and
identification of Salmonella were performed according to 1SO6579:2002 (ISO, 2002).
Plasmid transfer was tested by Biparental mating method. A single positive serotype
of each sample was collected and stored in 20% glycerol at -80°C freezer. All

Salmonella isolates were multidrug resistant bacteria.

Table 10 Characteristics of Salmonella carrying class 1 integrons with dfrA12-aadA2

Cassette.
Salmonella  Serotype Sample source Location AMR phenotype
isolate
A2 Anatum Pork North-Eastern region AMP-STR-SUL-TET-TMP
Ad Anatum Pig - internal organ  North-Eastern region AMP-STR-SUL-TET-TMP
C76 Anatum Pig - internal organ  North-Eastern region AMP-STR-SUL-TET-TMP
D8 Anatum Pig - internal organ  North-Eastern region AMP-STR-SUL-TET-TMP
D57 Hindmarsh Pig - internal organ  North-Eastern region AMP-CHL-STR-SUL-TET-TMP
NK137.1 Rissen Pig - rectal swab North-Eastern region AMP-CHL-STR-SULTET-TMP
SA012 Schwarzengrund  Broiler - Caecum Central region AMP-STR-SUL-TET-TMP
SA016 Stanley Pig - rectal swab Central region AMP-STR-SUL-TET-TMP
SA040 Schwarzengrund  Broiler - Caecum Central region AMP-STR-SUL-TET-TMP
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Salmonella  Serotype Sample source Location AMR phenotype

isolate

SA046 Kentucky Broiler — Caecum  Central region AMP-STR-SUL-TET-TMP
SA048 Schwazengrund  Broiler - Caecum Central region AMP-STR-SUL-TET-TMP
SA684 Rissen Pork Northern region AMP-CHL-STR-SUL-TET-TMP
B82 Panama Human North-Eastern region AMP-CHL-STR-SUL-TET-TMP
D7 Rissen Pig - internal organ  North-Eastern region AMP-STR-SUL-TET-TMP

D15 Rissen Pig - internal organ  North-Eastern region AMP-STR-SUL-TET-TMP

AMP, ampicillin; CHL, chloramphenicol; STR, streptomycin; SUL, sulfamethoxazole;
TET, tetracycline; TMP, trimethoprim.

3.3.2 Detection of dfrA12 and aadAZ2 genes and PCR Base Replicon Typing
(PBRT)

DNA templates of all Salmonella isolates (n=15) were prepared using whole cell
boiling method (Lévesque et al., 1995). The presence of dfrA12 and aadA2 in all
Salmonella was confirmed using specific primers (Table 11). The PCR cycles
comprised one cycle of pre-denaturation at 94°C for 5 min; 30 cycles of denaturation
at 94°C for 1 min, 60°C for 30 s, and extension at 72°C for 1 min; and a final extension

at 72°C for 5 min (Chuanchuen and Padungtod, 2009).

Eighteen Incompatibility (Inc) replicon types, including HI1, HI2, 11, X, L/M, N, FIA, FIB,
W, Y, P, FIC, A/C, T, Fll;, Freps, K and B/O were identified using the PCR base replicon
typing (PBRT) scheme, of which the specific primers are shown in Table 11. Multiplex
PCR ampilification conditions included pre-denaturation at 94°C for 5 min followed by
30 cycles of denaturation at 94°C for 1 min, annealing step at 60°C for 30 s, extension
at 72°C for 1 min and final extension at 72°C for 5 min. For simplex PCR, annealing
temperature of 52°C was used. Toptaq Master Mix kit (QIAGEN, Hilden, Germany) was
used according to the manufacturer’s direction. Size of PCR amplicon was
determined using gel electrophoresis. Representative of PCR amplicons was

submitted for nucleotide sequencing.
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PCR-reaction Name Primer sequences Amplicon Reference
size (bp)
PBRT
Multiplex 1 HI1T FW 5’-GGAGCGATGGATTACTTCAGTAC-3’ a71 (Carattoli et al., 2005)
HI1 RV 5’-TGCCGTTTCACCTCGTGAGTA-3’
HI2 FW 5’-TTTCTCCTGAGTCACCTGTTAACAC-3’ 644
HI2 RV 5’-GGCTCACTACCGTTGTCATCCT-3’
11 FW 5’-CGAAAGCCGGACGGCAGAA-3’ 139
11 RV 5’-TCGTCGTTCCGCCAAGTTCGT-3’
Multiplex 2~ X FW 5’-AACCTTAGAGGCTATTTAAGTTGCTGAT-3’ 376 (Carattoli et al., 2005)
X RV 5’-TGAGAGTCAATTTTTATCTCATGTTTTAGC-3
L/M FW 5’-GGATGAAAACTATCAGCATCTGAAG-3’ 785
L/M RV 5’-CTGCAGGGGCGATTCTTTAGG-3’
N FW 5’-GTCTAACGAGCTTACCGAAG-3’ 559
N RV 5’-GTTTCAACTCTGCCAAGTTC-3’
Multiplex 3 FIAFW 5’-CCATGCTGGTTCTAGAGAAGGTG-3’ 462 (Carattoli et al., 2005)
FIA RV 5’-GTATATCCTTACTGGCTTCCGCAG-3’
FIB FW 5’-GGAGTTCTGACACACGATTTTCTG-3 702
FIB RV 5’-CTCCCGTCGCTTCAGGGCATT-3’
W FW 5’-CCTAAGAACAACAAAGCCCCCG-3’ 242
W RV 5’-GGTGCGCGGCATAGAACCGT-3’
Multiplex 4 Y FW 5’-AATTCAAACAACACTGTGCAGCCTG-3’ 765 (Carattoli et al., 2005)
Y RV 5’-GCGAGAATGGACGATTACAAAACTTT-3’
P FW 5’-CTATGGCCCTGCAAACGCGCCAGAAA-3’ 534
P RV 5’-TCACGCGCCAGGGCGCAGCC-3
FIC FW 5’-GTGAACTGGCAGATGAGGAAGG-3’ 262
FIC RV 5’-TTCTCCTCGTCGCCAAACTAGAT-3’
Multiplex 5 A/C FW 5’-GAGAACCAAAGACAAAGACCTGGA-3’ 465 (Carattoli et al., 2005)
A/CRV 5’-ACGACAAACCTGAATTGCCTCCTT-3’
TFW 5’-TTGGCCTGTTTGTGCCTAAACCAT-3’ 750
TRV 5’-CGTTGATTACACTTAGCTTTGGAC-3’
Fll, FW 5’-CTGTCGTAAGCTGATGGC-3’ 270
Fll, RV 5’-CTCTGCCACAAACTTCAGC-3’
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PCR-reaction Name

Primer sequences

Amplicon Reference

size (bp)

Simplex F Freps FW 5 -TGATCGTTTAAGGAATTTTG-3’ 270 (Carattoli et al., 2005)
Freps RV 5’-GAAGATCAGTCACACCATCC-3’

Simplex K K/B FW 5’-GCGGTCCGGAAAGCCAGAAAAC-3’ 160 (Carattoli et al., 2005)
K RV 5’-TCTTTCACGAGCCCGCCAAA-3’

Simplex B/O  K/B FW 5’-GCGGTCCGGAAAGCCAGAAAAC-3’ 159 (Carattoli et al., 2005)
B/O RV 5’-TCTGCGTTCCGCCAAGTTCGA-3’

Resistance genes

dfrA12 dfrA12 FW  5’-CTGATCGTTTAAGGAATTTT-3’ 330 (Chuanchuen and
dfrA12 RV 5’-CACACCATCCTGCACTTA-3’ Padungtod, 2009)

aadA2 aadA2 FW' 5’ -TCTGTTTATTCTTTTACTGTCCAC-3’ 500 (Chuanchuen and
aadA2 FW'  5’-TGCTTTTATTCTTAAACTATCCAC-3’ Padungtod, 2009)

3.3.3 Whole genome sequencing (WGS) and bioinformatic analysis

All of Salmonella isolates (n=15) were confirmed to carry dffA12 and aadA2 genes
prior to WGS analysis. Genomic DNA of all Salmonella isolates were extracted by
using ZymoBIOMICS™ DNA Miniprep Kit (Zymo Research Corp., Irvine, CA, USA)

following the manufacturer’s instruction.

All genomic DNA were evaluated for concentration and purity using a Nanodrop ND-
1000 spectrophotometer (Thermo Fisher Scienctific, Delaware, USA) and checked for
DNA degradation by running 5 pL of the DNA on 0.8% agarose gel electrophoresis
stained with Redsafe nucleic acid staining solution (Thermo Scientific, Deleware, USA)
before submitted for sequencing. Then, all were submitted for long read sequencing
using Oxford Nanopore technologies (ONT) at Siriraj Long-read Lab, Faculty of
Medicine Siriraj Hospital, Mahidol University, Bangkok, Thailand and for short read
sequencing using Illumina platform Hiseq sequencers (Illumina, San Diego, CA, USA)

at GENEWIZ China and Suzhou Lab, (GENEWIZ, Suzhou, China).

The raw read quality of long and short read sequence were determined using and

Nanoplot (De Coster et al., 2018) and FastQC (Andrews, 2010), respectively. Adapters
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were trimmed using Porechop v0.2.4 (https://github.com/rrwick/Porechop). High
quality ONT and Illumina reads (n=15) were de novo assembled to create hybrid
genome using Unicycler (Wick et al,, 2017). The de novo assembly graph of all
isolates were visualized by Bandage (Wick et al., 2015) The genomic characteristics
including genome size, number of contigs and GC content (%) were identified using
QUAST (Gurevich et al., 2013). Taxonomic identification was performed using Kraken2
(Wood et al, 2019) and then, Genome annotation was performed using NCBI
Prokaryotic Genome Annotation Pipeline (PGAP) (Tatusova et al, 2016). The
phenotyping and genotyping using assembled genome/contigs were performed on
Center for Genomic Epidemiology services via
http://www.genomicepidemiology.org/services/. AMR genes were identified by
ResFinderd.1 (Florensa et al,, 2022). The multilocus sequence typing (MLST) was
performed using MLST 2.0 with the obtained data from http://pubmlst.org. The
Salmonella serotypes were confirmed by SeqgSero 1.2 (Zhang et al, 2015).
Salmonella pathogenicity islands (SPIs) were identified by SPIFinder 2.0 (Roer et al,,
2016). Mobile genetic elements (MGE) and plasmids were identified by
MobileElementFinder v1.0.3 (Johansson et al.,, 2021) and PlasmidFinder2.1 (Camacho
et al, 2009; Carattoli et al,, 2014), respectively. Plasmid double-locus sequence
typing (pDLST) and replicon sequence typing (RST) were analyzed using PubMLST
(Jolley et al., 2018). Variant calling and core genome alignment was performed by
Snippy (Seemann, 2015) and the phylogenetic trees were generated by IQ-TREE
(Nguyen et al.,, 2015) and visualized by iTOL v6 (Letunic and Bork, 2021). The
comparison of genetic environment of dfrA12-aadA2 and the location of insertion
sequence (IS) and mobile genetic elements were generated using Clinker (Gilchrist

and Chooi, 2021)and Proksee (Grant et al., 2023).

3.4 RESULTS

3.4.1 Plasmid replicon types and Identification of dfrA12-aadA2 gene.

Two Salmonella isolates were positive to plasmid replicons identified by PBRT. Only

one Salmonella strain, SA016, carried IncY plasmid. SA684 was found to carry IncFIB
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and IncF plasmids. There were no replicon types found among the other Salmonella

isolates.

3.4.2 Whole genome assembly and genetic relatedness between all
Salmonella isolates (n=15)

The Salmonella genome length ranged between 4,692,127 to 5,110,480 bp. GC
contents of all Salmonella were between 51.8% to 52.1%. Seven MLST types
including ST29, ST64, ST48, ST96, ST469, ST696 and ST1499 were identified (Table
17). Four Salmonella isolates (A2, A4, C76 and D8) were in the same MLST, ST64.
SA012, SA016 and SA048 were identified as ST96. While NK137.1, SA684, D7 and D15
were in the same MLST ST469, B82 was ST48.

Variation of chromosomal DNA of Salmonella was called when compared to
reference, Salmonella LT2 (accession no. NC003197.2). The genetic relationship
between Salmonella isolates was shown in Figure 1. Six distinct clades were present
using phylogenetic trees. The first clades consisted of Salmonella strain SA684,
NK137.1, D7 and D15, which were closely related to Salmonella Rissen (accession no.
SRR26095823). SA046 shared common ancestor with Salmonella isolates in the first
clade that was closely related to Salmonella Kentucky (accession no. SRR26095822).
Another clade containing Salmonella strain SA012, SA048, and SA040 was genetically
related to Salmonella Schawarzengrund (accession no. SRR6053709). Salmonella B82
was genetically related to Salmonella Panama (accession no. SRR25872734).
Salmonella strain A2, A4, C76 and D8 were in the clade, which were closely related
to Salmonella Anatum (accession no. SRR26089087). D57, was genetically related to
Salmonella Hindmarsh (accession no. SRR3665082). The last clade contained
Salmonella strain SA016, which shared the common ancestor with Salmonella LT2

(accession no. NC003197.2)

3.4.3 Plasmid replicons, AMR genes and mutations
Plasmid replicons detected by WGS are shown in Table 12. IncFIB(K) and ColpVC

were found to co-exist in four Salmonella isolates including A2, A4, C76 and D8.
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IncFIB(K) plasmid was found as a single plasmid in SA012, SA040 and SA048. IncHI2
and/or IncHI2A plasmids, which were classified as ST3, were found in D57, SA016, and
SA046. B82 also carried IncHI2/HI2A and IncX1 plasmids. IncR plasmids were found in
three Salmonella isolates (i.e., B82, D7 and D15). IncFIB plasmid, the RST of F46:A-
:B20, was found in SA684. In addition, IncY plasmid was found in SA016. There was
the absence of plasmid replicon tested in NK137.1.

Twenty-eight AMR genes were found among all Salmonella isolates (Table 13). The
aac(6’)-laa, dfrA12, blawgy.1g, sull, gack and aadA2 or aadA2b genes were found in
all Salmonella isolates. The aadAl was found in all Salmonella, except SA016,
SA040, and SA048. All Salmonella isolates carried tetA, except Salmonella strain B82,
of which tetB was found instead. Almost all Salmonella isolates carried cml or cmlA1
genes except SA016, SA040, SA046, SA048, D7 and D15. The sul3 gene was
additionally found in almost all isolates, except SA040, SA048, B82, D7 and D15.
Similarly, the gacL gene was found in all isolates, except SA040, SA048, D7 and D15.

Resistance to 34 antimicrobial drugs were predicted (Table 14). All were predicted to
be resistant to aminoglycosides (i.e., amikacin, tobramycin, streptomycin),
tetracyclines (i.e. tetracycline and doxycycline), B-lactams (i.e. ampicillin, cephalothin,
piperacillin, amoxycillin, and ticarcillin), folate pathway antagonists (e,
sulfamethoxazole and trimethoprim), quaternary ammonium compounds (i.e.
benzylkonium, ethidium bromide, chlorhexidine and cetylpyridinium), aminocyclitols
(i.e., spectinomycin) and quinolones (i.e. ciprofloxacin and nalidixic acid). Almost all
Salmonella isolates were predicted to be chloramphenicol resistant isolates, except
SA016, SA040, SA046, SA048 D7 and D15. SA684, D7 and D15 were predicted to be

resistant to macrolides (i.e., azithromycin and erythromycin).

Chromosomal point mutations that generated amino acid substitutions were
observed in parC, parE, gyrA, pmrA, pmrB and acrB genes (Table 15). Amino acid
substitution (T57S) in ParC, conferring resistance to nalidixic acid and ciprofloxacin,

were found in all Salmonella isolates, except D57. In addition, gyrA mutations
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yielding S83F amino acid substitution conferring resistance to nalidixic acid and
ciprofloxacin, were found in SA012, SA040, and SA048. Several point mutations were
identified in parC, parE, gyrA, pmrA, pmrB and acrB leading to amino acid
substitutions with unknown resistance phenotype. The pathogenicity islands of all

Salmonella were shown in Table 16.

3.4.4 Plasmids carrying class 1 integrons with dfrA12- aadAZ2 cassette array.

Alisnment of plasmids/contigs of Salmonella carrying class 1 integrons with dfrA12-
aadAZ2 cassette array was showed in Figure 2. All Salmonella, except B82, carried
class 1 integrons with dfrA12-DUF1010-aadA2 and gacE-sull in conserved region.
Salmonella B82 carried class 1 integrons with dfrA12-DUF101-aadA2-cmlAl-aadAl

gene array and gacl-15256 without sul gene in conserved region.

Draft of IncR plasmid of Salmonella strain D7 and D15 were compared with pS90-2.3
from Klebsiella pneumoniae (Figure 3). All carried class 1 integrons with dfrA12-
aadA2-gacE-sull cassette array. In Salmonella strain D7, the int/l and gene cassette
array were flanked by /S6-like element /S26 family transposase downstream, and
upstream as observed in Klebsiella pneumoniae (accession no. CP063884.1) (Figure
3B). The mphA and aadAl genes were detected among all these IncR plasmids.
However, blargy.1g Was found in IncR plasmid from D7 and D15, except pS90-2.3 from

K. pneumoniae.

The structural comparison of IncX1 plasmid carrying int/1 with dfrA12-aadA2 cassette
array was compared with the closely related IncX1 plasmid, pLAO36 and pRF52-1
from E. coli isolated from human stools and swine feces, respectively (Figure 4). The
whole plasmid sequence of IncX1 plasmid of Salmonella strain B82 was 100% similar

to pLAO36 and pRF52-1.
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3.5 DISCUSSION

Salmonella included in this study were derived from previous studies in Thailand.
Classl integrons withdfrA12-aadA2 cassette array was found among Salmonella
isolated from different origins including food animal, human and environment. The
classl integrons among Salmonella could transfer to E. coli. WGS was included in

this study to reveal the genetic environment of the dfrA12-aadA2 cassette array.

Based on the PBRT results, only two Salmonella isolates carried plasmid. This may
be the result of the PBRT method's limitations, which exclude new plasmids and
some plasmid types (such as ColpVC, IncFIB(K), and IncHI2 plasmid). This suggests
that the plasmid replicon detection strategy needs to be updated. However, the

missing plasmid replicons were additionally discovered by WGS.

According to WGS analysis, IncFIB(K) plasmids commonly found in this study were
closely related to pKPN-IT plasmid that was previously reported in Klebsiella
pneumoniae (Garcia-Fernandez et al., 2012). The pKPN-IT plasmid was found to carry
classl integrons with dfrA12-orfF-aadA2 encoding resistance to trimethoprim and
streptomycin. These may be the explanation for the observation of classl integrons
with dfrA12-aadA2 cassette array in this study. This is supported by the observation
that Salmonella A2, A4, C76, D8, SA012, SA040 and SA048 carried class 1 integrons
with dfrA12- aadA2 cassette array that were also located on IncFIB(K).

Beside the IncFIB(K) plasmid, IncHI2 plasmids were previously reported to carry classl
integons containing dfrA12 and aadA genes and could be transferred by conjugation
(Shang et al,, 2021). This could be another explanation for classl integrons with
dfrA12 and aadA gene array identified in Salmonella with IncHI2 plasmid in this
study. Regardless, the presence of the same plasmid replicons among Salmonella
isolated from different sources either poultry or swine in different years indicate the
circulation of the plasmids among the Salmonella isolates of food producing animal

origin.
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In addition, pDLST of IncHI2 group detected in Salmonella D57 (pig intestinal organ
form North-Eastern region), SA016 (Pig intestinal organ form Central region), and
SA046 (Chicken form Central region) was ST3, confirming the circulation of this
plasmids in Thailand. ColpVC plasmid was found in some Salmonella isolates from
pork, pig internal organs, in agreement with a previous report conducted in
Salmonella isolated from an outbreak in human associated with meat consumption
in the US (Etter et al,, 2019). This again confirms that AMR is borderless and can

spread worldwide.

DUF1010 domain-containing protein which encoded by orff and located in between
dfrA12 and aadA2 in variable region of int/l were found in previous report (Li et al.,
2022). DUF3330 domain-containing protein was reported as a part of conserved
region of transposons, which were commonly found on plasmids. This gene involved
in modulating the transposition of transposons (Madsen et al., 2018). The Tn3/TnAS1
and Tn3/TnAs3 which were commonly found at downstream of int/1 in this study

were reported in previous study.

The conserved region of class 1 integrons are usually composed of gacE! and sull,
in agreement with the observation for the class 1 integrons identified in Salmonella
isolates from pigs and pork. In contrast, the conserved region of class 1 integrons in
the human isolates comprises gacL and sul3. This may be the result of the different
sources and environment of the origin of the isolates. However, the different

conserved region may not have an effect on the transferability of the plasmid.

It should be additionally noted that the outputs from the comparison with the
ResFinder database indicated that all the isolates contained mutations on gyrA and
parC and predicted that all should be resistant to fluoroquinolones. In contrast, the
results from antimicrobial susceptibility testing showed that all were susceptible to
ciprofloxacin. This discrepancy is likely due to the difference in interpretive criteria
used in these two different methods. The prediction by WGS database is usually

based on the presence of mutations and genes. However, the resistance phenotypes
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in antimicrobial susceptibility testing are based on clinical breakpoints as interpretive
criteria. This indicates the conflict of the phenotypic and genotypic methods.
Therefore, the results from genotypic methods, especially genomic technologies,

should be carefully applied.

In conclusion, the results indicate the important role of transferable plasmids as the
underline cause for the wide distribution of class 1 integrons dfrA12-aadA2 gene
array. The gene structure of the class 1 integrons was closely related to transposons
and insertion sequences, in particular TnAs1, TnAs3, and 1S26 that facilitate efficient
mobility. The existence and circulation of R plasmid is maintained by antibiotic
selective pressure. Therefore, decreasing the selective pressure could limit the wide

distribution of AMR associated with transferable plasmids.
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Molecular basis of the persistence of chloramphenicol resistance among
Escherichia coli and Salmonella spp. from food animals, meat and human in

Thailand

4.1 ABSTRACT

One of the key factors that promote the spread and emergence of
antimicrobial  resistance (AMR) is antimicrobial usage (AMU). Discontinued
antimicrobial use is expected to help decrease the emergence and spread of AMR
bacteria. Since 1998, the use of chloramphenicol in food animals has been
prohibited in Thailand. However, chloramphenicol-resistant bacteria are consistently
isolated from food animals and meat. Therefore, this study aims to investigate the
potential mechanisms associated with the persistence of chloramphenicol resistance
in Escherichia coli and Salmonella enterica isolated from pigs, pork, and humans. E.
coli (n=106) and Salmonella (n=57) isolates resistant to chloramphenicol were
included and their chloramphenicol susceptibility was determined in the presence
and absence of phenylalanine arginine B-naphthylamide (PABN). Conjugation
experiment was conducted to investigate possible co-selection of CHP resistance by
using ampicillin, tetracycline, and streptomycin. CHP-resistant transconjugants were
screened for chloramphenicol-resistance genes (catA, catB and cmlA) and plasmid
replicons. Whole genome sequencing was performed among selected three E. coli
(E329, E333 and E290) and three Salmonella (SA448, SA461 and SA515) isolates with
high CHP MIC (32-256 pg/mL) and different plasmid replicon type. Most E. coli
(67.9%) and Salmonella (64.9%) had >4-fold CHP MIC decrease in the presence of
PABN. The presence of cmlA in E. coli was significantly related with <4-fold CHP MIC
decrease in the addition of PABN (25/34, 75%). Nine E. coli and 8 Salmonella yielded
cmlA-carrying Salmonella and E. coli-transconjugants, respectively, with CHP MIC >
32 pg/mL (32-512 pg/mL) in the presence of different selective pressure (i.e., AMP,
TET and STR). IncFllAs plasmids were commonly found in cmlA-carrying Salmonella
transconjugants, while IncFIB and IncF plasmids were mostly found in cmlA-carrying

E. coli transconjugants. The WGS analysis showed that classl integrons with cmlA1
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gene cassette flank and flanked by 1S26 and TnAsI, were located on IncX1 plasmid
of E290, IncFIA(HI1)/HI1B plasmids of E329 and E333 and IncFll/FIB plasmids of SA461
and SA515. While catA flanked by IS1B and TnAs3 was found in IncFIA(HI1)/HI1B/Q1
of SA448. In conclusion, the results demonstrated that the multidrug efflux systems
using proton motif force and transferable plasmid play an important role in CHP-
resistance. The persistence of CHP-resistance was potentially mediated by cross

resistance and co-selection by other antimicrobial drugs.

4.2 INTRODUCTION

Antimicrobial usage (AMU) is one of the key elements contributing to emergence and
spread of antimicrobial resistance (AMR). When an antimicrobial agent is used, there
is a chance that bacteria adapt and develop resistance, enabling them to survive in
it. This phenomenon is exacerbated by inappropriate use of antimicrobials. Reducing
or ceasing the use of antimicrobials is expected to lessen the likelihood of AMR
bacteria emergence and spread. It is anticipated that if the AMU had been removed,
AMR would have disappeared. However, bacteria resistant to restricted antimicrobial
drugs have been consistently isolated. For example, the use of chloramphenicol in
food animals has been banned in many countries e.g., The US, Canada, Australia,
Japan and China since 1994 due to being a cause of aplastic anemia (Hanekamp and
Bast, 2015). The antibiotic has been outlawed in Thailand since 1998 (Suwannarak,
2003); nonetheless, chloramphenicol-resistant bacteria have been isolated from food
animals and meat e.g, pig (Lay et al,, 2012), poultry (Nhung et al,, 2016), pork and
chicken (Trongjit et al., 2016; Trongjit et al., 2017). It was suggested to be the result of
co-selection or cross-resistance brought on by other antimicrobials (Pal et al., 2015;

Périchon et al., 2015; Cheng et al., 2019).

Chloramphenicol is a broad-spectrum antibiotic in the amphenicol group, which
inhibits bacterial protein synthesis by binding to 50s ribosomal subunit (Cannon et al,,
1990; Davis, 2018). One of the most common mechanisms of chloramphenicol

resistance is its enzymatic inactivation, particularly by cat gene-encoded
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acetyltransferases (Sykes and Papich, 2014). Other possible resistance mechanisms
include the expression of efflux pumps, which frequently function as multidrug
extrusion transporters, reduced outer membrane permeability, and target site
mutation or alteration. The cml and floR genes encode specific exporters of
chloramphenicol, while the AcrAB-TolC multidrug efflux system can also export
chloramphenicol, but to a lesser degree. (Schwarz et al, 2004). Several
chloramphenicol resistance genes (e.q., catA, catB, cmlA and floR) were found to be
located on either transposon (e.g., Tn9 and Tn2424) and plasmids. In certain plasmids
(such as the IncX plasmid), chloramphenicol resistance genes were preserved, rather
than in others (Darphorn et al,, 2021). These genes were found co-located on the
same conjugated plasmid with the other AMR genes such as tet, aadA and sul,
conferring multidrug resistance phenotype (Ozawa et al., 2023). Despite being banned
in food animals, chloramphenicol is used topically to treat eye infections in humans.
Chloramphenicol has antibiofilm = activity, hypothetical low impact on ocular
microbiota and narrow resistance rate compared to fluoroquinolones (Lorenzo,
2019). There might be the resuscitation of an old antimicrobial medication such as
chloramphenicol in the situation that newer medications are not readily available
due to the AMR issue. Therefore, investigating the mechanisms behind the
persistence of chloramphenicol resistance in the absence of chloramphenicol will be

worthwhile.

In the DNA sequencing era, whole genome sequencing (WGS) has become an
indispensable technique for AMR research and control, including the discovery of
new antibiotics, identification of AMR in clinical samples, surveillance of AMR, and
emergence of AMR (Koser et al.,, 2014). Information generated by WGS is greatly
beneficial for comprehending the origins of AMR and the genetic foundation of AMR
mechanisms. Therefore, this study aims to investigate the chloramphenicol resistance
and possible mechanisms associated with the persistence of chloramphenicol
resistance in Escherichia. coli and Salmonella enterica isolated from pigs, pork, and

humans.



69

4.3 MATERIAL AND METHODS

4.3.1 Bacterial isolates and antimicrobial susceptibilities

The E. coli (n=106) and Salmonella (n=57) isolates resistant to chloramphenicol
(MIC> 32 pg/ml) were obtained from our previous AMR monitoring projects during
2007-2008. The E. coli isolates were obtained from cecal content of clinically healthy
pigs at slaughterhouses. E. coli were isolated and biochemically confirmed (Cole,
1990; Quinn et al., 1994) and a single colony of E. coli of each positive sample was
collected. The isolates exhibited resistance to ampicillin  (AMP, 81.2%),
chloramphenicol (CHP,100%), ciprofloxacin (CIP, 43.6%), gentamicin (GEN, 47%),
streptomycin (STR, 57.3%), sulfamethoxazole (SMX, 67.5%), tetracycline (TET, 98.3%)
and trimethoprim (TMP, 91.5%). The Salmonella isolates were isolated from raw pork
(n=22) at retail markets, and patient’s stools (n=37) at the hospitals using ISO
6579:2002 (ISO, 2002) and serotyped using slide agglutination. One colony of each
serovars was collected from each positive sample, The Salmonella serovars included
Anatum (n=5), Corvallis (n=5), Enteritidis (n=3), Kedougou (n=17), Newport (n=2),
Panama (n=4), Rissen (n=7), Stanley (n=7), Typhimurium (n=4) and Weltevreden (n=3).
These Salmonella were resistant to AMP (89.5%), CHP (100%), CIP (17.5%), GEN
(38.6%), STR (89.5%), SMX (63.2%), TET (89.5%) and TMP (91.5%).

Each isolate of Salmonella and E. coli had varying combinations of at least catA,
catB, and cmlA, including cmlA only (50.9%, 49%), catA only (0, 5.3%), catB only
(4.7%, 10.5%), cmlA/catA (0.9%, 12.3%), cmlA/catB (28.3%, 10.5%), catA/catB (13.2%,
5.3%) and cmlA/catA/catB (1.9%, 7.0%). All bacterial isolates were stored as 20%
glycerol at -80°C.

4.3.2 Determination of the effect of efflux system inhibitor on chloramphenicol
susceptibility

The MIC value of chloramphenicol (Sigma-Aldrich, Saint Louis, MO) was determined
in the presence and absence of 25 pg/mL phenylalanine arginine B-naphthylamide

(PABN, Sigma-Aldrich) using two-fold agar dilution method (CLSI, 2021). The
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concentrations of CHP ranged from 1 pg/mL to 1,024 ug/mL. A d4-fold or more change
in the chloramphenicol MIC value following the addition of PapN was defined as

significant. Experiments were repeated on two separate occasions.

4.3.3 PCR Based Replicon Typing (PBRT)

DNA templates were prepared using whole cell boiling method (Lévesque et
al., 1995). All PCR amplification was performed using Top Tag Master Mix kit (QIAGEN,
Hilden, Germany) according to the manufacturer’s instruction. All primers used in this
study are listed in Table 17. Eighteen replicons including HI1, HI2, 11, X, L/M, N, FIA,
FIB, W, Y, P, FIC, A/C, T, FllAs, Fieps, K and B/O were PCR amplified using the following
thermocycles: one cycle of denaturation at 94°C for 5 min; followed by 30 cycles of
denaturation at 94°C for 1 min, annealing at 60°C for 30 s, and extension at 72°C for 1
min; and a final extension at 72°C for 5 min. This was with exception for F simplex

PCR using Freps primers where annealing temperature of 52°C was used.

Table 17 Primer used in this studly.

PCR-reaction Name Primer sequences Amplicon size (bp) Reference
PBRT
Multiplex 1 HI1 FW 5’-GGAGCGATGGATTACTTCAGTAC-3’ ari (Carattoli et al., 2005)

HI1 RV 5’-TGCCGTTTCACCTCGTGAGTA-3’
HIZ FW 5’-TTTCTCCTGAGTCACCTGTTAACAC-3’ 644
HIZ RV 5’-GGCTCACTACCGTTGTCATCCT-3’

11 FW 5’-CGAAAGCCGGACGGCAGAA-3’ 139
1RV 5’-TCGTCGTTCCGCCAAGTTCGT-3’
Multiplex 2 X FW 5’-AACCTTAGAGGCTATTTAAGTTGCTGAT-3" 376 (Carattoli et al., 2005)
X RV 5’-TGAGAGTCAATTTTTATCTCATGTTTTAGC-3’
L/MFW  5’-GGATGAAAACTATCAGCATCTGAAG-3’ 785

L/M RV 5’-CTGCAGGGGCGATTCTTTAGG-3’
N FW 5’-GTCTAACGAGCTTACCGAAG-3’ 559
N RV 5’-GTTTCAACTCTGCCAAGTTC-3’

Multiplex 3 FIA FW 5’-CCATGCTGGTTCTAGAGAAGGTG-3’ 462 (Carattoli et al., 2005)
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PCR-reaction Name

Primer sequences

Amplicon size (bp) Reference

FIA RV 5’-GTATATCCTTACTGGCTTCCGCAG-3’
FIB FW 5’-GGAGTTCTGACACACGATTTTCTG-3 702
FIB RV 5’-CTCCCGTCGCTTCAGGGCATT-3’
W FW 5’-CCTAAGAACAACAAAGCCCCCG-3’ 242
W RV 5’-GGTGCGCGGCATAGAACCGT-3’
Multiplex 4 Y FW 5 -AATTCAAACAACACTGTGCAGCCTG-3’ 765 (Carattoli et al., 2005)
Y RV 5’-GCGAGAATGGACGATTACAAAACTTT-3’
P FW 5’-CTATGGCCCTGCAAACGCGCCAGAAA-3’ 534
P RV 5’-TCACGCGCCAGGGCGCAGCC-3’
FIC FW 5’-GTGAACTGGCAGATGAGGAAGG-3’ 262
FIC RV 5’-TTCTCCTCGTCGCCAAACTAGAT-3’
Multiplex 5 A/CFW  5’-GAGAACCAAAGACAAAGACCTGGA-3’ 465 (Carattolj et al., 2005)
A/CRV 5’-ACGACAAACCTGAATTGCCTCCTT-3
TFW 5’-TTGGCCTGTTTGTGCCTAAACCAT-3’ 750
TRV 5’-CGTTGATTACACTTAGCTTTGGAC-3’
Fll, FW 5’-CTGTCGTAAGCTGATGGC-3’ 270
Fll, RV 5’-CTCTGCCACAAACTTCAGC-3’
Simplex F - Fs FW  5-TGATCGTTTAAGGAATTTTG-3’ 270 (Carattolj et al., 2005)
Freps RV 5’-GAAGATCAGTCACACCATCC-3’
Simplex K K/B FW 5’-GCGGTCCGGAAAGCCAGAAAAC-3’ 160 (Carattoli et al., 2005)
K RV 5’-TCTTTCACGAGCCCGCCAAA-3’
Simplex B/O K/B FW  5’-GCGGTCCGGAAAGCCAGAAAAC-3’ 159 (Carattolj et al., 2005)
B/O RV 5’-TCTGCGTTCCGCCAAGTTCGA-3’
Chloramphenicol resistance genes
catA catAFW  5’-CCAGACCGTTCAGCTGGATA-3’ 454 (Chuanchuen and
catARV  5’-CATCAGCACCTTGTCGCCT-3’ Padungtod, 2009)
catB catB FW  5’-CGGATTCAGCCTGACCACC-3’ 461 (Chuanchuen and
catBRV ~ 5’-ATACGCGGTCACCTTCCTG-3’ Padungtod, 2009)
cmlA cmlA FW  5’-TGGACCGCTATCGGACCG-3’ 641 (Chuanchuen and
cmlA RV 5’-CGCAAGACACTTGGGCTGC-3’ Padungtod, 2009)
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4.3.4 Conjugation experiment

Biparental mating was performed to investigate co-selection of CHP resistance by
other antibiotics. All the E. coli (n=106) and Salmonella (n=57) isolates served as
donors. Salmonella Enteritidis SE12rif® (CHP MIC = 4 pg/mL) (Pungpian et al., 2020)
and E. coli MG1655rif® (CHP MIC = 4 pg/mL) (Khemtong and Chuanchuen, 2008) were
used as recipients for E. coli and Salmonella donors, respectively. Transconjugants
were selected on Luria Bertani agar containing rifampicin (32 pg/mL) and one of the
following antibiotics, AMP (150 pg/mL), TET (10 pg/mL) and STR (50 pg/ml).
Transconjugants were confirmed to be E. coli or Salmonella by growing on Eosin
Methylene Blue agar (EMB; Difco™, MI, USA) or Xylose Lysine Deoxycholate agar (XLD;
Difco™, MI, USA), respectively. The transconjugants were determined for their
susceptibilities to CHP and corresponding antibiotics (i.e., AMP, TET and STR) and
screened for catA, catB and cmlA (Chuanchuen and Padungtod, 2009). CHP MIC
changed by at least four times from the recipients was considered significant. One of
transconjugant from each selective pressure plate was selected for further plasmid
studying. The E. coli (n=11) and Salmonella (n=9) donors and their corresponded
transconjugants with CHP MIC >4-fold increase (17 Salmonella transconjugants and
18 E. coli transconjugants), were subjected to PBRT. E. coli MG1655rif° and
Salmonella SE12rif® did not carry any of the 18 replicons tested.

4.3.5 Whole Genome Sequencing (WGS) and Bioinformatics Analysis

Genomic DNA was extracted from the E. coli (n=3) and Salmonella (n=3) isolates that
could transfer CHP resistance genes using ZymoBIOMICS™ DNA Miniprep Kit (Zymo
Research Corp., Irvine, CA, USA). The degradation of the isolated genomic DNA was
assessed by running 5 pL of the DNA on 0.8% agarose gel. The quality and quantity
of the genomic DNA were then assessed using NanoDrop™ 1000 spectrophotometer
(Thermo Scientific, Deleware, USA) and submitted for WGS using Oxford Nanopore
technologies (ONT) for long read sequencing at Siriraj Long-read Lab, Faculty of
Medicine Siriraj Hospital, Mahidol University, Bangkok, Thailand and using Illumina
platform Hiseq sequencers (Illumina, San Diego, CA, USA) for short read sequencing at

GENEWIZ China and Suzhou Lab, (GENEWIZ, Suzhou, China). Sequencing analysis was
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done as previously described (Arigul et al.,, 2023). Adapters were trimmed using

Porechop v0.2.4 (https://github.com/rrwick/Porechop). ONT and Illumina reads were

quality checked using NanoPlot (De Coster et al., 2018) and FastQC (Andrews, 2010),
respectively. High quality ONT and Illumina reads were assembled to create hybrid
genome using Unicycler (Wick et al., 2017). The genomic characteristics including
genome size, number of contigs and % GC content were identified using QUAST
(Gurevich et al., 2013). Taxonomic identification was performed using Kraken2 (Wood
et al., 2019) and Genome annotation was conducted using NCBI Prokaryotic Genome
Annotation Pipeline (PGAP) (Tatusova et al.,, 2016). The assembled genome/contigs
were then analyzed at Center for Genomic Epidemiology  website
(http://www.genomicepidemiology.org/services/). Multilocus sequence typing (MLST)
was performed using MLST 2.0 with the obtained data from http://pubmlst.org. The
serotypes of E. coli were classified by SeroTypeFinder (Joensen et al,, 2015). The
Salmonella serotypes were confirmed by SegSero 1.2 (Zhang et al., 2015). Virulence
genes were identified by VirulenceFinder 2.0 (Joensen et al., 2014). AMR genes were
identified by ResFinderd.1 (Florensa et al., 2022). Mobile genetic elements (MGE) and
plasmids were identified by MobileElementFinder v1.0.3 (Johansson et al., 2021) and
PlasmidFinder2.1 (Camacho et al.,, 2009; Carattoli et al., 2014), respectively. Variant
calling and core genome alignment was performed by Snippy (Seemann, 2015).
Phylogenetic trees were generated by IQ-TREE (Nguyen et al., 2015) and visualized by
iTOL v6 (Letunic and Bork, 2021). The comparison of genetic environment of CHP
resistance genes and the location of insertion sequences (ISs) and mobile genetic
elements were achieved using EasyFig (Sullivan et al,, 2011) and Proksee (Grant et al.,

2023).

4.3.6 Statistical analysis

The descriptive statistic including percentage was analyzed by excel program. The
chi-squared test and z-test using Bonferroni method with SPSS version 22.0 program
was used to compare the effect of PABN on MIC values of chloramphenicol. A p-

value of <0.05 was considered statistically significant.


https://github.com/rrwick/Porechop
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4.4 RESULTS

4.4.1 Effect of efflux pump inhibitor to chloramphenicol MIC

Effects of PABN on CHP MICs were determined in all £. coli (n=106) and Salmonella
(n=57) (Table 18). Most E. coli (67.9%) and Salmonella (64.9%) had =4-fold CHP MIC
decrease in the presence of PABN. The significant association between the presence
of CHP genes and the reduction of CHP MICs in the presence of PABN was observed
only in E. coli (p<0.05).

In comparison to E. coli with >4-fold CHP MIC decrease (29/72, 40.3%), the presence
of cmlA was significantly greater in those with <4-fold CHP MIC decrease (25/34,
75%).

All E. coli carrying both catA and catB (14/72, 19.4%) exhibited >4-fold CHP MIC
decrease in the presence of PABN (p<0.05). Neither of catA and catB were detected
among E£. coli with <d4-fold CHP MIC decrease. This was not the case for the
Salmonella isolates. All the Salmonella isolates with <4-fold reduction of CHP MIC in
the presence of PABN (3/20, 15%) carried both catA and catB genes None of the

Salmonella isolates with =4-fold reduction of CHP MIC contained catA and catB.

Table 18 Effect of phenylalanine arginine B-naphthylamide (PABN) on MIC values of

chloramphenicol in Escherichia coli (n=106) and Salmonella (n=57).

Bacterial species CHP resistance genes No. of isolates (% within fold) with indicated fold

pattern reduction of CHP MIC when presence of PABN
<4 fold >4 fold

Escherichia coli cmlA (n=54) 25(73.5)° 29(40.3)°

(n=106) catB (n=5) 2(5.9)° 3(4.2)*
cmlA+catA (n=1) 1(2.9)° 0°
cmlA+catB (n=30) 6(17.6)° 24(33.3)°
catA+catB (n=14) 0° 14(19.4)°
cmlA+catA+catB (n=2) 0° 2(2.8)°

Total 34(32.1) 72(67.9)
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Bacterial species CHP resistance genes No. of isolates (% within fold) with indicated fold

pattern reduction of CHP MIC when presence of PABN
<4 fold >4 fold

Salmonella cmlA (n=28) 10(50) 18(48.7)°

(n=57) catA (n=4) 1(5)° 3(8.1)°
catB (n=6) 2(10)* 4(10.8)°
cmlA+catA (n=6) 1(5)° 5(13.5)°
cmlA+catB (n=6) 2(10)* 4(10.8)°
catA+catB (n=3) 3(15)° 0°
cmlA+catA+catB (n=4) 1(5)° 3(8.1)°
Total 20(35.1) 37 (64.9)

25 Values with different superscripts within each row, indicated statistical significantly
difference (p <0.05) between <4 fold reduction and >4 fold reduction of CHP MIC

when presence of PABN.

4.4.2 Co-selection of chloramphenicol resistance by other antibiotics

The E. coli isolates could generate CHP resistant Salmonella-transconjugants that
exhibited > 4-fold CHP MIC increase were obtained when AMP (i.e., E289, E290, E291,
E292, E293, E294, E297, E331 and E333), TET (i.e., E290, E291, E292, E293, E294 and
E295) and STR (i.e., E329 and E392) were used as selective pressure in conjugation
experiment. When considered clinical breakpoint (> 32 pg/mL), 9 E. coli yielded
Salmonella-transconjugants with CHP MIC > 32 pg/mL (32-256 pg/mL) in the
presence of different selective pressure (AMP, n=6; TET, n=6 and STR, n=1) (Table
19). All the above E. coli donors could transfer cmlA. Salmonella transconjugants
carrying cmlA with > 4-fold CHP MIC increase (32-128 ug/mL) were obtained when

AMP, TET and STR were used as selective pressure.

Some Salmonella produced CHP resistant E. coli-transconjugants with > 4-fold CHP
MIC increase when AMP (i.e., SA449 and SA606), TET (i.e., SA448, SA4A9, SA461,
SA515, SA633, SA639, SA666 and SA7T59) and STR (i.e., SA448, SA461, SA515, SA633,
SA639, SA666, SAT41 and SA759) were used as selective pressure. Among these, 10
Salmonella generated CHP resistant E. coli-transconjugants that had CHP MIC > 32
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ug/mlL (32-512 pg/mL) under the selective pressure of AMP (n=1), TET (n=8) and STR
(n=7) (Table 24). SA448 and SA741 could transfer cmlA. E. coli transconjugants
carrying cmlA were obtained in the presence of AMP, TET and STR selective pressure
and exhibited > 4-fold CHP MIC increase (CHP MIC = 32-256 upg/mL). SA448
additionally produced catA-E. coli-transconjugants exhibiting > 4d-fold CHP MIC
increase (CHP MIC = 256-512 pg/mL) in TET and STR.

4.4.3 Incompatibility groups of transferable plasmids

AWl E. coli donors (n=11) carried at least two plasmids (i.e., Incll/K/F (n=7), Incl1/F
(n=1), IncHI1/ FlIAs/K (n=2) and IncHI1/K/FIB / (n=1)) (Table 20). IncFllAs plasmids were
commonly found in Salmonella transconjugants selected by AMP (i.e., AMPE289,

AMPE290, AMPE291, AMPE293, AMPE294, AMPE297 and AMPE333) and TET (i.e,

TETE290, TETE291, TETE292, TETE293 and TETE295). All E. coli donors of these
transconjugants carried IncF plasmid, except for E333 containing IncFllAs plasmid.
Two Salmonella transconjugants selected by AMP (AMPE331 and AMPE333) and their
donors were found to carry IncHI plasmid. Three Salmonella transconjugants (i.e.,
AMPE292, TETE294 and STRE329) acquired cmlA from their donors but were not

positive to any replicons detected.

The Salmonella donors (n=9) carried at least one plasmid including IncHI1/FlIAs
(n=2), Incl1/FIB/F (n=1), IncFIB/A/C/F (n=1), IncFllAs (n=1) IncFIB and F (n=4). Most E.
coli transconjugants (i.e., SA449T TET, SA449T AMP, SA515T TET, SA515T STR,
SA633T STR, SA639T TET, SA639T STR, SA666T TET, SA666T STR, SA759T TET and
SA7T59T_STR) carried both IncFIB and IncF replicons that were present in their donors.
While E. coli transconjugants of SA488 (i.e., SA448T TET and SA448T STR), SA461 (i.e.,
SA461T TET and SA461T STR), SA606 (i.e., SA606T AMP) and SA633 (i.e., SA633T TET)

acquired only IncHI1, F, FlIAs and FIB plasmid, from their respective donors.
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Table 19 Conjugation rates and chloramphenicol resistance phenotype of

transconjugants.

No (%)

Antibiotic isolates with

No (%) of transconjugant with >4-fold*

increase of CHP MIC

MIC of CHP of CHP resistance
Donor selective CHP
transconjugants gene
pressure  resistance
<32 >32
transferability cmlA catA
pg/mL pg/mL
Escherichia  AMP 9(8.5) 3/9(27.3) 6/9(54.5) 9/9(100) -
coli TET 6(5.7) - 6/6(100) 6/6(100) -
(n=106) STR 2(1.9) 1/2(50) 1/2(50) 1/2(50) -
AMP 2(3.5) 1/2(50) 1/2(50) 2/2(100) -
Salmonella
( ) TET 8(14.0) - 8/8(100) 7/8(87.5) 1/8(12.5)
n=57
STR 8(14.0) 1/8(5.9)  7/8(87.5) 6/8(75) 1/8(12.5)

AMP, ampicillin; CHP, chloramphenicol; STR, streptomycin; TET, tetracycline.

*When compared to the original CHP MIC of recipients.
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Table 20 Plasmid of E. coli (n=11) and Salmonella (n=9) donors and corresponded

chloramphenicol resistant transconjugants.

Donor Selective  Transconjugant
ID Inc CHP resistance CHP MIC pressure ID Inc CHP resistance CHP MIC
gene (pg/mL) gene (ug/mL)
E289 I, K F cmlA 32 AMP E289T AMP  FllAs cmlA 64
E290 I, K F cmlA 64 TET E290T TET FllAs cmlA 32
AMP E290T AMP  FllAs cmlA 128
E291 11, K F cmlA 32 TET E291T TET FllAs cmlA 64
AMP E291T AMP  FllAs cmlA 64
E292 I1,K F cmlA 32 TET E292T TET FllAs cmlA 64
AMP E292T AMP - cmlA 16
E293 1, K F cmlA 32 TET E293T TET FllAs cmlA 64
AMP E293T AMP  FllAs cmlA 32
E294 11, K F cmlA 32 TET E294T TET - cmlA 64
AMP E294T AMP  FllAs cmlA 64
E295 11, K F cmlA 64 TET E295T TET FllAs cmlA 64
E297 11, F cmlA 32 AMP E297T AMP  FllAs cmlA 64
E329 HI1, K FIB,F cmlA 64 STR E329T STR - cmlA 32
E331 HIL, FllIAs, K cmlA 32 AMP E331T AMP  HI1 cmlA 16
E333 HIL, FllAs, K cmlA 32 AMP E333T AMP  HIL, FlIAs  cmlA 16
SA448 HI1, FllAs catA 256 TET SA448T TET HIl catA 256
STR SA448T STR  HI1, K catA 512
SA449 HI1, FllAs catA, cmlA 128 TET SA449T TET FIB, F cmlA 32
AMP SA449T AMP  FIB, F cmlA 16
SA461 11, FIB, F cmlA 256 TET SA461T TET F cmlA 32
STR SA461T STR F cmlA 32
SA515 FIB, A/C,F cmlA 256 TET SA515T TET FIB, A/C,F  cmlA 256
STR SA515T STR FIB, A/C,F  cmlA 128
SA606 FlIAs catA, cmlA 64 AMP SA606T AMP  FIB, FllAs, F cmlA 32
SA633 FIB, F catA, catB, cmlA 128 TET SA633T TET FIB cmlA 32
STR SA633T STR  FIB, FllAs, F cmlA 64
SA639 FIB, F catA, catB, cmlA 128 TET SA639T TET FIB, F cmlA 32
STR SA639T STR  FIB, FllAs, F cmlA 32
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Donor Selective  Transconjugant
ID Inc CHP resistance CHP MIC pressure ID Inc CHP resistance CHP MIC
gene (pg/mL) gene (ug/mL)
SA666 FIB, F cmlA 128 TET SA666T TET FIB, F cmlA 32
STR SA666T STR FIB, F cmlA 16
SAT59 FIB, F cmlA 128 TET SAT59T TET FIB, F cmlA 32
STR SA7T59T STR FIB, F cmlA 32

AMP, ampicillin; CHP, chloramphenicol; STR, streptomycin; TET, tetracycline

4.4.4 Genomic characteristics of CHP-resistant E. coli and Salmonella

The quality of genome assembly of selected E. coli and Salmonella is shown in
Table 26. The genome size and GC content of E290 (serotype O8:H16), E329
(serotype O37:H34), and E333 (serotype 0O37:H34) was 5,203,479 bp; 50.66%;
5,193,590 bp; 50.46% and 5,193,591 bp; 50.46%, respectively (Table 26). E290 was
made up of 9 contigs including a chromosome and 8 plasmids. On the other hand,
E329's whole genome contained one chromosome and 6 plasmids. Eight contigs,

comprising 2 chromosomes and 6 plasmids, were present in E333.

For Salmonella, senome size and GC content in Salmonella Weltevreden SA448,
Salmonella Rissen SA461 and Salmonella Rissen SA515 were 5,419,175 bp; 51.86%;
5,127,858 bp; 52.05%, and 5,214,816 bp, 52.06%, respectively (Table 21). SA448 and
SA461 comprise 4 contigs, including one chromosome and 3 plasmids. There were 11

contigs in SA515, of which 3 were plasmids and 8 were made up of chromosomes.
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Table 21 Quality of whole genome assembly of Escherichia coli (n=3) and

Salmonella enterica (n=3)

Bacterial GC content Accession No. Whole Genome Contigs No. Chromosomal/plasmid contigs size
isolate (%) length (bp) (bp)
E290 50.66 SAMN35027954 5,203,479 1 4,861,935 (Chromosome)
2-9 100,162 (pO111 plasmid);
89,517 (Incl1 plasmid);
70,588 (IncX1 plasmid);
68,572 (IncFll plasmid); 4,320;
3,830 (Cold4Ql); 3,003 (Coldd0l) and
1,552 (Col(MG828))
E329 50.46 SAMN35027955 5,193,590 1 4,849,047 (Chromosome)
2-7 275,323 (IncFIA(HI1)/HI1B plasmid);
49,549 (IncX1 plasmid);
9,196 (Colddol);
4,724, 3,295 and 2,459
E333 50.46 SAMN35027956 5,193,591 1 4,849,048 (Chromosome)
2and 4 275,323 (IncFIA(HI1)/HI1B plasmid)
3,5-8 49,546 (IncX1 plasmid);
9,196 (Cold40l); 4,724; 3,295 and
2,459
SA448 51.86 SAMN35027957 5,419,175 1 5,101,868 (Chromosome)
2 232,899 (IncFIA(HI1)/HI1B/Q1
plasmid); 81,966 (IncFli(s) plasmid)
and 2,442
SA461 52.05 SAMN35027958 5,127,858 1 4,936,602 (Chromosome)
2-4 102,883 (IncFll/FIB plasmid);
83,716 (Incll plasmid) and 4,657
SA515 52.06 SAMN35027959 5,214,816 1-8 4,991,361 (Chromosome)
9-11 114,245 (IncA/C plasmid);

105,743 (IncFll/FIB plasmid) and 4,657
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4.4.4.1 Genetic relatedness of CHP-resistant E. coli and Salmonella

Genome was compared by MLST analysis using Whole Genome Sequence data. Using
E. coli scheme#1, E290, E329, and E333 were identified as ST10, ST156, and ST156,
respectively. With E. coli scheme#2, they were identified as ST2, ST19, and ST19,
respectively. After comparison to E. coli LF82 reference strain (accession no.
CP082771), variations of chromosomal DNA sequence of selected E. coli were called,
and genetic trees were generated (Figure 5A). Additional sequences of E. coli with
similar serotypes (ST10/2, accession no. SRR12903891 and SRR24437713; ST19/156,
accession no. SRR3745274 and SRR25176867) were included for the comparison to
ensure homogeneity. Two distinct clades of E. coli were identified in phylogenetic
trees. E290 was closely related to E. coli ST10/2 reference (accession no.
SRR24437713 and accession no. SRR12903891). E329 and E333 were in the same
clade with close relationship to E. coli ST156 (accession no. SRR25176867), E. coli
08:H16 (accession no. SRR5040873).

SA448, SA461 and SA515 were classified as ST365, ST469 and ST469, respectively.
Chromosome DNA variations were identified by comparison with Salmonella
Typhimurium LT2 (accession no. NC003197.2), Additional sequences of Salmonella
with similar serotypes and sequence type (Salmonella Weltevreden or ST365,
accession no. SRR13853517, SRR24258077 and SRR21734369; Salmonella Rissen or
ST469, accession no. SRR13853514 and SRR24401736) were included for the
comparison to ensure homogeneity. Genetic relatedness was demonstrated using
phylogenetic trees (Figure 5B), of which 2 distinct clades were identified. SA448 was
closely related to Salmonella Weltevreden (accession no. SRR24258077) and
Salmonella ST365 (accession no. SRR21734369). SA461 and SA515 shared a close
lineage with Salmonella Rissen (accession no. SRR13853514) and Salmonella Rissen

ST469 (accession no. SRR13853514).

4.4.4.2 Antimicrobial resistance genes and plasmid characteristics
Resistance genes, virulence genes and chromosomal point mutations are presented

in Table 22. All three E. coli carried classl integrons with cmlA. The dfrA12, aadA2,
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aadAl genes were found in the same variable region, while gacL and sul3 were
present in 3’conserved region. In E290, classl integrons with cmlAl gene cassette
were located on IncX1 plasmid that also included blawgy.1g and tetA. The isolates
additionally contained pO111 plasmid carrying blargy.1g- The cmlAl-carrying class 1
integrons in £329 and E333 were located on IncFIA(HI1)/HI1B plasmids with aph(3”’)-
b, aac(3)-lld, mcr3.1, mefB, and blamyis. These two isolates possessed the
chromosomally encoded tetB and additionally had IncX1 plasmid without AMR gene

but virulence gene, mrkA.

Plasmid Multilocus Sequence Typing (pMLST) and replicon sequence type (RST) of
Incll, IncF and IncHI plasmids were identified. IncFll plasmid of the FAB formula
F10:A-B-, and Incll plasmid of ST7, were identified in E290 but without resistance
genes. The IncFIA(HI1)/HI1B plasmids of E329 and E333 were identified as sequence
type (ST) 1 for IncHI1 and the FAB formular F-:A8:B-.

AWl Salmonella isolates carried CHP resistance encoding genes including catA in
SA448 and cmlAl in SA461 and SA515 (Table 22). Classl integrons with cmlAl on
IncFIl/FIB plasmids was found in both SA461 and SA515 but not SA448. The aadA2,
aph(3’)-la, aadA1, sul3, dfrA12, blar1s, MmefB and gacl genes co-localized on the
same plasmid. SA515 also contained IncA/C plasmid with floR, which deliberates
resistance to chloramphenicol, as well as aph(6)-Id, aph(3’’)-Ib, sul2 and blacyy., -
Plasmids belonging to IncFIA(HI1)/HI1B/Q1 of SA448 carried catA as well as aph(6)-Id,
aph(3’’)-1b, sul2, and tetB. In addition, acc(6’)-laa was found on chromosomal of all
three Salmonella isolates. The chromosomally encoded tetA gene was exclusively in

SA461 and SA515.

Based on pMLST and RST results, IncFIA(HI1)/HI1B/Q1 plasmids in  SA448 were
identified as ST2 and F-:A8:B-. In the same isolate, IncFli(s) plasmid belonged to S1:A-
:B- FAB formula was found with the absences of resistance and virulence genes.

IncFII/FIB plasmids carrying cmlAl in in SA461 and SA515 was in F46:A-:B- FAB
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formula. SA461 additionally carried Incliplasmid without AMR and virulence genes.

IncA/C plasmid of ST3 lacking floR was found in SA515.
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4.4.4.3 Structural comparison of plasmid carrying cmlA1, catA and floR
IncFIA(HI1)/HI1B plasmids from E329 and E333 and IncFll/FIB plasmid from SA461 and
SA515 shared some similar structure and sequences (Figure 6). AMR genes and ISs in
two regions located upstream and downstream of IncFIA(HI1)/HI1B plasmids are
distributed in IncFIl/FIB and IncX1 plasmid. In the upstream region, classl integrons
with dfrA12-aadA2-cmlAl-aadAl gene cassette array and gacl-1S256-sul3 conserved
region were identified in all plasmids. Class 1 integrons were flanked by Tn3-like
element Th3 or TnAs! family transposase at upstream and IS6-like element of 1S26
family transposase at downstream. The downstream region with blagy.g and
ISs/transposons (i.e., IS6-like element of 1S26 family transposase, 1S256 and Tn3) were
identified in all plasmids.

IncFIA(HIT)/HI1B/Q1 plasmid from SA448 had the highest sequence similarity with
p30155-1 plasmid from Salmonella Derby originated from swine (accession no.,
CP053049.1). The tetB, aph(6)-Id, aph(3’’)-Ib, sul2 and catAl genes were found in all
plasmids, except CP022495.1. Horizontal gene transfer (HGT) regions were present
only in IncFIA(HI1)/HI1B/Q1 plasmid of SA448, CP053049.1 and CP022495.1 (Figure 7A
and 7B). The catAl gene was located in the HGT region and flanked by IS1-like

element IS1B family transposase and Tn3-like element TnAs3 family transposase.

IncA/C plasmid carrying floR identified in Salmonella strain SA515 was closely related
to pSANI-1736 from Salmonella Anatum isolated from bovine (accession no.,
CP014658.1) and pF18S036-1 from Salmonella Ohio isolated from swine (accession
no., CP082407.1) (Figure 8). The common resistance genes found in all plasmids
included tetA, aph(6)-Id, aph(3’’)-Ib, sul2 and blacyy.,. The floR gene was flanked by
IS91-like element ISVsa3 family transposase and 1S91 family transposase. The int2

gene of class 2 integrons were additionally identified.
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4.5 DISCUSSION

The findings in this study demonstrated the potential mechanisms involved in the
persistence of CHP resistance in E. coli and Salmonella, including cross-resistance
mediated by the expression of multidrug efflux systems using proton motif force and

co-selection of R plasmids by other antimicrobial agents.

PABN is one of the efflux pump inhibitors that is broad spectrum to many kind of
efflux pump family that use proton motif force as energy, including resistance
nodulation-cell division (RND) family, the major facilitator superfamily (MFS), ATP-
binding cassette (ABC) transporters (Davin-Regli et al,, 2021). As all £ coli and
Salmonella in this study were resistant to CHP, most E. coli (67.9%) and Salmonella
(56.1%) exhibited >4 fold CHP MICs decrease in the presence of PABN, indicated the
involvement of multidrug efflux systems in their CHP resistance phenotype. In this
case, any antimicrobial molecules that can turn on the expression of multidrug efflux
pump (s) may promote cross resistance to CHP, leading to CHP resistance. At the
same time, most of the CHP-resistant E. coli and Salmonella isolates with <4 fold
reduction of CHP MICs (0 to < 2 folds) in the presence of PABN, carried cmlA gene (E.
coli, 25/54 isolates and Salmonella, 10/28 isolates) (p<0.05). The cml(A gene encodes
the proton motif force multidrug efflux pump that belongs to major facilitator
superfamily (Amoah Barnie, 2014). This indicates the limited contribution of CmlA to

CHP extrusion.

A plasmid- or chromosome-linked cat gene encodes chloramphenicol
acetyltransferase (CAT) enzyme that prevents the antibiotic molecules unable to
interfere with translation. The significant finding of E. coli carrying both catA and catB
genes with >4 fold CHP MIC decrease was observed, indicating the accumulative

effects of enzymatic and non-enzymatic mechanisms on CHP resistance.

In conjugation experiment, AMP, TET and STR selective pressure could result in CHP-

resistant transconjugants either E. coli or Salmonella transconjugants, indicating the
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contribution of co-selection in the persistence of CHP resistant bacteria, at least in in
vitro condition. It was observed that almost all CHP-resistant £. coli or Salmonella
transconjugants carried cmlA while only one CHP-resistant Salmonella
transconjugants contained cat, indicating the horizontal transfer of cmlA and cat. The
cmlA and catA genes are usually located on multi resistant integrons or associated
with transposons on transferable and non-transferable plasmids (Roberts and
Schwarz, 2009; McMillan et al., 2020). The CHP MICs of CHP-resistant Salmonella
transconjugants were 16-128 pg/ml and 16-512 pg/ml, respectively. The MIC
increased from 4 to 128 folds (mostly 8 and 16 folds). This seems contradicted to the
observations in the PABN experiment that the limited contribution of cmlA was
observed. The possible explanation could be the contribution of cml(A to CHP
resistance level that could be more clearly observed in the in vitro setting where the
recipients with low CHP MIC were used (CHP MIC of 4 pg/ml for both E. coli
MG1655rif" and Salmonella Enteritidis SE12 Rif) in the absence of accumulative
effects. Taken together, the findings suggest the involvement of cross resistance and
co-selection as the mechanisms responsible for CHP resistance in E. coli and

Salmonella.

In the PBRT experiment, no plasmids were detected in some cmlA carrying E. coli
(E292T AMP, E294T TET and E329T STR), in agreement with their corresponded
donors. The possible explanations could be the gene were located on other
plasmids that were not included in the PBRT scheme used in this study. While IncF
plasmids were mostly found in transconjugants with cm(A. This may not be surprising
because IncF plasmids are most found in Enterobacterales including E. coli and
Salmonella. This is in agreement with a previous study where cmlA was
predominantly located on IncF plasmid (McMillan et al., 2020). Besides the IncF
plasmids, IncHI1 and IncA/C plasmids were additionally transferred (E331T AMP,
E333T AMP, SA448T TET, SAG48T STR, SA515T TET, SA515T STR). A previous study
reported that the cmlA gene was located on IncA/C plasmids isolated from
Salmonella clinical isolates (Garcia et al., 2011). However, it was not clear which

plasmid exactly contained cmlA. This could be a subject for future study.
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The WGS analysis was additionally included to further elucidate the genetics
underlying chloramphenicol resistance in particular isolates. In E. coli, E290 carrying
IncFllAs plasmid and cmlAl was selected for further investigation by WGS and the
results indicated that IncX1 plasmid carried cmlA gene. However, IncX1 plasmid was
not detected in transconjugants by PBRT. This confirmed the limitation of IncX1
detection using PBRT as previously described (Carloni et al., 2017). E329 carried no
plasmid based on PBRT scheme as the responsible for transfer the cml(A1. WGS
analysis showed that E329 had IncFIA(HI1)/HI1B plasmid carrying classl integrons with
cmlAl. This plasmid contained multiple replicons including IncHI1A, HI1B and
FIA(HI1), which might have been undetected by PBRT due to the partial replicon
sequences. E333 was further tested by WGS to confirm because it carries cmlAl and
IncHI1 and IncFllAs plasmids by PBRT. The results from WGS showed that classl
integrons  with  cm(Al was located on IncFIA(HI1)/HI1B plasmid carried. For
Salmonella, SA461 was selected as the representative of IncF plasmid carrying
cmlAl. IncFll/FIB plasmid and Incll plasmid were found by using WGS. Classl
integrons with cmlA were located on IncFIl/FIB plasmid. SA515 was further confirmed
due to the possession of cmlAl together with IncA/C and IncF plasmid and classl

integrons with cml(A were located on IncFII/FIB plasmid.

To further analysis, structural comparison was performed. All plasmids carrying cm(A1
(IncFIA(HI1)/HI1B, IncFII/FIB and IncX1 plasmids) carried class 1 integrons with dfrA12-
aadA2-cmlAl-aadAl dfrA12 cassette array (Figure 6B). The genes at the upstream
and downstream regions of IncFIA(HI1)/HI1B of E329 and E333 were also found in
IncFII/FIB of SA461 and SA515 with new arrangement (Figure 6C). In addition to the
cmlAl-class 1 integrons, aph(3’’)-Ib, mcr3.1, tetM, aac(3)-lld and blagy., were found
at the downstream region of IncFIA(HI1)/HI1B of E329 and E333. The blay., gene was
found in all plasmids including IncFll/FIB plasmid of SA461 and SA515 and IncX1
plasmid of E290. These WGS analysis results reveal the existence of several
resistance genes on cmlA or catA-carrying plasmids in selected E. coli and

Salmonella and confirm the co-selection of CHP-resistance by other antibiotics.
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The class 1 integrons with dfrA12-aadA2-cmlAl-aadAl dfrA12 cassette array are
flanked by TnAs1/ Tn3 at upstream and 1S6/ 1S26 at downstream as described in
previous studies (Pfeiffer et al., 2018; Harmer and Hall, 2019). Tn3 family is divided
into 7 clades, of which the representative Tn from each clade is Tn3, Tn4651, Tn4430,
Tn3000, Tn1071, Tn21 and Tn163 (Nicolas et al., 2014). TnAsI that was found in this
study is a member of Tn2! as described in a transposon database, TnCentral
(https://tncentral. proteininformationresource.org/). Beside TnAsl, Tn As3 is also
included as subgroup of the Tn21 that was commonly found with the presence of
cmlAl1 and int/1. Flanking by insertion sequences could facilitate the mobilization of
the genes, leading to the spread of the AMR bacteria. There are eleven primary
clades among the 1S6 family members found in ISfinder (https://www-
is.biotoul.fr/scripts/search-db.php), with 1S26 belonging to clade b. According to a
prior study, 1S26 and other IS6 family members improve the capacity for replicon

fusions, or cointegration between donor and target replicons. (Varani et al., 2021).

SA448 carried catA on transferable plasmid. From the WGS analysis results, catA was
located between 1S1B on IncFIA(HI1)/HI1B/Q1 plasmid. However, the genetic
environment of catA was different from that of cml(A that was located in variable
region of classl integrons. ISI-like element IS1B family transposase was found next to
catA, similar to a previous study (Partridge and Hall, 2004). However, one side of catA
on IncFIA(HI1)/HI1B/Q1 plasmid was flanked by gene encoding GCN5-related N-
acetyltransferase (GNAT), which is the superfamily of enzymes that use acetyl-CoAs
to acylate their substrates. The first members of GNAT were aminoglycoside
acetyltransferases conferring resistance to gentamicin and kanamycin (Vetting et al,,
2005). Interestingly, resistance mechanism of catA encoding chloramphenicol
acetyltransferases enzyme is closely related to GNAT family. Chloramphenicol,
aminoglycosides and streptogramins are the three main types of antimicrobials that
acetyltransferase enzymes can acetylate with, and the bacteria can become
resistance to (Alcala et al.,, 2020). In addition, another side of the GNAT gene in
IncFIA(HI1)/HI1B/Q1 plasmid were flanked by Tn3/TnAs3 followed by 1S6/1S26. In a
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previous study, TnAs3 was previously shown to be cat genes (Ross et al.,, 2021). Even
though the transposons confer phenicol resistance in common, they could carry
different genes such as cat in TnAs3, cmlA in Tn21 (Ross et al,, 2021). From the
structural comparison, almost entire sequence of IncFIA(HI1)/HI1B/Q1 plasmid of
SA448 and the reference plasmid (accession no. CP022495.1) were similar, except for
2 positions that contained AMR genes (Green block arcs in Figure 2). Both AMR gene-

containing area flanked by ISs were horizontal gene transfer regions (HGT region).

SA448, SA461 and SA515 also carried point mutations in chromosomally encoded
acrB, leading to amino acid substitution of AcrB (L40P and F28L). Due to the lack of
information of this mutation in the ResFinder database, it is not able to predict the

relation of amino acid substitution to any specific antimicrobial resistance.

In conclusion, cross resistance by multidrug efflux system and co-selection of R
plasmids by other antimicrobial drugs mediates plasmids containing CHP resistance
genes are the potential mechanisms responsible for the persistence of CHP
resistance in E. coli and Salmonella. It clearly demonstrates that prohibiting a
single antimicrobial agent is not enough to address the AMR problem. The fact is that
reducing the use of antibiotics will not be accomplished by a simple solution.
Instead, an integrated, multidisciplinary effort from several stakeholders is required.
In addition to antibiotic ban, several measures and activities that lower the need for
antimicrobials and thus slow the spread of AMR are required e.g., farm biosecurity,

infection control, vaccination program, prudent antimicrobial use etc.
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Resistance to widely-used disinfectants and heavy metals and cross resistance

to antibiotics in Escherichia coli isolated from pigs, pork and pig carcass

5.1 ABSTRACT

A total of Escherichia coli isolated from pigs (n=643), pork (n=111) and pig carcasses
(n=110) in Thailand during 2008-2018 were included. Susceptibilities to antibiotics,
disinfectants (i.e. triclosan (TCS), chlorhexidine digluconate (CHX), benzalkonium
chloride (BKQ), glutaraldehyde (GLU), formaldehyde (FOR)) and heavy metals (i.e. zinc
chloride and copper sulfate) were examined. The E. coli isolates susceptible to all
antibiotics (n=24) were included for in vitro exposure experiment. The effect of
phenylalanine arginine B-naphthylamide (PABN) on the susceptibilities was
determined. The results showed that the majority of £. coli (89%) from pigs, pig
carcass and pork were multidrug resistant strains. The MICs of all disinfectants and
heavy metals, except triclosan were clustered under 1 or 2 concentrations, indicating
that there was no development or development at limited degree of resistance to
these substances. TCS MICs for E. coli isolated in 2011-2014 were significantly higher
than that of the strains in 2008-2010. The weak correlation between biocide MICs
(BKC, GLU, TCS, CHX and CuSO,) and antibiotic resistance was observed (p<0.05).
Exposure to triclosan, benzalkonium chloride and chlorhexidine digluconate selected
for spontaneous-resistant mutants exhibited cross resistance to at least one
antibiotic. The cross resistance was observed between TCS and all eight antimicrobial
drugs; BKC and chloramphenicol/ciprofloxacin/sulfamethoxazole/
tetracycline; and CHX and ciprofloxacin/gentamicin/streptomycin. The presence of
PABN restored MICs of chloramphenicol and trimethoprim in some BKC- and TCS-
spontaneous resistant mutants, highlighting the important role of multidrug efflux
system as cross-resistance mediated mechanism. The presence of PABN, carbonyl
cyanide m-chlorophenylhydrazone (CCCP) and reserpine could not restore
ciprofloxacin MIC in some ciprofloxacin-resistant mutant derivatives with no mutation
in neither gyrA nor parC, suggesting the existence of proton motive force-

independent mechanisms. In conclusions, the widely-used disinfectants and heavy
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metals play an important role as non-antibiotic selective pressure for emergence and
spread of AMR. Therefore, susceptibilities to disinfectants/heavy metals should be

routinely monitored.

5.2 INTRODUCTION

Antimicrobial resistance (AMR) is a serious public health threat with global impact.
The unregulated and excessive use of antimicrobials is considered a major
contributor to emergence and spread of both AMR bacteria and their determinants.
World health organization (WHO) have recommended that decreasing of overall
antimicrobial use is the most important action that could do as the control of AMR
crisis (Collignon, et al,, 2016). Campaigns and implementations to reduce use of
antibiotics in human and animal sectors have been launched in many countries
worldwide, however, it is still unclear if reduction of antimicrobial use (AMU) could

resolve the AMR issue (Wales & Davies, 2015).

In veterinary medicine, antimicrobial drugs, particularly antibiotics, have been widely
used for treatment and prevention of bacterial infections in livestock production
(Nhung, Cuong, Thwaites, & Carrique-Mas, 2016). In response to the global effort to
reduce AMR by minimizing antibiotic use, biocides (e.g. disinfectants, antiseptics) have
been increasingly applied as an integral part of infection control, and those were
commonly used in farm and slaughterhouses including quaternary ammonium
compound, bisphenol and biguanide (Long, et al., 2016). At the same time, triclosan,
a bisphenol biocide, has been generally used as a preservative in water-based
formulations of many consumer products for personal hygiene. For animal
husbandry, triclosan is commonly formulated in veterinary hygiene biocidal products
(e.g. hands scrub, teat dip, dry teat sealant) (ECHA, 2017; SCCP, 2010). However, its
use in food and feed production is not advised (Rodricks, Swenberg, Borzelleca,
Maronpot, & Shipp, 2010). To date, cross resistance between biocides (e.q.
benzalkonium chloride, chlorhexidine, triclosan) and antibiotics has been infamously

known in bacterial pathogens and become a particular concern (Braoudaki & Hilton,
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2004; Carey & McNamara, 2014). Among these, contribution of triclosan to antibiotic
resistance has been extensively studied in bacterial pathogens of human origin.
Exposure to triclosan could cause regulatory mutations of multidrug (MDR) efflux
pumps, resulting in multidrug resistance phenotype (Carey & McNamara, 2014;

Chuanchuen, et al., 2001).

Heavy metals (e.g. Cu**, Zn?*") are added into animal feed at very low concentration
to balance micro-minerals, increase antimicrobial effect and promote healthy growth
(Yazdankhah, Rudi, & Bernhoft, 2014). A particular public concern is that
accumulation of these trace minerals in animal manure could cause residue
pollution that are possibly attributed to emergence and spread of AMR by triggering
either co-selection or co-regulation of resistance genes (Singer, Shaw, Rhodes, & Hart,
2016). A well-known example is the expression of AcrAB-TolC multidrug efflux pump
that is upregulated by SoxS. The SoxS gene was upregulated by Cu®" under the
oxidative stress, and thus, subsequently increased the expression of AcrAB-TolC
(Harrison, 2009). These data point out the contribution of non-antibiotic selective
pressures to the persistence of AMR bacteria and their resistance determinants in

food animals despite the reduction of antibiotic use.

Routine monitoring of antibiotic resistance is encouraged and initiated throughout the
world. This is not the case for insusceptibility to non-antibiotic selective pressure that
has gained less attention. Currently, the usage of disinfectants and heavy metals is
not strictly regulated and susceptibility to these biocides is not regularly monitored
in most world regions. Knowledge of the current situation and distribution of biocide-
insusceptible bacteria of food animal origin is still limited. Such data is indispensable
for the development of future interventions to control emergence and spread of
AMR attributed to non-antibiotic substances. The susceptibility to disinfectants/heavy
metals and its correlation to antibiotic resistance was previously demonstrated in
Salmonella from livestock. In this study, the research was expanded to commensal
E. coli that is one of the target bacterial species for AMR monitoring (EFSA, 2013).

Commensal E. coli are indicators of the Gram-negative commensal intestinal flora
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that are commonly isolated from animal intestinal content and faeces. Most AMR
phenotype present in food animal population appears in commensal intestinal flora
(EFSA, 2013). At the same time, E. coli are indicators of faecal contamination food of
animal origin. The aims of this study were to i) determine the susceptibility to
selected disinfectants, heavy metals and antibiotics in E. coli isolated from pigs and
their products in Thailand ii) investigate the correlation and possible cross resistance
between disinfectants/heavy metals and antibiotics in E. coli isolates iii) investigate
the involvement of multidrug efflux pumps as a possible mechanism for cross

resistance between biocides and antibiotics.

5.3 MATERIALS AND METHOD

5.3.1 Bacterial isolates

A total of 864 E. coli (n=864) isolates previously collected as part of AMR monitoring
in Thailand were included in this study. They were isolated from rectal swab of
clinically healthy pigs (n=643), pork (n=111) and pig carcasses (n=110) from 11
provinces in Thailand including Nongkhai, Mukdahan, Udon Thani, Nakhon
Ratchasima, Buriram, Suphan Buri, Ang Thong, Kanchana Buri, Ratchaburi,
Chachoengsao and Chon Buri during 2008-2018. These provinces are the important
pig production sites for either domestic consumption or exports. Disinfectants have
been routinely used and pigs are usually fed with feed containing Cu™ and Zn"™" as
trace minerals. Isolation of E. coli was conducted according to Diagnosis Procedures
in Veterinary Bacteriology and Mycology (Cole, 1990). Pre-enrichment in buffered
peptone water (Difco™, MI, USA) was firstly performed. The E. coli strains were
isolated on Eosin-Methylene Blue agar (Difco™) and MacConkey agar (Difco™). The
typical E. coli colonies were biochemically confirmed by Indole test. A single colony
of E. coli was collected from each positive sample and stored in 20% glycerol at -

80°C freezer.
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5.3.2 Determination of antimicrobials susceptibility

AWl E. coli isolates were tested for their susceptibility to 8 antimicrobial drugs by
determination of minimum inhibitory concentrations (MICs) using two-fold agar
dilution method (CLSI, 2013; Singer, et al,, 2016; Yazdankhah, et al,, 2014). The
antibiotics tested were chosen to be the representatives of different antimicrobial
classes and based on their high resistance prevalence previously reported (Lay,
Koowattananukul, Chansong, & Chuanchuen, 2012; Pungpian, Sinwat, Angkititrakul,
Prathan, & Chuanchuen, 2020). The reference strains were Escherichia coli
ATCC29522, Staphylococcus aureus ATCC25923 and Pseudomonas aeruginosa
ATCC27853.

5.3.3 Determination of MICs of disinfectants and heavy metals

MICs of disinfectants and heavy metals were examined by using serial two-fold agar
dilution method according to CLSI (CLSI, 2013) with some modifications. Five
disinfectants tested and their concentration ranges (in parenthesis) included triclosan
(TCS, 0.0156-128 pg/mL), benzalkonium chloride (BKC, 0.5-512 pg/mL), chlorhexidine
digluconate (CHX, 0.25-2048 pg/mL), slutaraldehyde (GLU, 1-4096 pg/mL),
formaldehyde (FOR, 1-2048 pg/mL). Two heavy metals tested were zinc chloride
(ZnCly) and copper sulfate (CuSOy), of which the concentration range was 2-2048
pe/mL. ZnCl, and CuSO, powder were dissolved in distilled water. The pH of ZnCl,
solution was adjusted to 5.5. BKC, CHX, GLU and FOR were obtained from Sigma-
Aldrich (Saint Louis, MO, USA). ZnCl, and CuSO, were purchased from UNILAB
(Sydney, NSW, Australia). £. coli ATCC29522, S. aureus ATCC25923 and P. aeruginosa
ATCC27853 were used as control strains for disinfectant and heavy metal
susceptibility testing (Beier, et al., 2015). The MIC ranges of BKC, CHX, FOR, GLU, TCS,
CuSO4 and ZnCl, for E. coli ATCC29522, S. aureus ATCC25923 and P. aeruginosa
ATCC27853 that served as control strains were 4-16, 4-16, 128-256 pyg/mL; 2-4, 1-2,
16-32 pg/mL; 64-128, 32-64, 64-128 ug/mL; 1024-2048, 1024-2048, 2048-4096 pg/mL;
0.03125-0.0625, <0.0156, >16 pg/mL; 1024-2048, 128-512, 1024-2048 pg/mlL and 512-
1024, 128-256, 1024-2048 pg/mL respectively.
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5.3.4 In vitro exposure experiment and determination of effects of active

efflux inhibitors

The E. coli isolates susceptible to all antimicrobial agents tested with low MICs to the
disinfectants and heavy metals (n=24) were selected. All isolates were exposed to
gradually-increasing concentrations of five disinfectants and two heavy metals
individually as previously described (Chuanchuen, Pathanasophon, Khemtong,
Wannaprasat, & Padungtod, 2008; Gradel, Randall, Sayers, & Davies, 2005). The E. coli
strains were grown on Luria-Bertani agar (LBA, Difco™) overnight at 37°C. A single
colony was picked and grown in Luria-Bertani broth (LBB, Difco™) containing each
disinfectant or heavy metal at the concentration of ¥4 MIC value overnight at 37°C.
The bacterial suspensions with growth (visible turbidity) were transferred to fresh LBB
with increasing concentration of disinfectant /or heavy metal by a factor of 1.5. The
procedure was repeated daily until no growth was observed. The E. coli isolates that
grew at the concentration >4 fold of their original MICs of disinfectants or heavy
metals were considered spontaneous resistant mutants. The spontaneous resistant
mutants and their parent strains were subjected to determination of antibiotic MICs.
The spontaneous resistant mutants were sub-cultured on fresh LBA for 20
consecutive days and determined for their antibiotic MICs. The similarity of mutant
strains to their parents were confirmed by repetitive sequence based polymerase

chain reaction (Rep-PCR) (Jonas, Spitzmuller, Weist, Ruden, & Daschner, 2003).

The spontaneous-resistant mutant derivatives that exhibited at least 4 fold increase
in antibiotic MICs (n=16), and their isogenic parents (pre-exposure) were examined for
susceptibilities to antibiotics and corresponded disinfectants/heavy metals in the
presence and absence of 25 pg/mL phenylalanine arginine B-naphthylamide (PABN;
Sigma-Aldrich, Saint Louis, MO) (Pannek, et al., 2006). At least d4-fold difference in the

MIC value of antibiotics was considered significant.

Six spontaneous resistant mutants exhibiting decreased CIP susceptibility (= 4 fold

MIC increase) with no change in CIP MIC level after the addition of PABN were
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selected for further examination. The isolates were obtained from exposure to BKC
(n=1), CHX (h=1) and TCS (n=4). All were examined for CIP MICs in the presence and
absence of 50 uM of carbonyl cyanide m-chlorophenylhydrazone (CCCP) or 20
pwe/mL  of reserpine. All were tested for mutations in quinolone resistance-
determining region (QRDR) of gyrA and parC by DNA sequencing analysis
(Chuanchuen & Padungtod, 2009). The gyrA and parC gene were PCR amplified using
primers gyrA-F (5’-GCTGAAGAGCTCCTATCTGG-3"), gyrA-R (5’-GGTCGGCATGACGTCCGG-
3’) parC-F (5’- GTACGTGATCATGGATCGTG-3") and parC-R (5 TTCCTGCATGGTGCCGTCG-
3’). The PCR products were submitted to First Base Laboratories (Selangor Darul
Ehsan, Malaysia) for nucleotide sequencing and the obtained sequences were

analyzed by using Molecular Evolutionary Genetic Analysis version 6.0.

5.3.5 Statistical Analysis

Antimicrobial resistance rates and MIC distribution of biocides were analyzed by using
Microsoft Excel. The association between antimicrobial resistance and MIC of
disinfectants were determined using Fisher’s Exact test. Statistical correlations
between MICs of disinfectants/heavy metals and MICs of antibiotics were determined
by Spearman’s rank order correlation with SPSS version 22.0. A p-value of <0.05 was
considered statistically significant. In all experiments, a >4 fold different in MIC value

was considered significant difference.

5.4 RESULTS

5.4.1 Susceptibilities to antibiotics, disinfectants and heavy metals

Almost all E. coli isolates (97.2%) were resistant to at least one antibiotic and 88.8%
were multidrug resistant (MDR, being resistant to at least 3 antibiotics in different
classes). Most E. coli isolates were resistant to ampicillin (88.4%), tetracycline
(86.2%) and sulfamethoxazole (73.4%). Resistance rates to chloramphenicol,
ciprofloxacin, gentamicin, streptomycin, and trimethoprim were 56%, 23.8%, 35.1%,
63.9% and 68.3%, respectively (Figure 9). The E. coli isolates from pigs exhibited
highest resistance rates to all antibiotics tested i.e. AMP (90.5%), CHP (63.3%), CIP
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(34.1%), GEN (42.9%), STR (69.4%), SMZ (79.8%) TET (91.9%) and TMP (72.9%). AMP-
CHP-STR-SMZ-TET-TMP was the most common AMR pattern identified among the
isolates from pigs (11.2%) and pig carcasses (11.8%) (Table 23). The most common

AMR pattern among the pork isolates was AMP (9%).

Overall, MICs for all biocides tested, except TCS, clustered under one to two
consecutive concentrations. For disinfectants, the most predominant MIC
concentrations of BKC, CHX, GLU, FOR were 16-64 pg/mL (95.3%), 2-4 ug/mL (84.2%),
2048 pg/ml (79.6%) and 64 pg/mL (94.5%), respectively. The majority of the E. coli
isolates had CuSO4 and ZnCl, MICs of 1,024 pug/mL (94.9%) and 512 pg/mL (75.1%),
respectively (Table 24).

Most of the isolates exhibited TCS MIC of <0.0156 — 0.125 pg/mL (91.8 %) (Table 24).
Forty percent of the isolates had TCS MIC of <0.0156 pyg/mL (47.1%), while almost
the same number of the isolates had the MIC between 0.03125-0.125 pg/mL (44.7%).

The isolates were sorted by years of isolation, 2008-2010 (n=309); 2011-2014 (n=343)
and 2015-2018 (n=212) (Figure 10 and 11). The isolates from these three periods
displayed the similar MICs for CHX (2-4 pg/mL), BKC (32-64 pg/mL), GLU (2048
ug/mL);, CuSO,4 (1024 pg/mlL) and ZnCl, (512 pg/mL). The isolates from year 2008-
2010 had TCS MIC ranging from <0.0156 - 0.5 pg/mL, of which most isolates (25.6%)
had TCS MIC of <0.0156 pg/mL. The number of the isolates with TCS MIC of 0.03125
ug/mL in this period was much less (6%). For the isolates from year 2011-2014, the
TCS MIC ranged from <0.0156 to 256 pg/mL. The percentages of the isolates
exhibiting TCS MIC of <0.0156 pg/mL (9.7%), 0.0625 pg/mL (11%) and 0.125 pg/mL
(8.9%) were not significantly different. The isolates from year 2011-2014 had TCS MIC
significantly higher than those of the isolates from year 2008-2010 (p<0.05). Some
isolates from year 2015-2018 exhibited high TCS MICs (32-256 pg/mL) but at low

occurrence (0.9%).
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Table 23 Antimicrobial resistance pattern of Escherichia coli isolated from pigs, pork

and pig carcass (n=864).

AMR pattern No. (%)

Pig Pork Pig carcass Total

(n=643) (n=111)  (h=110) (n=864)
AMP 5(0.8) 10 (9) 11 (10) 26 (3.0)
AMP-CHP-CIP-GEN-SMZ-TET-TMP 19 (3.0) - - 19 (2.2)
AMP-CHP-CIP-GEN-STR-SMZ-TET 13 (2.0) - - 13 (1.5)
AMP-CHP-CIP-GEN-STR-SMZ-TET-TMP 65 (10.1) - - 65(7.5)
AMP-CHP-CIP-GEN-STR-TET-TMP 15 (2.3) - - 15 (1.7)
AMP-CHP-CIP-SMZ-TET-TMP 15 (2.3) > 1(0.9) 16 (1.9)
AMP-CHP-CIP-STR-SMZ-TET-TMP 31(4.8) 3(2.7) 1(0.9) 35 (4.0)
AMP-CHP-GEN-STR-SMZ-TET-TMP 38 (5.9) 3(2.7) 1(0.9) 42 (4.9)
AMP-CHP-GEN-STR-SMZ-TET 11 (1.7) - 1(0.9) 12 (1.9)
AMP-CHP-SMZ-TET-TMP 29 (4.5) 9(8.1) 5(4.5) 43 (5.0)
AMP-CHP-STR-SMZ-TET-TMP 72 (11.2) 6 (5.4) 13 (11.8) 91 (10.5)
AMP-CHP-TET 9(1.4) 1(0.9) - 10 (1.2)
AMP-CHP-TET-TMP 7(1.1) 3(2.7) 1(0.9) 11(1.3)
AMP-CIP-GEN-STR-SMZ-TET-TMP 19 (3.0) N - 19 (2.2)
AMP-GEN-STR-SMZ-TET 25(3.9) 4 (3.6) - 29 (3.4)
AMP-GEN-STR-SMZ-TET-TMP 15 (2.3) 2(1.8) 2(1.8) 19(2.2)
AMP-SMZ-TET 8(1.2) 3(27) 1(0.9) 12 (1.4)
AMP-SMZ-TET-TMP 16 (2.5) 3(27) 7(6.4) 26 (3.0)
AMP-STR-SMZ-TET 24 (3.7) 1(0.9) 7(6.4) 32 (3.7)
AMP-STR-SMZ-TET-TMP 34 (5.3) 9(8.1) 9(8.2) 52(6.0)
AMP-STR-TET 7(1.1) 3(2.7) 6 (5.5 16 (1.9)
AMP-TET 4(0.6) 3(2.7) 3(2.7) 10(1.2)
CHP-TET-TMP 11 (1.7) 4(3.6) - 15(1.7)
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5.4.2 Association among susceptibilities of antibiotics, disinfectants and heavy
metals

The association between antibiotic resistance (as defined by clinical breakpoints) and
MIC values of disinfectants/heavy metals was examined. The MICs of BKC, GLU, TCS,
CHX and CuSO, were significantly associated with resistance to 7 antimicrobial drugs
including CHP, CIP, GEN, STR, SMZ, TET and TMP (p <0.05). Only MIC values of TCS
and CHX showed the association with AMP resistance (Table 25). In addition, the MIC
values of ZnCl, were associated with resistance to 3 antimicrobial agents including
CIP, GEN and TMP (p <0.01). The MICs of FOR was statistically associated with CIP and
TET resistance (p <0.05).

The correlation between MICs of disinfectants/heavy metals and antibiotics was
determined (Table 26). The significant-positive (correlation coefficient range of 0.069-
0.182) and negative (correlation coefficient range of 0.069-0.256) correlations were
observed at weak level. The weak negative correlations were observed between the
MICs of three biocides (i.e. CuSOq4, CHX and GLU) and that of all antibiotics tested (p
<0.05). The MICs of these disinfectants/heavy metals may increase, while that of
antibiotics decreased, and vice versa (Table 31). While the MIC of TCS was negatively
correlated to that of AMP, STR, and TMP at weak (p <0.05), the positive correlation at
weak level was observed between the MICs of ZnCl, - CHP, CIP and GEN and BKC -
CHP, CIP, TET and TMP (p <0.05). The MIC of FOR was in the same direction with STR
and TMP (p <0.05) but not with TET.

5.4.3 Cross resistance between disinfectants/heavy metals and antibiotics

Twenty-four E. coli isolates susceptible to all antimicrobial drugs tested and with low
MICs to disinfectants and heavy metals were chosen for in vitro exposure experiment
(Table 27). Exposure to gradually-increasing concentrations of TCS, BKC and CHX
yielded spontaneous-resistant mutant derivatives exhibiting increase MICs to

antibiotics (>4 fold) (Table 28).
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Twenty-two E. coli isolates yielded TCS-spontaneous resistant mutants that grew in
the presence of TCS at the concentrations of 6 to >1,000 folds of their original MICs
(Table 27). Among these, 13 isolates had increase MIC >4 fold to at least one
antimicrobial drug i.e. AMP, CHP, CIP, GEN, STR, SMZ, TET and TMP (Table 28).
MH21T1, MH33T1 and MH58T1 exhibited 4-fold increase MICs to most antibiotics
including CHP, CIP, TET and TMP, while NK32T1 showed 8-fold increase MICs to CHP,
CIP, SMZ and TMP.

Five TCS-spontaneous resistant mutants including NK32T1, MH21T1, MH33T1,
MH43T1 and MH58T1 developed increase MICs of both CHP (8-16 fold) and CIP (4-8
fold), simultaneously. Exposure to TCS raised the CHP MIC value from 4 to 16 fold in
9 isolates, of which three mutant strains, NK26T1, NK32T1 and MH33T1, had the
increase MIC over clinical breakpoint of CHP (232 pg/mL). The NK32T1 and NK26T1
additionally had increase MICs >4 fold to SMZ and TMP. Most TCS-spontaneous
resistant mutants had increase MIC >4 fold to TET (4-16 fold) and/or TMP (4-8 fold).
The NK69T1, TCS derivative mutant strain of NK69, developed resistance to AMP (64
ug/mL) above clinical breakpoint (32 pg/mL). An increase MIC of GEN and STR >4 fold

was observed in E250.1 that additionally developed resistance to CHP.

Exposure to BKC resulted in two BKC-spontaneous resistant mutants, NK26B1 (16
fold) and NK32B1 (32 fold). NK26B1 developed resistance to only CHP (8 fold), while
NK32B1 developed resistance to CHP, CIP, SMZ and TET (4 - 8 fold) (Table 28).

Only one CHX-spontaneous resistant mutant was obtained. This mutant had high
CHX MIC up to 1,557 pg/mL (Table 27) and enhanced MIC (>4 fold) to CIP, GEN and
STR (Table 28).
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Table 25 Statistical association between MICs of disinfectants/heavy metals and

antibiotic resistance (n=864)

Substance MIC (ug/mL)  Antimicrobial resistance

range AMP  CHP CIP  GEN STR SMz TET TMP

ZnCl, 64-2048 - - + + - - - n
CuSOq 1024-2048 - + + + + + + +
TCS <0.0156-256 + + + + + + + +
CHX 1-64 + + + + + + + +
BKC 2-256 - i + + + + + +
GLU 1024-4096 3 + + + + + + +
FOR 32-256 - : + - - - + -

+ Significant association between MICs of disinfectants/heavy metals and antibiotic
resistance (p<0.05).
- No significant association between MICs of disinfectants/heavy metals and antibiotic

resistance (p>0.05).
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Table 26 Statistic correlation between MICs of disinfectants/heavy metals and

antibiotic (n=864)

Substance Correlation coefficients of MICs

AMP CHP Clp GEN STR SMZ TET TMP

ZnCl, +0.053 +0.156*  +0.167*  +0.174* +0.029  +0.035 +0.047 +0.006

CuSO, -0.256*  -0.104*  -0.110*  -0.077* -0.130* -0.156*  -0.160* -0.168*
TCS -0.089*  -0.006 -0.033 +0.039  -0.074* -0.046 +0.001 -0.069*
CHX -0.263*  -0.073*  -0.082*  -0.075* -0.147* -0.247*  -0.118% -0.168*
BKC +0.027 +0.147*  +0.086* +0.041 -0.024  +0.037 +0.118* +0.182*
GLU -0.219*  -0.118*  -0.137*  -0.113*  -0.198* -0.167*  -0.216* -0.095*
FOR -0.057 -0.043 -0.039 +0.029  +0.073* +0.059 -0.181* +0.069*

+ positive correlation (a value greater than 0) between MIC values of
disinfectants/heavy metals and antibiotics that is the value of increase or decrease
together, strong correlation means correlation coefficient close to 1.

- negative correlation (a value less than 0) between MIC values of disinfectants/heavy
metals and antibiotics that is the one variable increase, the value of the other
variable decrease, strong correlation means correlation coefficient close to -1.
*Significant correlation between MIC values of disinfectants/heavy metals and

antibiotics (p<0.05).
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Table 28 MICs of antibiotics and disinfectants of spontaneous resistance mutants

and their isogenic parents in in vitro exposure experiment (n=16)

. MIC (ug/mL)
SubstanceStrain  Source  ExposurePABNMIC
AMPCHPCIP GEN STRSMZTETTMP
BKC NK26  pork Pre 4 8 2 0031251 a4 8 1 1
NK26B1 Post 64 8 16 0.0156 1 4 4 2 1
1 16 2 0.0156 1 4 4 1 <0.25
NK32  pig Pre 4 16 4 0.03125025 2 64 2 1
NK32B1 Post 128 32 16 0.125 025 2 512 16 2
128 32 4 00625 025 4 8 8 05
CHX NK69  pork Pre 32 8 2 0015 025 2 8 1 1
NK69C1 Post 256 16 4 0.0625 1 8 8 2 05
256 16 2 0.031251 8 8 4 05
TCS E250 pig Pre 0.0039 2 2 00078 05 2 8 1 2
E250.1 Post 0.125 4 8 0.0078 2 8 8 1 4
<0.00782 1 0.0039 1 4 2 05=025
NK26  pork Pre 0.5 4 2 0031251 a4 8 1 1
NK26T1 Post 4 2 32 00625 05 4 32 2 4
025 2 2 006251 4 =<4 4 05
NK32  pig Pre 025 16 4 0.03125025 2 64 2 1
NK32T1 Post 4 16 32 025 025 2 5124 8
0.5 32 2 0125 025 2 8 4 1
NK69  pig Pre 0.0625 8 2 00156 025 2 8 1 1
NK69T1 Post 8 64 16 0.0312505 2 16 8 1
1 8 2 00312505 2 4 4 <025
NK221  pork Pre 0.0625 4 4 0.0078 1 4 16 2 05
NK221T1 Post 1 8 4 00078 2 8 <4 1 2
0.0625 2 <0.5<0.00391 4 <4 0.5 <0.25
MH21  Pig carcassPre 0125 16 2 00078 025 2 256 1 05
MH21T1 Post 0.5 32 16 0.031250.25 2 512 16 2
0.0312564 2 0.0156 <0.1252 4 2 <0.25
MH33  Pig Pre 0.5 16 4 0.0156 025 2 16 2 <025
MH33T1 Post 2 32 64 0.125 025 2 32 8 8
0.0625 64 2 0.031250.25 1 =<4 8 0.5
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. MIC (pg/mL)
SubstanceStrain  Source  ExposurePABNMIC
AMPCHPCIP GEN STRSMZTETTMP

MH43  Pork Pre - 0.125 32 1 0.0039 025 2 16 0505
MH43T1 Post - 128 32 16 0.0312505 4 32 4 1

+ 8 64 2 0015 025 4 2 2 <025
MH58  Pork Pre - 025 32 4 00078 05 4 32 2 1
MH58T1 Post - 16 32 16 0.0625 025 2 64 16 4

+ 4 32 2 003125025 2 8 8 <025
MH128 pig Pre - 0.0625 4 4 0.0078 1 4 16 1 8
MH128T1 Post - 1 4 8 00078 1 8 16 4 16

+ 0.0078 4 2 0.0078 05 4 8 1 <025
MH168 Pig carcassPre - 0.0039 4 2 0.0078 05 4 8 1 <025
MH168T1 Post - 16 8 8 00078 1 4 8 1 <025

+ 2 8 1 00078 05 4 =<4 1 <025
MH174  Pig carcassPre - 0.0039 8 4 00078 05 4 2 1 2
MH174T1 Post / 0.0156 16 4 0.0078 05 4 16 1 4

+ 0.0078 8 1 0.0078 05 4 =4 1 <025
MH189 pork Pre - 0.0039 4 4 <0.00394 4 <4 1 1
MH189T1 Post - 0.0625 4 4 0.0078 4 8 <4 1 4

+ 0.0078 4 1 <0.00391 4 <4 1 <025

+, - Presence and absence of PABN

"MICs (ug/mL) of the corresponded disinfectants.

“Bold letters indicate at least 4-fold increase MICs of mutant derivatives in

comparison to their isogenic parents. Underlined letters indicate at least 4-fold

decrease MICs of mutant derivatives in the presence of PABN in comparison to that

in the absence of PABN
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5.4.4 Inhibitory effect of PABN

The addition of 25 pg/mL PABN decreased TCS MIC from 2 to 128 fold in all TCS-
spontaneous resistant mutants (n=13) (Table 28). The presence of PABN restored
MICs of CHP and TMP in all TCS-spontaneous resistant isolates but did not affect
MICs of GEN and STR in any isolates. The AMP MIC decreased 8 fold in only one
isolate, NK69T1, and the SMZ MIC reduced 4-128 fold in 9 isolates (i.e. E250.1,
NK26T1, NK32T1, NK69T1, MH21T1, MH33T1, MH43T1, MH58T1 and MH174T1). A
decrease of MIC to TET was observed in MH21T1 (4 fold) and MH128T1 (4 fold). The
CIP MIC was restored only in one isolate (MH33T1, 4-fold reduction).

Of two BKC-spontaneous resistant mutants, the presence of PABN could restore BKC
sensitivity in NK26B1 (64-fold reduction). The MIC values of CHP and TMP decreased
>4 fold in both NK26B1 and NK32B1. Only NK32B1 developed resistance to SMZ after
BKC exposure and its SMZ MIC was reduced up to 64 fold in the presence of PABN.

No changes were observed in CHX-spontaneous resistant isolates.

The addition of PABN did not affect CIP MIC in 4 TCS-spontaneous resistant mutants
(NK32T1, MH21T1, MH43T1 and MH58T1), a BKC-spontaneous resistant mutant
(NK32B1) and a CHX-spontaneous resistant mutant (NK69C1) that had the increase
CIP MIC 24 fold. The presence of CCCP and reserpine did not alter the CIP MIC in
these isolates (Table 29). All these six spontaneous resistant mutants did not carry

mutations in gyrA and parC.
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Table 29 MICs of ciprofloxacin of spontaneous-resistance mutants and their isogenic

parents in in vitro exposure experiment (n=6)

*%

Substance Strain Exposure EPI MIC of CIP (ug/mL)
BKC NK32 Pre - 0.03125
NK32B1 Post - 0.125
+CCCP 0.0625
+reserpine 0.125
CHX NK69 Pre - 0.0156
NK69C1 Post - 0.0625
+CCCP 0.03125
+reserpine 0.03125
TCS NK32 Pre - 0.03125
NK32T1 Post - 0.25
+CCCP 0.125
+reserpine 0.25
MH21 Pre - 0.0078
MH21T1 Post - 0.03125
+CCCP 0.03125
+reserpine 0.03125
MH43 Pre - 0.0039
MHA3T1 Post - 0.03125
+CCCP 0.03125
+reserpine 0.03125
MH58 Pre - 0.0078
MH58T1 Post - 0.0625
+CCCP 0.0625
+reserpine 0.0625

"Bold letters indicate at least 4-fold increase MICs of mutant derivatives in

comparison to that of the isogenic parents.

"+ - Presence and absence of CCCP or reserpine (indicated)
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5.5 DISCUSSIONS

High resistance rates to antibiotics were observed among the E. coli isolates in this
study. Resistance to ampicillin (88.4%), tetracycline (86.2%), sulfamethoxazole
(73.4%), streptomycin (63.9%), and trimethoprim (68.3%) and chloramphenicol (56%)
was common, in agreement with previous studies (Aniroot Nuangmek, 2018;
Lugsomya, et al., 2018). This is not surprising because these antibiotics have been
widely used in livestock production in Thailand for a long time. The percentage of
MDR E. coli (88.8%) in this study was higher than the previous studies (Lugsomya, et
al., 2018; Trongjit, Angkittitrakul, & Chuanchuen, 2016). It is likely because the isolates
in this study were originated from the pig farming area with high pig population
density where antibiotics are more commonly used. In contrast, resistance rates to
CIP (23.8%) and GEN (35.1%) were lower than previous studies in other countries in

Asia (Nguyen, et al., 2016).

In this study, susceptibility to disinfectants and heavy metals was examined by
determination of MICs using agar dilution method. In general, the antimicrobial
activity of disinfectants is tested by determination of survival curves that is laborious
and more time consuming. Even though MIC determination is not the best method
for detection of the efficacy of disinfectants and heavy metals, the method was
shown to be practical for detecting susceptibility of a large number of bacterial
isolates. Detection of MICs of disinfectants and heavy metals using the CLSI agar
dilution methods were previously conducted in many studies (Aarestrup & Hasman,
2004; Kawamura-Sato, Wachino, Kondo, Ito, & Arakawa, 2010; Morrissey, et al., 2014).
Therefore, MIC distribution was analyzed and used to identify trend of the
susceptibility. Currently, there is no standard method available to detect the MIC
values of disinfectants/heavy metals and no standard breakpoints available to define
whether a bacterial species is susceptible or resistant to the substances. However, E.
coli ATCC29522, S. aureus ATCC25923 and P. aeruginosa ATCC27853 were included

as control for the susceptibility testing (Beier, et al., 2015).
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From MIC distribution, at least two distinct groups of bacterial population at high and
low MIC values in each compound is expected if there is the development of
resistant population. The congregation of the E. coli isolates under a narrow MIC
range was observed for CHX, BKC, GLU, FOR, CuSO,4 and ZnCl, (Table 29), indicating
that there was no development or development at limited degree of resistance to
these substances among the isolates, in agreement with a previous study (Aarestrup
& Hasman, 2004). The CHX MIC range in this study (1-64 pg/mL) was in agreement
with a previous study in Thailand (2-64 pg/mL) and Spain (0.5-64 peg/mL) but was
much broader than a previous study conducted in livestock in Denmark (1-2 pg/mL)
(Aarestrup & Hasman, 2004). However, most isolates (54.3%) in this study had MIC
CHX value of 2 pg/mL. The BKC MIC ranged between 2-256 ug/mL, of which the
most common MICs were 16-64 pg/mL (95.3%), in agreement with a study in
livestock in Denmark (Aarestrup & Hasman, 2004) and Spain (Morrissey, et al., 2014).
Both CHX and BKC MIC distribution was similar to our previous study in Salmonella
isolated from poultry and swine (Chuanchuen, et al., 2008). A previous study in China
reported a wider BKC MIC range (16-1024 pg/mL) but with the similar-common MIC
value (32 pg/mL) (Zhang, et al,, 2016). In addition, high MICs of GLU (2,048 - 4,096
ug/mL) and FOR (32 - 128 pg/mL) were obtained, in agreement with previous studies
in Brazil (Priscila Gava Mazzola, 2009) and Belgium (Maertens, De Reu, Meyer, Van

Coillie, & Dewulf, 2019).

The majority of the E. coli isolates were clustered into two groups by their TCS MIC
values that were <0.0156 pg/mL (47.1%) and 0.03125-0.125 pg/mL (44.7%). This is
inconsistent with a previous study demonstrating one large E. coli population with
TCS MIC range of 0.03-0.5 ug/mL (Morrissey, et al., 2014). When considered the TCS
MIC range, the range in this study (<0.0156-256 pg/mL) was slightly higher than a
previous study in Spain (<0.0156-64 mg/L) (Morrissey, et al., 2014). Interestingly, TCS
MIC values increased by years from <0.0156- 0.25 pg/mL in 2008-2010 to 32-256
pg/mL in 2015-2018. This may be a warning call for emergence of triclosan-resistant

E. coli and the potential for effectiveness loss of triclosan in the future.
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Epidemiological cut-off values (ECOFFs) of biocides were previously evaluated and
applied to define E. coli wild-type and mutant strains and the ECOFF values of 2, 64
and 64 mg/L were proposed for TCS, CHX and BKC, respectively (Morrissey, et al.,
2014). If the ECOFFs are used as interpretative criteria of the E. coli isolates in this
study, resistance rates to TCS, CHX and BKC will be 1.1, 0.1 and 30.19%, respectively.

Zinc compounds have been formulated as feed additives to promote gut health and
animal immunity especially in piglets. The zinc compounds including zinc oxide, ZnO;
zinc chloride, ZnCly; zinc sulphate, ZnSO, are recommended as safe sources of Zn™"
for all animal species (EFSA, 2015). ZnO is more commonly used due to its less
toxicity to skin and mucosae. ZnCl, is a soluble form of zinc that could be absorbed
in animal gut (Tacnet, Lauthier, & Ripoche, 1993). Therefore, ZnCl, is used as a source
of Zn*" in this study. Almost all E. coli isolates had ZnCl, and CuSO, MICs of 1,024
and 256 - 512 pg/mL, respectively, similar to a previous study in Denmark (Aarestrup

& Hasman, 2004).

Resistance to all antibiotics tested (defined by clinical breakpoints) was significantly
associated with TCS and CHX MICs (p <0.05), suggesting sharing resistance
mechanisms among the antibiotics and biocides. The similar weak correlation
between CHX and BKC MICs and resistance to some antibiotics (i.e. GEN and CIP) was
previously reported in Pseudomonas spp.(Lavilla Lerma, Benomar, Casado Munoz
Mdel, Galvez, & Abriouel, 2015) and Acinetobacter spp. (Kawamura-Sato, et al., 2010).
This indicates that the isolates with high antibiotic MICs do not always have high
disinfectant/ heavy metal MICs and vice versa, suggesting the variety and difference
of mechanisms mediated resistance to antibiotics and biocides. Due to a lack of
breakpoints for defining resistance to disinfectants and heavy metals, those with high
MICs to certain disinfectants or heavy metals may not be defined as being clinically
resistant. The associations between antibiotic resistance and disinfectant/heavy metal

resistance cannot be analyzed.
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Cross resistance between antibiotic and non-antibiotic substances has become a
particular concern due to the possible contribution to the persistence of AMR
despite antibiotic withdrawn. Expression of multidrug efflux pump has been
recognized as a major mechanism mediating such cross resistance (Blanco, et al,,
2016). In this study, exposure to CHX, BKC and TCS at sub-lethal concentration level

resulted in cross resistance to antibiotics.

Two BKC-spontaneous resistant derivatives i.e. NK26B1 and NK32B1 were obtained.
NK26B1 developed resistance to CHP, in agreement with previous studies (Langsrud,
Sundheim, & Holck, 2004; Soumet, Fourreau, Legrandois, & Maris, 2012). NK32B1
additionally developed resistance to CIP, SMZ and TET, consistent to a previous
study (Braoudaki & Hilton, 2004). Similarly, a CHX-spontaneous resistant mutant
NK69C1 developed resistance to CIP, GEN and STR, in agreement with a previous
study (Sheridan, Lenahan, Duffy, Fanning, & Burgess, 2012). In contrast, exposure to
GLU promoted cross resistance to antibiotics in two previous studies (Karatzas,
Webber, et al,, 2007; Nhung, et al., 2015) but the phenomenon was not observed in
this study. A previous study also demonstrated that exposure to commercial
disinfectant products containing quaternary ammonium compound, formaldehyde
and g¢lutaraldehyde promoted cross resistance to TET, CHP, CIP and AMP in
Salmonella (Karatzas, Randall, et al., 2007), supporting the in vitro results from this

study.

Cross resistance generated by TCS has been extensively studied (Braoudaki and
Hilton, 2004). In the present study, exposure to TCS promoted cross resistance to
CHP, TET and TMP, in agreement with previous study (Braoudaki & Hilton, 2004).
NK69T1 reduced susceptibility to AMP, as similar to a previous study in Salmonella
Typhimurium (Karatzas, Webber, et al., 2007). On the other hand, previous study
showed that no TCS-tolerant E. coli were resistant to antibiotics but significantly
more susceptible to drugs in aminoglycoside group, AMP, CIP and TMP (Cottell,
Denyer, Hanlon, Ochs, & Maillard, 2009).
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Heavy metals e.g. Zn++ and Cu++ could promote cross resistance to antibiotics via
multidrug efflux system and reduction in membrane permeability (Baker-Austin,
Wright, Stepanauskas, & McArthur, 2006). However, this phenomenon was not

observed in this study.

Involvement of multidrug efflux pumps in cross resistance was examined by
determination of MICs in the presence and absence of PABN, a well-studied efflux
pump inhibitor (EPI) for multidrug efflux pumps in the resistance-nodulation division
(RND) family. PABN is one of the most common EPIs that have been used for
examining the contribution of the RND efflux pumps to MDR phenotype. The
presence of PABN enhanced the potency of multiple antimicrobial drugs (e.s.
ciprofloxacin, B-lactam drugs ) in E. coli (Karczmarczyk, Martins, Quinn, Leonard, &
Fanning, 2011; Lomovskaya, et al, 2001). Its ability to block TolC, an outer
membrane protein for the AcrAB system, resulted in increased susceptibility to
multiple antibiotics was demonstrated (Pu, et al., 2016). The results in this study
showed that PABN restored the susceptibility of CHP (93.8%), SMZ (62.5%), TMP
(87.5%) and TCS (81.3%) in almost all spontaneous resistant mutant derivatives. The
effects of the PABN addition on MICs varied. MICs of CHP among two BKC-
spontaneous resistant mutants (NK26B1, NK32B1) and nine TCS-spontaneous resistant
mutants (E250.1, NK26T1, NK32T1, NK69 T1, MH21T1, MH33T1, MH43T1, MH58T1 and
MH168T1) were restored (4-16 fold) by the presence of PABN in agreement with a
previous study in Vietnam (Nhung, et al., 2015). The presence of PABN could reduce
the MICs of SMZ (4-64 fold) in all three TCS-spontaneous resistant mutants (NK26T1,
NK32T1 and MH174T1) and one BKC- spontaneous resistant mutants (NK32B1) and
reduced that of TMP (8-16 fold) in seven TCS-spontaneous resistant mutants
(NK26T1, NK32T1, NK221T1, MH21T1, MH33T1, MH58T1and MH189T1). These results
highligshted important role of multidrug efflux system as cross-resistance mediated
mechanism. The reduced MIC values of CHP, TMP, SMZ, TET and quinolones as a
result of the presence of PABN were similar to previous studies (Barrero, et al., 2014;
Kvist, Hancock, & Klemm, 2008). Interestingly, the presence of PABN, CCCP and
reserpine did not restore the CIP MIC in some TCS-, BKC- and CHX-spontaneous
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resistant mutants lacking mutation in other gyrA or parC. Interestingly, the presence
of PABN, CCCP and reserpine did not restore the CIP MIC in some TCS-, BKC- and
CHX-spontaneous resistant mutants lacking mutation in either gyrA or parC.
Mutations in the quinolone resistance-determining regions (QRDR) of gyrA and parC
are one the major mechanisms for fluoroquinolone resistance (Karczmarczyk, et al.,
2011) and a previous study demonstrated that exposure to commercial biocides
selected for ciprofloxacin-resistant mutants (Webber, et al., 2015). However, this was
not the case for the present study. These results suggest the existence of proton

motive force-independent mechanisms.

In conclusion, the results highlight the important role of widely-used disinfectants
and heavy metals as non-antibiotic selective pressure for emergence and spread of
AMR. These emphasize that AMR is a complicated issue that requires complex-
systematic strategic actions to deal with. Standardized and harmonized methods for
detecting of biocide efficacy are needed. Simultaneously, monitoring resistance to
biocides should be systematically and routinely conducted. Regulation on use of
disinfectants and heavy metals should be enforced and prudent use of the

substances need to be encouraged.
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CHAPTER VI

GENERAL DISCUSSION AND CONCLUSION
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6.1 GENERAL DISCUSSIONS

Infections with MDR bacteria have rapidly increased and created a significant impact
on economy, public health, and international food trade in most parts of the world.
Using One Health approach, AMR monitoring and surveillance has been established
among human, animal, and environmental sectors to understand the situation and
track the progress of the problem. Action plans for the Control and preventative
measures of AMR in food animals have been introduced in almost all countries,
including Thailand, for example, restriction of antibiotic use, inhibition of antibiotic
growth promoter etc.. However, it was evident that the politically driven ban of
antimicrobial use in food animals is not the absolute solution for addressing AMR. A
well-known example in Thailand is the persistence of chloramphenicol resistance.
This antibiotic has been banned from being used in food animal since 1998. Bacteria
in Enterobacteriaceae family resistant to chloramphenicol are still frequently

isolated.

AMR monitoring data and several restudies in Thailand revealed that Salmonella and
E. coli from pigs, poultry, pork, chicken and patients are usually resistant to multiple
drugs. These studies also demonstrated the genetic link of resistance determinants
among food animals, food of animal origin, and humans. Bacteria from different
sources in Thailand and other Southeast Asian nations, especially Salmonella and E.
coli, are known to have specific resistance determinants (e.q., dffA12-aadA2 gene
cassette). The findings of the same resistance determinants from different samples,
different sources and different locations suggest the involvement of horizontal
transfer. It has been pointed out that antibiotics may not be the only selective
pressure for emergence and spread of AMR, while the presence of non-antibiotic
selective pressure has been suggested. In addition, cross resistance between
antibiotics and disinfectants was demonstrated as a mechanism for multidrug
resistance phenotype and the persistence of resistance. Contribution of non-

antibiotic substances to AMR spread should be considered.
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Even with the extensive research on AMR, there are still several unanswered
questions. These include the persistence and spread of AMR bacteria and resistance
determinants as well as the factors that determine their resistance. Therefore, this
research project was designed to provide solutions for the unanswered questions of
interest. The results were discussed in each individual chapter. General discussion is

made to cover missing or additional messages as follows.

Part 1. Plasmid profile analysis of Escherichia coli and Salmonella enterica isolated

from pigs, pork and humans.

Mobile genetic elements (MGE), especially plasmid, are a major route for the
emergence and dissemination of AMR by horizontal transfer. Transmissible R plasmids
normally carry multiple genes encoding resistance to antibiotics and play an
important role in AMR evolution and spread. A variety of AMR determinants have
been found to be associated with conjugative plasmids. The same genetic elements
such as classl integrons were detected in different bacterial species from different
sources and locations. These findings highlight the horizontal transfer of plasmids as

a major driver for AMR dissemination in Thailand and neighboring countries.

The presence of bacterial strains originated from different sources but carrying
plasmids of the same Inc group indicate the horizontal widespread of the plasmids
with close-phylogenetic relationship. The knowledge and understanding of plasmids
diversity and transmission could be useful to develop the strategic action plan to

contain AMR.

The plasmid replicon types were identified using PBRT (Carattoli et al., 2005). The
commercial PBRT-KIT is currently available with increased sensitivity and specificity
and capable of detecting up to 28 replicons (Carloni et al., 2017). However, the PBRT
scheme that was used in this study had limitation in detection of some replicons in

IncX plasmid group.
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Most E. coli replicon types varied when the isolation times were considered. Factors
that affect the maintenance of some plasmids in each period remain unclear.
Different sampling location and antimicrobial use might be involved. However, the
same plasmid replicon among E. coli from several origins including pig, pork, and

humans, pointed out the circulation of plasmid in different sectors.

It is important to note that the association between resistance phenotype and
replicon type varied. The significant-positive associations between resistance
phenotype and replicon types were commonly observed, highlighting the important
role of plasmids in the dissemination of AMR genes in E. coli and Salmonella in this
study. In addition, the same FAB formula of IncF plasmid was found among the
strains from different pigs, pork and humans from various locations, indicating that

the particular plasmids circulate in the food chain.

In this part, R-plasmid profile of E. coli and Salmonella isolated from pigs, pork and
humans in Thailand was investigated. The results could describe the answers for the
first question about the characteristics and profile of R plasmid in E. coli and
Salmonella isolated from food animals, meat and humans in Thailand. The results
revealed a variety of plasmids distributed in pigs, pork, and humans in Thailand.
Plasmid analysis serves as an epidemiological marker for AMR surveillance. To the
best of our knowledge, this is the first report of plasmid replicon types among E. coli
and Salmonella from pigs, pork and human in Thailand. The findings were extended
by the study of the possible mechanisms associated with WGS analysis of
Salmonella carrying dfrA12 from food animals, meat and human in Thailand in part 2
and the persistence of chloramphenicol resistance in Salmonella and E. coli from

food animals and humans in Thailand in part 3.

Part 2. Genomic analysis of Salmonella carrying class 1 integrons with dfrA12-aadA2

gene cassette array isolated from food animals, meat and human in Thailand.
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The dfral2-aadA2 cassette array was commonly reported among classl integrons-
positive bacterial species isolated from different sources in many countries
worldwide. Class1 integrons with dfrA12-aadA2 cassette array were commonly found
in different bacterial species especially Salmonella from different sources in Thailand
and the genetic connection between AMR in human, pets, food animals, and food of
animal origin was highligshted. Comprehensive genetic data of Salmonella carrying
class 1 integrons with dfrA12-aadA2 cassette array is expected to explain the genetic
link and the widespread of class 1 integrons with dfrA12-aadA2. Therefore, genetic
characterization of Salmonella carrying class 1 integrons with dfrA12-aadA2 gene
cassette array isolated from food animals, meat and human in Thailand were done

by using WGS analysis.

According to WGS analysis, IncFIB(K) plasmids commonly found in this study and
were closely related to pKPN-IT plasmid. Beside IncFIB(K) plasmid, IncHI2 plasmids
were previously reported to carry classl integons containing dfrA12 and aadA genes
and could be transferred by conjugation (Shang et al., 2021). The presence of the
same plasmid replicons among Salmonella isolated from different sources in
different years indicate the circulation of the plasmids among the Salmonella
isolates of food producing animal origin. The Tn3/TnASI and Tn3/TnAs3 were
commonly found at downstream of int/1 in this study. These transposons might be

another evidence to support the spread of mobile genetic element.

The findings were to partially explain the widespread of the dfrA12-aadAZ2 cassette
array widespread in Salmonella isolated from food animals, meat and humans in
Thailand. The results indicate the important role of transferable plasmids as the
underline cause for the wide distribution of class 1 integrons dfrA12-aadA2 gene
array. The gene structure of the class 1 integrons was closely related to transposons
and insertion sequences, in particular TnAsI, TnAs3, and IS26 that facilitate efficient
mobility. The existence and circulation of R plasmid is maintained by antibiotic
selective pressure. Therefore, decreasing the selective pressure could limit the wide

distribution of AMR associated with transferable plasmids.
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Part 3. Molecular basis of the persistence of chloramphenicol resistance among
Escherichia coli and Salmonella spp. from food animals, meat, and human in

Thailand

Use of antimicrobial agents is one of the key factors contributing to the emergence
and spread of AMR. Reducing the use of antimicrobials is expected to decrease the
likelihood of AMR bacteria emergence and spread. It is continuously observed that
bacteria resistant to restricted antimicrobial drugs have been consistently isolated
(Hanekamp and Bast, 2015). The persistence of chloramphenicol resistance is an
outstanding example. It was proposed to be the result of co-selection or cross-
resistance brought on by other antimicrobials (Pal et al., 2015; Périchon et al., 2015;
Cheng et al., 2019). Therefore, conjugation experiment and WGS were included in this
project to determine the possible mechanism associated with co-selection. In
addition, the possible contribution of efflux pumps were investigated by using PABN.
efflux pump inhibitor.

The cmlA encodes a putative multidrug efflux pump from the MATES and is capable
of extrude CHP. The results showed that the contribution of cml(A in CHP resistance
was rather limited (<4-fold CHP MIC decrease in the presence of PaN). On the other
hand, E. coli that had both catA and catB showed a >4-fold drop in CHP MIC when
PABN was present. These highlight the accumulative effects of enzymatic and non-
enzymatic mechanisms on CHP resistance. The cmlA and catA genes are usually
located on multi resistant integrons or associated with transposons on transferable
and non-transferable plasmids (Roberts and Schwarz, 2009; McMillan et al., 2020).
Taken together, the findings suggest the involvement of cross resistance and co-

selection in CHP resistance in E. coli and Salmonella.

From the WGS analysis revealed that all plasmids identified, including
IncFIA(HI1)/HI1B, IncFII/FIB and IncX1 plasmids, carried class 1 integrons with dfrA12-
aadA2-cmlAl-aadAl dfrA12 cassette array. Besides class 1 integrons with dfrA12-
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aadA2-cmlAl-aadAl dfrA12 cassette array were flanked by TnAs1/ Tn3 at upstream
and 1S6/ 1526 at downstream, while IncFIA(HI1)/HI1B/Q1 plasmid carrying catA showed
quite different the genetic environment when compared to cmlA. IS1-like element
IS1B family transposase was found next to catA. Both cmlA and catA containing area
were flanked by ISs of HGT region. Flanking by insertion sequences could facilitate
the mobilization of the genes, leading to the spread of the AMR bacteria. In addition,
WGS analysis results revealed the existence of several resistance genes on cmlA or
catA-carrying plasmids and confirmed the co-selection of CHP-resistance by other

antibiotics.

The results from this part exhibited that the persistence of CHP-resistant E. coli and
Salmonella after the chloramphenicol ban from use in food animals was due to co-
selection by using the other antibiotics and cross resistance vis the expression of
multidrug efflux pump. Therefore, prohibiting a single antimicrobial agent is not
enough to address the AMR problem. Several measures and activities that lower the
need for antimicrobials and thus slow the spread of AMR are required (e.g., farm

biosecurity, infection control, vaccination program, prudent antimicrobial use etc.).

Part 4. Resistance to widely used disinfectants and heavy metals and cross resistance

to antibiotics in Escherichia coli isolated from pigs, pork and pig carcass.

The above results have led to the need to explore non-antibiotic selective pressure,
in particular disinfectants and heavy metals, contributing to AMR. In food animal
production, disinfectants are used extensively for disinfection. Heavy metals i.e.
copper sulfates and zinc chlorides are formulated as the growth-promoting feed
supplements. Bacteria may develop resistance to disinfectants and heavy metals and
promote cross resistance to antibiotics. One of the mechanisms underlying
insusceptibility to biocide is the presence of an active efflux pump. In Salmonella,
the RND family AcrAB-TolC system has been shown to confer resistance to multiple
antibiotics and disinfectants, resulting in multiple antibiotic resistance phenotypes

(Lacroix et al,, 1996; White et al., 1997). In this study, susceptibility to disinfectants
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and heavy metals was examined in E. coli isolated from clinically healthy pig by
determination of MICs using agar dilution method. There is no standard method
available to detect the MIC values of disinfectants/heavy metals and no standard
breakpoints available to define whether a bacterial species is susceptible or resistant
to the substances. It was observed that the isolates with high antibiotic MICs do not
always have high disinfectant/ heavy metal MICs and vice versa, suggesting the

variety and difference of mechanisms mediated resistance to antibiotics and biocides.

Exposure to CHX, BKC and TCS at sub-lethal concentration level resulted in cross
resistance to antibiotics. It was evident by the observation that a CHX-spontaneous
resistant mutant developed resistance to CIP, GEN and STR. At the same time,

exposure to TCS also promoted cross resistance to CHP, TET and TMP.

The presence of PABN enhanced the potency of multiple antimicrobial drugs. Its
ability to block TolC, an outer membrane protein for the AcrAB system, resulted in
increased susceptibility to multiple antibiotics. The results in this study showed that
PABN restored the susceptibility of CHP, SMZ, TMP and TCS in almost all
spontaneous resistant mutant derivatives. These results highlishted the important

role of multidrug efflux system as cross-resistance mediated mechanism.

This part was to describe the role of disinfectants and heavy metals as non-antibiotic
selective pressure for AMR development and spread. The findings unequivocally
show that AMR is a complex problem that calls for sophisticated-systematic strategic
approaches to be solved. It emphasizes the necessity of conducting systematic and
regular monitoring of resistance to biocides. Enforcing regulations for and encouraging

the prudent use of disinfectants and heavy metals is necessary.

6.2 CONCLUSIONS

The research was conducted as planned and the objectives of this study were

achieved. The summary could be described for each objective as follows:
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Objective 1: To characterize the profile of R plasmid in E. coli and Salmonella
isolated from food animals, meat and humans in Thailand.

Plasmid replicon was significantly correlated with resistance phenotype but
significantly different among sources of isolates and sample collecting periods. The
same plasmid was found among the strains from pigs, pork and humans from various
locations, indicating that the particular plasmids circulate in the food chain and

confirming that AMR is a One Health issue.

Objective 2: To investigate the genetic characteristics of plasmid carrying the dfrA12-
aadA2 cassette array in Salmonella isolated from food animals, meat and humans in
Thailand.

Class1 integrons with dfrA12-aadA2 cassette array are located on various transferable
R plasmids. Transposons and insertion sequences exist to facilitate the movement of
class 1 integrons. Transferable plasmids play an important role in the wide

distribution of class 1 integrons with dfrA12-aadA2 gene array.

Objective 3: To characterize plasmid carrying chloramphenicol-resistance genes in E.
coli and Salmonella from food animals, meat and humans in Thailand.
Cross-resistance via multidrug efflux pump and co-selection by other antimicrobial

agents mainly contribute to the persistence of CHP-resistance.

Objective 4: To determine the possible cross resistance between disinfectants/heavy
metals and antibiotics in £. coli from food animals in Thailand.

Exposure to disinfectants and heavy metals could promote cross resistance to
antimicrobial drugs. Disinfectants and heavy metals play an important role as non-

antibiotic selective pressure for emergence and spread of AMR.
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6.3 SUGGESTION AND FURTHER STUDIES

6.3.1 Applications of the research findings to address AMR:

A mix of short- and long-term measures must be taken into account in order to
successfully reduce AMR derived from livestock and support an ethical and
sustainable approach to animal husbandry while safeguarding public health. As
several measures have been implemented in Thailand, only additional activities are
recommended as follows:

1. The results may serve as evidence in favor of legislation or the development
of guidelines pertaining to the usage of antibiotics.

2. The findings of non-antibiotics selective pressure can be used for raising
awareness of antibiotic resistance that emerges and spreads due to using
disinfectants and heavy metals.

3. The findings of non-antibiotics selective pressure can be utilized to advocate
for the legislation limiting the use of heavy metals and disinfectants as well
as prudent use specific for the use of the substances.

4. Conduct seminars and training to educate veterinary students and other
relevant stakeholders about AMR spread associated with mobile genetic
elements and non-antibiotic selective pressure.

5. Increase communication to public, farmers and other stakeholder about AMR

risks.

6.3.2 Specific recommendations to address AMR associated with livestock in
Thailand.
Several measures have been implemented in Thailand to contain AMR associated
with livestock (e.g., farm biosecurity, good animal husbandry, improved nutrition,
vaccination, use of antibiotic alternatives and prudent use of antimicrobials).
Therefore, only additional activities, as derived from the findings in this study, are
recommended as follows.

1. Encourage strict hygiene, cleaning and appropriate disinfection protocols to

minimize the accumulation of AMR bacteria.
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Enforce the effective use of guidelines to reduce and regulate the
unnecessary use of antibiotics in animal husbandry.

As Thailand currently lacks specific guidelines for disinfectant use, manual or
guideline for effective and appropriate use of disinfectants and antimicrobial
drugs should be developed.

Initiate monitoring of resistance to disinfectants and heavy metals.

Promote the development and use of the harmonized and standardized
protocol for determination of disinfect efficacy.

Department of Livestock Development should consider include mobile
genetic elements to national AMR surveillance as well as Integrated One

Health AMR surveillance.

6.3.3 Recommendations for future studies

The fact is that a substantial quantity of AMR remains unclear and should be

addressed for a comprehensive understanding. Considering the findings of this study,

the following recommendations are given for more research:

1.

Expand the study of plasmids to cover other mobile genetic elements and
additional sectors e.g., humans, small animals, aquatic animals etc.

Expand the scope of non-antibiotic selective pressure research to include
other animal and agricultural sectors, such as aquaculture, slaughterhouses,
animal hospitals, and poultry.

Research compounds that can prevent or inhibit R plasmids from being
transferred.

Investigate for efflux pump inhibitors to be used in combination of antibiotics
that bacteria develop resistance to.

Explore the evidence and correlation between AMR/mobile genetic elements
and antimicrobial use.

Study the mobile genetic elements in the poultry or pig production chain or

from farm to fork perspective.
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7. Develop risk assessment models to predict the potential human and animal
health risks associated with AMR due to mobile genetic elements and the use

of disinfectants and heavy metals.
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