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Abstract

Class 1 integrons are genetic elements of bacteria that contribute to the
abundance of antibiotic resistance. Poultry products are thought to be one of the
most important reservoirs for transmission of antimicrobial resistance bacteria
(AMR) via foodborne zoonotic pathogens reducing the effectiveness of
antimicrobial treatments. Prebiotics have attracted attention as an aid to reduce
pathogen loads and support the intestinal health of poultry. However, whether
prebiotics directly reduce the expansion of bacterial populations carrying antibiotic
resistance genes (ARG) or reduce their transmission from livestock, is not known.
This thesis investigates the potential role of prebiotic galactooligosaccharides
(GOS) in the mitigation of ARG prevalence in the microbiomes of broiler chickens

reared under biosecure or commercial conditions.

This study identified and estimated the prevalence of three conserved genes
present in class 1 integrons (intlI1, sull and gacEAl) from broiler chicken caecal
contents reared in biosecure and commercial condition. The prevalence of gene
cassettes (GCs) featuring ARGs were examined from birds fed either standard
control or an isocaloric diet supplemented with GOS. Six GC types were identified
by sequencing long-range PCR products: GCs-A (aadA2, linF), GCs-B-1 (dfrAl,
ORF1, aadA24), GCs-B-2 (dfrA1, aadA1), GCs-C-1 (aadA1), GCs-C-2 (aadA1l), and
GCs-F (aadA9). The predominant GC in biosecure birds was GC-B2, whilst GC-A
was more prevalent in commercial birds. Phenotypic antimicrobial resistance of
the caecal microbiota was estimated by evaluation of trimethoprim coliform
resistant populations and parallel determination of integrase gene copy number
for birds fed either control or GOS diets. Alpha and beta diversities of the caecal
bacterial communities were also determined using a 16S rRNA sequencing

approach. Differences in the caecal communities were calculated using AMOVA and



differentially abundant Operational Taxonomic Units (OTUs) identified by LEfSe

(Linear discriminant analysis effect size).

Feeding prebiotic GOS to 22 days of age mitigated the expansion of
antibiotics resistance populations observed in the control microbiome composition
for broiler chickens reared in a biosecure environment. Colonization by zoonotic
Salmonella Enteritidis demonstrated that both Salmonella and GOS feed influence
the structure of the gut microbiome. GOS treatment altered the proportions of
specific OTUs in infected bird compared to non-infected. These important changes
resulted in a faster clearance of Salmonella infection in GOS-fed birds compared
to control fed birds, which was associated with a significant increase on
Negativicutes at the expense of Clostridiales. It is hypothesized that this change
restricts the abundance of Proteobacteria carrying antimicrobial resistance due to
the depletion of oxygen. Thus, GOS feed modulates the broiler microbiome, which
can have a positive impact on the safety of poultry products by reducing the
incidence of foodborne pathogens, mitigating the antibiotic resistance load, and

improving overall public and animal health.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW



1.1 Introduction

The high plasticity of bacterial genomes that enables bacteria to adapt to
most ecosystems, has meant that bacterial evolution has been widely investigated.
This feature that allows bacteria to re-arrange and exchange genomic sequences
to acquire new characteristics, has been widely demonstrated with antibiotic
resistant bacteria (Stalder et al., 2012). Human impact extends to the change of
microbial distribution and abundance of species and dynamics of microbial genome
evolution. One of the most important groups that have flourished in the modern
world, are antimicrobial resistant bacteria. Thus, to control this process,
understanding the dissemination and evolutionary selection is important in order
to identify the reasons for the success this phenomenon. Currently, the growing
rate of antibiotic resistant bacteria is a major public health issue (Davies and
Davies, 2010). In addition, many studies have highlighted the source of resistance
genes of clinical interest, as an environmental resistome (D'Costa et al,,
2006;Aminov and Mackie, 2007;Martinez, 2008;Wright, 2010). While the
occurrence of mutations involved in bacterial adaptation is partially responsible,
horizontal gene transfer seems to be the more frequent cause of the rapid
dissemination of antibiotic resistance genes (ARGs) across a wide range of
bacteria. Horizontal gene transfer is prevalent in natural ecosystems (Aminov,
2011). One mechanism of horizontal gene transfer is through mobile genetic
elements (MGEs) which are diverse and prevalent in bacteria (Wozniak and
Waldor, 2010;Bertels and Rainey, 2011). During horizontal gene transfer, they act
as functional platforms which can be acquired or lost, contributing a significant
part to the processes of rapid bacterial adaptation and resistance development

(Stalder et al., 2012).



There are various genetic elements that are involved in the adaptation of
bacteria. The most significant contributor in dissemination of antibiotic resistance
is the class 1 integron. The way in which they have spread shows similarities to
the way in which virulent species invade new environments. Many have been
isolated from clinically important human pathogens. More than 70 clinically
relevant bacterial species have been invaded by class 1 integrons including
common human gut resident bacteria and those from domesticated animals. They
possess an invasive nature that have facilitated their dispersal to every continent
of the world and every environment. Therefore, they are considered now as
significant environmental pollutants (Gillings, 2017).

Poultry production for both meat and eggs has been increasing speedily
worldwide (Scanes, 2007). It is thought to be one of the most important reservoirs
for transmission of antimicrobial resistance bacteria (AMR) via foodborne zoonotic
pathogens reducing effectiveness of antimicrobial treatments (Kaakoush et al.,
2014;Card et al., 2017). Dietary interventions have been described as promising
approach for modulating chicken microbiome (Ranjitkar et al., 2016).
Galactooligosaccharide (GOS) prebiotic has attracted attention in poultry
production for its role in reducing pathogen loads and supporting body health
(Pourabedin and Zhao, 2015). However, whether they directly reduce expansion
of bacterial population carried antibiotic resistance genes (ARGs) or reduce their
transmission from livestock foodborne pathogens into the food supply is not
known. This thesis describes the investigation of the potential role of GOS in the
mitigation of the prevalence of ARGs in the broiler chicken microbiome, via a 16S
rRNA sequencing approach in order to track changes in abundance of
Enterobacteriaceae. In addition to reducing AMR, understanding the role of GOS
on the microbiome may have a positive impact on the safety of poultry products
by reducing the incidence of foodborne pathogens thus improving overall public

and animal health.



1.2 literature review

1.2.1 Antibiotics

Antibiotics remain the most effective treatment to deal with infectious
diseases caused by bacteria and are considered the cornerstones of modern
medicine (Surette and Wright, 2017). They are biologically active molecules with
diversife structures and different origins. Antibiotics are natural products, semi-
synthetic derivatives, or chemically synthetic compounds possessing different
modes of action (Molinari, 2014). They are used to treat both humans and animals
for several purposes such as disease treatment, disease prevention, and (animals)
as growth promotion in livestock animals (Rolain, 2013). Today, most of the
antibiotics used are generated from the phylum Actinobacteria with nearly 80% of
actinobacterial antibiotics derivates produced by soil resident bacteria of the genus

Streptomyces (Barka et al., 2016).

Antibiotics are classified, based on their structure and degree of affinity to
target sites, into Penicillin’s, Cephalosporins, Tetracyclines, Aminoglycosides,
Macrolides, Sulfonamides, Quinolones, Diaminopyrimidines, Polymyxin and
Carbapenems (Senguptaetal., 2013;Bi et al., 2015;Liu et al., 2016). The majority
of antibiotics have a specific effect toward different bacterial species that impact
essential microbial functions either by: (i) inhibiting cell wall synthesis (B-lactams),
(ii) by affecting protein synthesis machinery by interacting with ribosomal subunits
(Tetracycline, Chloromphenicol, Aminoglycosides), (iii) targeting nucleic acid
machinery (Rifampcin, Fluoroquinolones), (iv) interfering with metabolic pathways
(Folic acid analogues, sulfonamides), and (v) by damaging bacterial membrane

structure such as Polymyxins (Sultan et al., 2018).

The widespread distribution of multi-drug resistant pathogens to the major
classes of antibiotics have become increasingly prevalent worldwide (Stalder et

al., 2019). Drug resistance flourishes because of the injudicious use of



antibacterials in human medicine, extensive veterinary usage of antibacterials in
the livestock food industry as growth promoters, and the presence of resistant
microbes in the environment and food (Molinari, 2014). Selection pressure due to
the overuse of antibiotics in clinical and agricultural settings is thought to have
promoted the evolution and prevalence of antibiotics resistance genes (ARGs) that
confer resistance, regardless of their origins (Allen et al., 2010).

The emergence of bacterial resistance mechanisms such as; mutations in
topoisomerase including all fluoroquinolones (Jacoby, 2005), metallo- and beta-
lactamases (comprising all B-lactams) (Bush, 2010), 16S rRNA methylases
(including nearly all aminoglycosides) (Zhou et al., 2010) and up-regulation of
resistance nodulation and division (RND) efflux pumps compromising multiple drug
classes (Nikaido and Takatsuka, 2009), has left few to no antibiotics active against
multi-resistant bacteria. A serious concern is the recent worldwide rise of
resistant bacterial pathogens like Klebsiella pneumoniae expressing
carbapenemase-2(KPC-2), New Delhi metallo-p-lactamase-1 (NDM-1), and
plasmid-mediated colistin resistance MCR-1 (Xiong et al., 2018b). This rise in
antimicrobial resistance is much faster than the development of and approval of

new antibiotics, creating an urgent need for new antibiotics (Molinari, 2014).

1.2.2 Antibiotic resistance

The increasing levels of AMR is threatening the health progress achieved by
antibiotics and is recognized as a global crisis (Ventola, 2015). During the period
of 2011-2014 in Europe, a significant increase has been observed in the
percentage of both Klebsiella pneumoniae and Escherichia coli infections that were
found to be resistant to fluoroquinolones, third-generation cephalosporins or
aminoglycosides, as well as multiple resistance to all three antibiotic groups
(ECDC, 2015). Currently, AMR is estimated to be responsible for 50 000 deaths

annually across the US and Europe (O'Neill, 2014), and by 2050, the estimated



annual deaths number of AMR bacteria could reach 10 million, surpassing the
deaths associated with cancer (Tagliabue and Rappuoli, 2018).

Antibiotic resistance (AR) is a natural phenomenon developed by bacteria that are
protecting themselves from antibiotic-producing bacteria in order to increase their
survival chances in highly competitive environments (D’Costa et al., 2011). The
organisms that produce antibiotics have self-resistance mechanisms against their
own antibiotics. Additionally, co-existence of antibiotic producing and non-
producing bacteria is also thought to have led to co-evolution of resistance
mechanisms in non-producer environmental bacteria (Kaur and Peterson, 2018)
and both groups are thought to have led to the emergence of resistance in
pathogenic clinical isolates (Surette and Wright, 2017;Kaur and Peterson, 2018).
An enormous diversity of resistance mechanisms have been identified in both
antibiotic-and non-antibiotic producing bacteria to practically all antibiotic families
(D'Costa et al., 2006;Bhullar et al., 2012).

Bacteria that have encoded antibiotic resistance determinants obviously
have a selective advantage over those antibiotic-sensitive bacteria in presence of
antibiotics (Sengupta et al., 2013). However, some of the multidrug resistance
genes confer resistance to a number of structurally unrelated compounds such as,
quaternary ammonium compounds, ethidium bromide, the DNA-intercalating
mutagen acridine, the anionic detergent sodium dodecyl sulfate and uncouplers
such as carbonyl cyanide m-chlorophenyl hydrazone. Hence, it seems that ARGs
have a greater role in bacterial physiology than just antibiotic resistance.
Furthermore, they may also confer resistance to some chemical substances
generated by the host, like bile acids or may being a part of some unknown
physiological roles (Martinez and Rojo, 2011;Sengupta et al., 2013).

Resistance to antibiotics can be categorised into three main groups: intrinsic,
adaptive, and acquired resistance (Fernandez et al., 2011;Blair et al., 2015). The
intrinsic resistance is ancient in origin and has complex mechanisms that are have

been adapted through evolution (Rolain, 2013). Additionally, these antibiotics



naturally produced by organisms can act as signalling molecules in nature and
homeostasis of bacterial communities (Martinez and Rojo, 2011;Baquero et al.,
2013). Thereby, production of antibiotics by naturally resistant organisms
maintains an ecological balance in the environment (Cordero et al., 2012). For
instance, the natural low permeability of the bacterial cell wall of Gram-negative
bacteria is an example of the intrinsic antibiotic resistance, which limits the uptake
of many antimicrobials including aminoglycosides (Garneau-Tsodikova and Labby,
2016).

Adaptive antibiotic resistance takes place due to an environmental trigger
(for example, changes in nutrient concentration or sub-inhibitory levels of
antibiotics) that leads to temporary genetic changes and/or changes in protein
expression levels involving in the antibiotic tolerance (Garneau-Tsodikova and
Labby, 2016). Bacterial growth on surfaces as biofilms creates an adaptive
resistance (often referred to as tolerance) to antibiotics (de la Fuente-Nufez and
Hancock, 2015). Finally, acquired antibiotic resistance may occur by the
integration of exogenous genetic element such as a plasmid, conferring multiple
resistance genes, or by mutation of existing genes. Both intrinsic and acquired
resistances are carried by genetic elements that are passed vertically during
bacterial reproduction, while adaptive resistance is transient, which typically
means reverting upon when the environmental trigger has been removed.
Additionally, resistance genes carried on plasmids may be transmitted horizontally
from one bacterium to another which is the main mechanism of the dissemination
of antibiotic resistance genes among various bacterial species (Garneau-Tsodikova
and Labby, 2016).

Recently, genomic and metagenomic researche in humans, animals, food
and in the environment have revealed that there is a huge reservoir of ARGs
named the “intrinsic resistome” which represents a large subset of non-acquired
ARGs that have multiple and complex functions in nature (Rolain et al.,

2012;Baquero et al., 2013).



1.2.3 The mobile resistome

The continuous appearance of resistance genes present in the
environmental, antibiotic producing, and pathogenic bacteria, led to the concept
of the ‘resistome’ which is defined by Wright (2007) as “the collection of all the
antibiotic resistance genes, including those usually associated with pathogenic
bacteria isolated in the clinics, non-pathogenic antibiotic producing bacteria and
all other resistance genes”. Mobilisation of resistance genes can be driven between
distantly related bacteria by their association with mobile genetic elements
(MGEs). These MGEs that seem vary in their appearance or absence within a
bacterial population, hence they are not encoding essential genes for cell function.
Figure 1.1 shows how resistance genes can be acquired from any source
(Wellington et al., 2013).

Mobilisation of MGEs are associating with the stress response, which means
their mobility can be activated by exposure to antibiotics and environmental
pollutants (Wellington et al., 2013). When bacteria are exposed to sublethal doses
of antibiotics, whether in a clinical setting due to treatment of an infection being
not completed (patient non-compliance), or when there is limitation in the drug’s
accessibility to certain tissues such as bone or cerebrospinal fluid (Bryskier,
2005a). Outside the clinical setting, bacteria may be exposed to sublethal doses
of antibiotics when manure of livestock fed diet supplemented with antibiotics are
then released into soil and aqueous environment. All these mechanisms of
exposure, have highly influenced the dissemination of multidrug resistance
(Sengupta et al., 2013). Additionally, low antibiotic doses are likely to be
associated with enhancing horizontal gene transfer (HGT) by MGEs that mediate
the dissemination of antibiotic resistance genes such as sub-minimum inhibitory

concentrations of tetracycline (Celli and Trieu-Cuot, 1998;Sengupta et al., 2013).



Finally, transmission of genetic material between bacterial populations is also
potentially triggered by stressors like metals and biocides (Seier-Petersen et al.,

2014;Zhang et al., 2017;Bengtsson-Palme et al., 2018).

w \
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Figure 1.1 The mobilome of ARGs between closely and distantly related bacteria
of mobile genetic elements shared resistance gene pool. The ARGs (red) evolving on
the chromosome and moving by transposition to the plasmid. Narrow host range plasmids
(a) permitting spread between strains whereas broad host range plasmids (B) allowing
transfer to distantly related bacteria. R-=sensitive phenotype. R+=resistant phenotype

(Wellington et al., 2013).

Many antibiotic resistance genes have been shown, by having a perfect
nucleotide sequence homology, to have been transferred between environmental
bacteria and clinical pathogens including those that confer resistance to B-lactams,
aminoglycosides, tetracyclines, sulfonamides, and phenicoles (Forsberg et al.,
2012). These genes orthologous to ARGs have been recognised on MGEs in
resistant pathogenic bacteria which make up the environmental resistome; a
potential reservoir for transferring ARGs to pathogens (Wright, 2010;Sengupta et

al., 2013).



However, some phylogenetic studies have suggested that current clinical
resistance genes cannot be determined in antibiotic producers, and their
emergence in clinical pathogens are not explained by recent horizontal gene
transfer from these organisms (Baquero et al., 2013). It is suggested that they
may have undergone gene duplications and frequent horizontal gene transfer that
predate the industrial release of antibiotics (Baquero et al., 2013). Anthropogenic
action (the amount of released antibiotics into microbial environments by human
action), has certainly increased the amount of antimicrobials that enter the
environment and interact with bacteria (Baquero et al., 2013), but its involvement
in the dissemination of antibiotic resistance remains controversial (Bhullar et al.,
2012). Evidence of the occurrence of antibiotic resistance in environments that
are apparently antibiotic-free suggests the situation is more complex (Sengupta
et al., 2013). For example, bacteria from a region of the Lechuguilla Cave, New
Mexico, that has been isolated for over 4 million years, were resistant to 14
different commercially available antibiotics (Bhullar et al., 2012).

Phylogenetically related gut microbiota are known to frequently transfer
resistance genes between commensals and pathogens. Surprisingly, some studies
indicated that fairly large numbers of resistance genes harboured in human
microbiome have not (yet) been transmitted to human pathogens (Sommer et al.,
2009;Sommer et al., 2010;Bengtsson-Palme et al., 2018). The main causes for
this are unknown, however, it seems there are strong barriers preventing
transmission. One of these barriers could be the oxygen requirements. For
instance, many uncultured, anaerobic microorganisms in the human gut
microbiota have a higher proportion of undiscovered genes that give resistance to
aminoglycosides, amphenicols, beta-lactams and tetracyclines, that have not been
transmitted to human pathogen due to difference in oxygen needs (Sommer et
al., 2009). Resistance genes found in the cultivable human gut bacteria, have
homologues to resistance genes in aerobic bacterial human pathogens

(Bengtsson-Palme et al., 2018).
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1.2.4 The use of antibiotics in poultry

Poultry production is one of the most important worldwide food industries,
with over 90 million tons of chicken meat produced per year (FAO, 2017;Nhung et
al., 2017). Several different antimicrobials are still used to raise poultry in most
countries (Agunos et al., 2012;Landoni and Albarellos, 2015), generally by the
oral administration, to prevent and treat disease, as well as to enhance growth
and productivity (Page and Gautier, 2012;Nhung et al., 2017). The use of
antibiotics in growth promotion (GP) has been banned by the European Union (EU)
in 1999 (Casewell et al., 2003). Numerous studies have linked the ban of antibiotic
usage in food animal production with a decrease of AR prevalence (Marshall and
Levy, 2011). However, the use of antibiotics as growth promoters and therapeutics
in animals is not monitored in some countries in the world such as China and
United States, despite a high occurrence of AR bacteria (Zhu et al., 2013). The
large number of antibiotics used in food animal production have been used also in
the treating of human bacterial infections. Thereby, the usage of one specific
antibiotic in animal farms can accelerate the development of AMR in both
pathogens and commensal organisms (Nhung et al., 2017). Furthermore, it also
causes cross-resistance with antibiotics used in medicine and possibly that could
select for multiple ARs to functionally unrelated antibiotics because ARGs could be
associated with transferable plasmids and transposons (Marshall and Levy, 2011).
Additionally, residues of antibiotics used in poultry production are also of concern

to human health (Nhung et al., 2017).

1.2.5 Food animals as source of antibiotic resistance in human
pathogen

The interplay between food animals, the environment, pathogenic bacteria
and humans have been involved in shaping the evolution of infectious diseases.
Livestock play a crucial role in the dissemination and development of antibiotic

11



resistance in pathogenic bacteria (Surette and Wright, 2017). The relationships
between antibiotic usage in animals and the emerging of AR bacteria in animal
and human infections was studied during the previous decades (Marshall and Levy,
2011). Administration of antimicrobial agents in food-animals as prophylaxis
(growth promoters) or as treatment has been recognised to act as selector for AR
bacteria that might be transmitted to clinical human pathogens since the 1970s.
Utilisation of oxytetracyclines as growth promoters in chickens showed an
increased selection of tetracycline-resistant Escherichia coli colonisation in the
poultry and in the gut of the farm family (Levy et al., 1976a;Levy et al., 1976b).
Another example of bacterial cross-resistance through antibiotic usage in animal
feed production and those used in humans is vancomycin-resistant enterococci
(VRE) which has emerged as a result of using avoparcin with dramatic increases
in this resistance amongst human pathogens (Hammerum et al., 2010). The use
of avoparcin as a growth promoter has been banned in the EU since 1997, which
subsequently caused a decrease in the carriage of glycopeptide-resistance in
Enterococcus faecium (Kazimierczak and Scott, 2007). However, although
resistance has generally decreased, persistence was observed in some cases: for
example, in Denmark in pigs administered tylosin (a macrolide antibiotic). As a
consequence, the ermB and vanA genes were found to be encoded on the same
mobile genetic elements (Aarestrup, 2000). Thus AR bacteria are selected in
chickens, pigs, and cattle or food animals and are likely to be transmitted to the
human intestinal microbiota via the food chain (Salyers et al., 2004). Moreover,
along with the detection of numerous AR genes, Aziz et al. (2010) found most of
these genes were carried on transposons with some of them acquiring by mobility
of ARGs, posing an increased risk of LGT of ARGs from livestock animals to human
pathogens (Zhu et al., 2013).

Recently, foodborne urinary tract infections (FUTIs) has been considered as
a new source for antimicrobial-resistant foodborne illness (Nordstrom et al.,

2013). For instance, the multidrug resistant extra-intestinal pathogenic E. coli
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(EXPEC) causes community-acquired urinary tract infections (Vincent et al., 2010).
These include a trimethoprim-sulfamethoxazole-resistant E. coli UTI outbreak in
women from the United States (Manges et al., 2001), as well as the community-
outbreak of clonally related extended-spectrum beta-lactamases (ESBLs) type
CTX-M infections worldwide (Pitout et al., 2005;Pitout and Laupland, 2008). These
outbreaks have been linked to contaminated meat and other foods as a reservoir
of the strains causing UTI; suggesting that the use of antimicrobials in food animal
production can select for AR strains of EXPEC. Furthermore, a widespread
contamination by AMR ExPEC in retail foods has been detected, specifically in
turkey products obtained from grocery stores in retail markets from the United
States (Johnson et al., 2005a).

There are several examples of foods that act as source of AR bacteria and
could be transfered to humans via the food chain. Johnson et al. (2005b) have
reported that retail foods may be a proxy for community transmission of AR EXPEC,
which are recently considered as clinically significant foodborne pathogens. This
has also been found in Canada in retail chicken, meat, and pork (Manges et al.,
2007;Vincent et al., 2010). Antibiotic resistance in E. coli isolated from chicken
have also been founded in Spain, Barcelona, Minnesota, Wisconsin and the United
States, suggesting that foodborne AR EXPEC transmission is a very predominant
phenomenon acting as a reservoir of ARGs transmissible to the human microbiome

via the food chain (Johnson et al., 2006;Johnson et al., 2007).

1.2.6 Resistance mechanisms
The mechanisms of action and resistance of the major antimicrobial agents’

categories are described below.

1.2.6.1 Aminoglycosides (AGs)
Since streptomycin was first isolated from Streptomyces griseus and
introduced for clinical use in 1944, this class of antibiotics has become a
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cornerstone of antibacterial chemotherapy. Aminoglycosides are broad-spectrum
agents targeting protein synthesis. They exhibit activity against various Gram-
positive and Gram-negative organisms (Krause et al., 2016). They are particularly
potent against members of the Enterobacteriaceae family which include E. coli, K.
pneumoniae and K. oxytoca, Enterobacter cloacae and E. aerogenes, Providencia
spp., Proteus spp., Morganella spp., and Serratia spp. (Ristuccia and Cunha,
1985;Aggen et al., 2010;Landman et al., 2010).

The mechanism of action of AGs involves inhibition of protein synthesis by
high affinity binding to the A-site on the 16S ribosomal RNA of the 30s ribosome
(Kotra et al., 2000). Different classes of AGs have different specificities for
different regions on the A-site, most of them altering its conformation. As a
consequence of this interaction, the antibiotic induces mistranslation by promoting
codon misreading on delivery of the aminoacyl transfer RNA. As a result of this
error prone protein synthesis allowing the wrong amino acids to assemble into a
polypeptide, the cell membrane becomes damaged (Davis et al., 1986;Mingeot-
Leclercq et al., 1999;Ramirez and Tolmasky, 2010;Wilson, 2014). Some AGs can
also disrupt protein synthesis by blocking elongation or by direct inhibition of

initiation (Davis, 1987;Kotra et al., 2000;Wilson, 2014).

Mechanisms of aminoglycoside resistance include enzymatic modification,
target site modification via an enzyme or chromosomal mutation, and efflux
pumps. Each mechanism has different effects on the various AG classes and often
several mechanisms are involved in the resistant phenotype (Krause et al., 2016).
The most common mechanism of AG resistance is inactivation by a family of
enzymes named aminoglycoside modifying enzymes (AMEs). These enzymes are
classified into three types according to the kind of modification involved. They are
the acetyltransferases (AAC), adenyl transferases or the nucleotidyl transferases
(ANT), and the phosphotransferases (APH;(Kotra et al., 2000;Ramirez and

Tolmasky, 2010)). The ANT group of enzymes, products of the aadA gene,
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encoded by integrons and are commonly found in streptomycin resistant Gram-
negative bacteria (Sultan et al., 2018). Resistance to AGs may also occur by
decreasing antibiotic uptake through outer membrane proteins (intrinsic barrier).
This is achieved by a decrease in membrane permeability by acquiring lipid
modifications which causes repulsion of AGs. Furthermore, even if some AG
molecules enter the bacterial cell, their intercellular concentrations may still be
low because of the active ejection of AGs out of the cell by efflux pumps
(Fernandez and Hancock, 2012;Garneau-Tsodikova and Labby, 2016).
Resistance to AGs can be gained by mutations of the ribosomal target of
aminoglycoside antibiotics. This may occur by modification of the ribosome by a
family of ribosomal methyltransferase enzymes (Wilson, 2014). Most pathogenic
bacteria develop resistance to AMEs via horizontal gene transfer (HGT). This is due
to the high mobility of AMEs because their genes are transferred on mobile genetic
elements like plasmids, integrons, transposons, and other integrative genetic
elements. Genes involved in resistance to AGs are often associated with other
resistance genes such as B-lactamases, “bl/a” genes (Garneau-Tsodikova and

Labby, 2016).

1.2.6.2 Lincosamides

Lincomycin was the first lincosamide isolated from soil in 1962 in Lincoln,
Nebraska. It was produced by Streptomyces lincolnensis ssp. Lincolnensis
(MacLeod et al., 1964;Bryskier, 2005b;Schwarz et al., 2016). Lincosamides have
a wide antimicrobial spectrum, against Gram-positive bacteria, most anaerobes,
but not Gram-negative aerobes, and some mycoplasmas and protozoa
(Greenwood, 2010). Lincosamides may act as bacteriostatic agents, which slow or
inhibit the growth of bacteria but do not kill them, or as bactericidal antibiotics,
which actively kill bacteria, based on drug concentration, bacterial species, and
pathogen concentration (Das and Patra, 2017). The mechanism of lincosamides

action is by protein synthesis inhibition in sensitive bacteria. This is achieved by
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blocking the activation of amino acid monomers by aminoacyl-tRNA synthesis,
elongation, and chain termination of the grown polypeptides on the ribosome.
Therefore, this class of antibiotics cause interruption to the timing and specificity
of these steps, leading to either deceleration of growth or death of the
microorganism (Spizek and Rezanka, 2017). Clindamycin is the main prescribed

lincosamide antibiotic in clinical practice (Spizek and Rezanka, 2017).

The main route of resistance to lincosamides is achieved by modifying the
23S rRNA in the 50S ribosomal subunit, which is the same resistance mechanism
to macrolides and streptogramin B. Resistance to lincosamides can occur through
three different mechansims: (1) mutation in the antibiotic ribosomal target that
prevents its binding or by modification of the target-site by methylation, (2) efflux
of the antibiotic, and (3) by inactivation of the drug. These mechanisms have been
observed in lincosamide producer microorganism to protect themselves against
the antimicrobial products that they produce. However, in pathogenic
microorganisms, the effectiveness of these three mechanisms is not equal in terms
of incidence and clinical implications. The broad-spectrum of lincosamides
resistance is caused by modification of the ribosomal target whereas efflux and
inactivation affect only some of the molecules in this class (Leclercq, 2002).
Bacterial outer membrane permeability is an important factor for the intrinsic
resistance of Enterobacteriaceae, Pseudomonas spp. and Acinetobacter spp.
(Kwon, 2017). Hence, Gram-negative microorganisms are generally resistant to
lincomycin and clindamycin (Spizek and Rezanka, 2017) so the use in human
medicine is limited. In veterinary use, lincomycin is approved for therapeutic use
of various infections in dogs, cats, and swine, in combination with spectinomycin,

but it is not approved for poultry, ruminants, and pigs (Schwarz et al., 2016).
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1.2.6.3 Quinolones

Resistance to quinolones has emerged since nalidixic acid was used in clinical
medicine (Jacoby, 2005). The mode of quinolone action is by targeting two
essential bacterial enzymes. These are DNA gyrase and DNA topoisomerase 1V,
inhibition of which lead to impairment of DNA synthesis (Jacoby, 2005).
Mechanisms of resistance occurred by mutation and acquisition of resistance-
conferring genes. Resistance through mutations in one or both enzymes commonly
taken place in a specific domain of the GyrA and ParE subunits leading to reduced
drug binding to the enzyme-DNA complex (Hooper and Jacoby, 2015). The other
mechanism of resistance is mediated by mutations in proteins that encode the
regulatory genes controlling the transcription or expression of native efflux pumps
or porin genes located in the bacterial membrane (Hooper and Jacoby, 2015).
These efflux pumps have a broad substrate range including quinolones, other
antimicrobials, disinfectants, and dyes. Mutations of both types can increase with
the presence of selection pressure and produce highly resistant strains. Resistance
genes that are acquired on plasmids are likely to confer low-level resistance that
induces the selection of mutational high-level resistance (Hooper and Jacoby,
2015). The chromosome-encoded resistance causes a decline in outer-membrane
permeability which is linked with loss of porins. While over expression of the
naturally present efflux pumps causes antimicrobials to be pumped out of cells.
Additionally, mutations in the molecular targets of quinolones: DNA gyrase and
topoisomerase IV confer resistance to them (Hooper, 2000;Jacoby, 2005;Sultan

et al., 2018).

1.2.6.4 Sulfonamides and Trimethoprim

Sulfonamides were first effectively used as antibacterial agents, in the United
States, during the 1930s, whereas trimethoprim was introduced to clinical
medicine at the end of the 1960s (Skoéld, 2010). The spectrum of activity of each

agent is bacteriostatic alone however the combination (synergistic effect) between
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both of them (sulfamethoxazole) is bactericidal (Sykes and Papich, 2013). Both
antibiotics affect bacterial folic acid synthesis. Sulfonamides target the inhibition
of dihydropteroate synthetase (DHPS), which act as a catalyst for forming of
dihydrofolate from para-aminobenzoic acid in metabolic pathway of folic acid
biosynthesis. In the next step of this pathway, trimethoprim acts as an inhibitor
for dihydrofolate reductase (DHFR), which catalyses the formation of
tetrahydrofolate from dihydrofolate. These steps follow each other and result in a
sequential blockade. Resistance to both these drugs can be transferable, thus,
they are often linked to each other, an example of which are the transposons of
the Tn21 family (Eliopoulos and Huovinen, 2001).

Several mechanisms mediate resistance to sulfonamides and trimethoprim
as follows: (1) efflux pumps and or their impermeability to the drugs, (2) intrinsic
lack of the enzymes target, (3) spontaneous chromosomal mutations leading to
overproduction of the host DHFR caused by promoter mutation, a consequence of
this is that a greater concentration of trimethoprim is required for the inhibition
(found in Enterobacteriaceae), (4) mutations in structural gene of the DHFR
(streptococci, staphylococci). The last two mechanisms often occur in
Enterobacteriaceae and Haemophilus influenzae causing high-level resistance. The
acquisition of exogenous dfr genes horizontally, that encode resistant DHFRs, are
also involved in resistance (Eliopoulos and Huovinen, 2001;Bergmann et al.,
2014;Rossolini et al., 2017).

Enterobacteria that possess a high-level of resistance to trimethoprim is
often due to acquisition of a genetic element encoding trimethoprim resistant
DHFR with an alteration of the active site. To date, many different trimethoprim
resistant DHFRs have been described in Gram-negative organisms that belong to
at least two groups encoding the dfrA and dfrB genes. These genes are commonly
carried on mobile gene cassettes embedded in integrons described in

Enterobacteriaceae (Brolund et al., 2010;Rossolini et al., 2017).
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Campylobacter jejuni and Helicobacter pylori are naturally resistant to
trimethoprim because they lack the chromosomal gene for dihydrofolate reductase
and therefore, the target for trimethoprim is absent (Myllykallio et al., 2003). Many
pathogenic bacteria such as Escherichia coli have been detected that carry
chromosomal resistance to trimethoprim that is due to 100-fold overproduction of
chromosomal dihydrofolate reductase. This overproduction is caused by several
types of mutations, which contribute to an increase in the expression of the
enzyme gene via increased promoter efficiency, optimization of ribosome binding

and more efficient codon usage (Skéld, 2010).

Resistance to sulfonamides is acquired by a single amino acid chromosomal
mutation in the dhps gene. This mutation is naturally prevalent among many
clinical pathogens (Eliopoulos and Huovinen, 2001). Resistance may lead to an
increase of para-aminobenzoic acid production as well as to alteration of DHPS
which reduces the enzyme affinity for sulphonamides (Rossolini et al., 2017).
Resistance is also commonly associated with harbouring plasmids that encode a
drug-resistant DHPS (Chen, 2004). There are three types of DHPS resistance,
encoded by the sull, sulll and sullll genes. These genes have been identified in
Gram-negative enteric bacteria (Rossolini et al., 2017). The sull gene is frequently
associated with other resistance genes and is locating in conserved segments of
integrons in Tn21-like elements carried by large conjugative plasmids (Eliopoulos
and Huovinen, 2001). The sulll gene is genetically linked to a streptomycin
resistance gene that moves around on broad host-range plasmids and on small
non-conjugative plasmids (Chen, 2004). These genes encoding DHPS confer high-

levels of resistance (Rossolini et al., 2017).

1.2.7 Resistance mediated by mobile genetic elements (MGEs)
The acquisition of antibiotic resistance in bacteria occurs through two

principal routes: chromosomal mutation and the acquisition of MGEs by horizontal
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gene transfer (Alekshun and Levy, 2007;San Millan, 2018). However, the
acquisition of ARGs frequently takes place via mobility of DNA which can be loosely
defined as any segment of DNA that is able to translocate from one part of a
genome to another or between genomes (Van Hoek et al., 2011). This includes a

wide range of mobile genetic elements that are described below.

1.2.7.1 Resistance mediated by plasmids

A plasmid is a circular DNA molecule replicating independently of the
chromosome and can be transmited horizontally between bacteria via conjugation.
This DNA segment (plasmid) plays a vital role in both bacterial evolution and
distribution of antibiotic resistance genes among the most serious clinical
pathogens (Alekshun and Levy, 2007;Carattoli, 2013). Conjugative plasmids are
the most important drivers of ARGs dissemination among bacterial population such
as Enterobacteriaceae and Enterococcaceae including some of the most significant
nosocomial pathogens (Vincent, 2003;Boucher et al., 2009;Rozwandowicz et al.,
2018).

Plasmids which have been detected in almost all bacteria, include an origin
of replication as well as genes that encode replication functions as their simplest
elements (Chambers et al., 1988). Some other plasmids commonly harbour an
origin of transfer and genes encoding functions that allow them to transmit to new
hosts via conjugation (Smillie et al., 2010). Thus, plasmids that contain
conjugation genes are called conjugative while plasmids that are only composed
of an origin of transfer (oriT) without conjugation genes are called mobilizable
plasmids (Van Hoek et al., 2011). Conjugative plasmids are either broad host
range, being not restricted to host within their division, or narrow host range being
limited to a small number of related bacterial groups (Sultan et al., 2018).
Moreover, some plasmids have the ability to transfer to a specific host, but they
are unable to replicate in the new host or cannot replicate well. Consequently, this
type of plasmid is likely to be lost, but if this plasmid contains resistance genes on
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a transposon, this genetic element can contribute to translocation of this
resistance to the bacterial chromosome and be preserved in the absence of the
plasmid. Consequently, plasmids do not necessarily need to be maintained in a
specific host to be involved in the spread of resistance (Van Hoek et al., 2011).
Additionally, functions in replication and transfer plasmids commonly encode
antibiotic resistance. Therefore, resistance genes carried by a conjugative or
mobilizable plasmid have the potential to transfer to new hosts (Van Hoek et al.,
2011). The association between plasmids and bacterial clones is ubiquitous, with
certain AR plasmids that strongly linked to specific bacterial lineages (San Millan,

2018).

1.2.7.2 Resistance mediated by transposons

Transposable elements (TEs) or conjugative transposons, are also called
integrative conjugative elements (Roberts et al., 2008). They are similar to
conjugative plasmids, in that transposons have an origin of transfer and the
required genes for the conjugation apparatus but they do not carry an origin of
replication. They need to be incorporated into a replicon that can be either a
plasmid or chromosome, in order to be maintained. This gives transposons an
advantage over plasmids because they do not need to have replication machinery,
therefore, they tend to have a larger host range than plasmids (Van Hoek et al.,
2011).

TEs are divided into two classes: composite transposons and complex
transposons. Composite transposons have a range of resistance genes possessing
identical structural and functional characteristics, but little DNA homology to each
other. Complex transposons comprise three dissimilar but interrelated families;
Tn3, Tn21 and Tn2501 (Schmitt, 1986;Wiedemann et al., 1986;Lafond et al.,
1989;Sultan et al., 2018). Composite transposons, Tn5, Tn9, Tni0, Tn903,
Tn1525, and Tn2350 are found in Gram-negative bacteria while Tn1, Tn3, Tn21,

Tn501, Tn1721, and Tn3926, found among both Gram-negative and Gram-
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positive bacteria, are classed as complex resistance transposons. These
components are capable of “jumping” within a DNA molecule or from one DNA
molecule to another (Bennett, 2008). The most studied example is Tn21 which
carries OXA (a carbapenems, possessing oxacillinase activity) and PSE (B-lactam
gene with Pseudomonas specific enzyme) determinants that confer resistant to
aminoglycoside antibiotics (Sultan et al., 2018). Tn21 also encodes resistance to
mercury compounds (Brown et al., 1986) and trimethoprim, imparted by dhfr 11

and V (Sundstréom et al., 1988).

1.2.7.3 Resistance mediated by integrons
1.2.7.3.1 Properties of integrons

Integrons are genetic elements that in conjunction with transmissible
plasmids and transposons, can integrate and express various genes including
resistance genes increasing antibiotic resistance in bacteria. Screening for their
presence may therefore be used as an indicator for the presence of antibiotic
resistance genes. They are non-mobile themselves, but they can be carried within
mobile genetic elements like transposons and plasmids, facilitating their horizontal
transfer into a broad range of pathogens. They are ancient elements that can be
recovered from all parts of the environment. More than 15% of bacteria that have
been sequenced have integrons in their genomes (Gillings, 2017). They are
classified to five different types based on the integrase gene sequence (class I-V).
The most studied and prevalent integrons among commensal and pathogenic
bacteria are the class I integrons. They possess a high conserved sequence of the
intlI1 gene which is classed among mobile integrons in clinical isolates however; it
has variability in environmental mobile integrons (Gillings et al., 2008b). They are
found widely in clinical isolates that are resistant to commonly used antibiotics
(Gillings et al., 2008b;Gillings, 2017). Hence, integrons enable bacteria to face the
challenge of antibiotic treatment by aiding rapid adaptation. They can be
categorised into two main categories. The first are the resistance integrons or
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mobile integrons (MIs) which are located either on the chromosome or on plasmids
that carry gene cassettes that encode resistance to antibiotics. The second
category are the super-integrons (SIs), which are located on the chromosome and
carry gene cassettes with a variety of functions (Fluit and Schmitz, 2004). Figure

1.2 summarised different mechanisms of antibiotics resistance
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Figure 1.2 Different routes of resistance mechanisms to face effect of antibiotics.
Lateral gene transfer is involved in transferring and exchanging of genetic elements among
bacterial cells. Transformation participates in direct uptake of DNA segments from the
surrounding environment by competent recipient carrying chromosomal set of proteins.
Transduction allows DNA insertion into chromosome as a prophage which then replicates,
packages host DNA alone or in combination with the host cell chromosome. Conjugative
plasmids use a conjugative pilus to form a connection with the recipient cell to transfer
these plasmids into the recipient cell that is eventually transferred and copied with the
entire bacterial chromosome, multicopy plasmid or a small DNA piece to a recipient cell.
These genetic elements are embedded into the chromosome or independently replicated if
compatible with the inhabitant plasmids. Integrons possess site specific recombination

mechanism which it encodes a promoter for gene cassettes for genetic exchange and
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dissemination. Transposons and insertion sequences integrate into new sites on the
chromosome or plasmids by non-homologous recombination and increase the copy humber
of transferred genes giving rise to chromosomal mutations, deletions and rearrangements

(Sultan et al., 2018).

1.2.7.3.2 Class 1 integrons

The class 1 integron is the most ubiquitous platform and remains the main
focus of numerous studies (Deng et al., 2015). Class 1 integrons located are on
MGEs are called mobile integrons (MI) which are widely distributed in 22% to 59%
of Gram-negative bacterial pathogens in clinical settings (Labbate et al.,,
2009;Cambray et al., 2010). They are often involved in carrying and disseminating
antibiotic resistance genes (Naas et al., 2001;Gillings, 2014;Li et al., 2017;Kaur
and Peterson, 2018). They originated from Tn402 and their stable structure
consists of two conserved sequence regions, called 5'-CS region and 3'-CS region,
with a variable gene cassette (GCs) region between them (Cambray et al., 2010).
The 5'-CS region consists of three key sequences; the integrase gene (intl)
controlled by Pint promoter, the specific site for recombination of gene cassettes
(attl) and a cassette promoter region that is located within int1. This common
promoter (Pc) of integrase, controls the expression of all cassettes that are
incorporated within the integrons (Gillings, 2017). Each GCs carrying DNA
sequences is associated with a recombination site (attC), and these cassettes are
promoterless (Nivina et al., 2016). The Intl genes encode the integrase protein
which is a member of tyrosine recombinase family and is closely related to Xer
proteins (Cury et al., 2016). The 3'-CS region carries resistance to sulphonamides
(sull), the quaternary ammonium compound resistance gene (gacEA1) which
provides detergent resistance, and two open reading frames, orf5 and orf6,
encoding unknown functions proteins (Karah, 2008) Figure 1.3 shows the

structure of a class 1 Integron and its activity.
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Figure 1. 3 The structure and activity of the class 1 integron (Nivina et al., 2016).
Schematic representation of the class 1 integron. The stable platform consists of a gene
coding for the integron-integrase gene (intl) and its promoter Pint, a cassette promoter
(Pc), and an integron recombination site (attl). Circular, mobile gene cassettes encoding
DNA sequences can be excised through an intramolecular attCxattC reaction mediated by
the integrase to regenerate circularized gene cassette, which may insert through an

attIxattC reaction mediated by the integrase to form an array of GCs of variable size.

1.2.7.3.3 Gene cassette structures

Gene cassettes (GCs) exist as circular, non-replicating DNA molecules when
moving from one genetic site to another (Bennett, 1999). They are only considered
to be part of the integron after the integration event. They usually consist of a
single gene and a short sequence of 59 bases, located downstream of the gene

termed attC. The function of attC is a specific recombination site capable of binding
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with the integron at the attl site. The attachment site of cassettes has imperfect
inverted repeats.

Each integrated cassette is flanking by two boundaries with the sequence
GTTRRRY, that are recognised by integrase (intl), for the recombination process
to proceed. Two sites with different structures are used by integrase to exchange
DNA between the non-palindromic attl and palindromic attC. The process of
integration is carried out by integrase between the attC site in a closed circular
cassette and the attl site of the integron. The excision process of the captured
cassettes occurs between two attC sites; one of them associated with the previous
cassette located upstream and the other one downstream of the excised cassette,
which regenerate to form a circular structure of the cassette. The consequence of
integration is a chimeric product between the attl/attC sites upstream the GC gene
on one side and chimeric attC/attC sites downstream of the gene on the other side
of the cassette. This results in a clusters of resistance genes with chimerical attC
sites, with similar palindromic structures. The size of the cassettes is small, around
500-1000 bp, and the genes carried on the gene cassettes are usually promoter-
less and are expressed from a common promoter on the integron (Karah,
2008;Larouche and Roy, 2011). Distant cassettes from the Pc promoter may not
be expressed (Collis and Hall, 1995;Jové et al., 2010), however they can be
excised and reintegrated at the attI site in which their expression is increased
(Barraud and Ploy, 2015). Hence, several cassettes can be stockpiled in an array
to constitute a low-cost memory reservoir of functions for the host cell (Escudero
et al., 2018). Thus, this activity that enables integrons to create genomic and
phenotypic diversity (Ghaly et al., 2020).

Specifically, the cassettes are composed of the inverse core site which carries
two domains 1L (RYYYAAC) and 2L (GTTRRRY) sequences and the core site which
contains 2R (RYYYAAC) and 1R sequence (G+'I‘I'RRRY), where R is G or A (a
purine), Y is C or T (a pyrimidine). GCs are generally defined by the presence of

sequence between the RYYYAAC inverse core site 1L and the GTTRRRY core site
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R1 (Stokes et al., 1997;Larouche and Roy, 2011). While the attI sites of class 1
integrons carry non palindrome sequences at R and L regions as well as two further
integrase binding sites which consist of direct repeats, termed DR1 and DR2
presented in Figure 1.4 A (Gillings, 2014). The incorporation point of incoming GCs
occurs either between the G and TT in the right core site or between the AA and
C on the complement strand of DNA (Hansson et al., 1997) the vertical arrows
show the site of recombination point (Figure 1.4 A and B).

These two pairs (1L-2L and 2R-1R) of the inverted repeat binding sites are
in opposite directions and form simple putative integrase binding sites termed LH
and RH. They are recognised depending on the type of tyrosine recombinase,
recombination sites and are described as conserved sequences in several
resistance cassette attC sites (Stokes et al., 1997;Biskri et al., 2005). These sites
are separated by a central sequence region of variable length. This internal
homology enables attC to form secondary structures or enclosed hairpin DNA
which play a vital role in recognition and recombination by Int1 as shown in Figure
1.4C (Gillings, 2014).

The size of the attC recombination sites ranging from 57 to 141 bp and it is
currently the main feature for attCs classification (Recchia and Hall, 1995;Recchia
and Hall, 1997). The insertion of several cassettes in tandem in the same integron
always in the same orientation creates an array of cassettes (Partridge et al.,
2009). Furthermore, the marked base in 2L (the fourth base; asterisk in Figure.
1.4 B) act to direct the orientation of the inserted strand to ensure that cassettes
are inserted in the right orientation (Cambray et al., 2010;Bouvier et al., 2005).
Integration between attl and attC takes place in the bottom strand only of the
captured attC, and the single stranded recombination structure is then resolved
by replication (Bouvier et al., 2009;Loot et al., 2012). The activity of Intl is
dependent on the Int1 protein structure, not on the sequence, which is why Int1
proteins are able to mobilize diverse gene cassettes with very different attC

sequences (MacDonald et al., 2006).
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GCs are frequently associated with resistance to a variety of antibiotics
including the aadA gene that encodes streptomycin-spectinomycin resistance and
trimethoprim resistance (Deng et al., 2015). Moreover, Lu et al. (2003b)
highlighted that class 1 integrons commonly carried the streptomycin resistance
gene cassette (aadAl) in avian E. coli. Interestingly, the therapeutic use of this
drug has stopped in both human and veterinary medicine. Therefore, streptomycin
resistance could be maintained even in the absence of a selection pressure
(Ochman et al., 2000). Additionally, Ebner et al. (2004) suggested that the high-
level prevalence of streptomycin resistance could act as an interesting model in
studying how predominance of antibiotic resistance did not always correlate with
withdrawal of the antibiotic from the bacterial environment.

Resistance to trimethoprim determinants is also found frequently (Fluit and
Schmitz, 2004;Mazel, 2006;Cambray et al., 2010). These resistance genes
determinants show prevalence of 22-59%, and reported among various groups of
Gram-negative bacteria including Escherichia, Klebsiella, @ Aeromonas,
Enterobacter, Providencia, Mycobacterium, Burkholderia, Alcaligenes,
Campylobacter, Citrobacter, Stenotrophomonas, Acinetobacter, Pseudomonas,
Salmonella, Serratia, Vibrio, and Shigella (Ramirez et al., 2005;Crowley et al.,
2008;Partridge et al., 2009;Xu et al., 2009;Xu et al., 2011;Sultan et al., 2018).
The study by Heir et al. (2004) was conducted on 192 clinically relevant
Enterobacteriaceae of blood culture isolates, indicating that the most common
gene cassette types determined were trimethoprim resistance genes dfrA followed
by aminoglycoside resistance aadA genes.

Despite much research the regulatory control and dynamics of cassette
recombination remain unclear. Several studies reported that the expression of
class 1 mobile integron was controlled by the SOS response (Guerin et al., 2009).
This response controlled by a repressor protein termed (LexA) and induced by the
presence of damaged ssDNA fragments that can arise from various environmental

factors. These DNA segments non-specifically bind to universal recombination
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protein (RecA) that induce LexA inactivation by autocatalytic cleavage (Sassanfar

and Roberts, 1990; Little, 1991;Cambray et al., 2011).
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Figure 1.4 Structure of recombination sites of attI1 and attC of class 1 Integron.
(A) Represents the sequence of the double strand (ds) attl1 site. (B) represents sequence
of the ds attCant3m-1a Site. (C) Secondary structure of the folded bottom strand of

the attCant3m-1a Site, according to MFOLD (http://mfold.bioinfo.rpi.edu/cqgi-bin/dna-

form1l.cgi). The inverted repeats regions (L, 1L, and 2L, R, 1R and 2R) are marked by
horizontal black arrows whereas the attl1 direct repeats are shown by horizontal lines with
an empty arrowhead. The recombination positions are indicated by vertical arrows and the

extrahelical bases are identified by asterisks (Larouche and Roy, 2011).

1.2.8 Role of horizontal gene transfer (HGT) in transmission of
antibiotic resistance genes ARGs

The genetic exchange mechanisms that are involved in transmission of ARGs
between bacterial populations are: transformation of free DNA, transduction by
bacteriophages, and conjugation via plasmids (Wright, 2007;Hu et al., 2017),

collectively named as the mechanisms of HGT (Kaur and Peterson, 2018). These
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HGT mechanisms occur widely in nature, although certain bacterial species are
likely to use one mechanism more exclusively than others (Barlow, 2009). For
instance, transformation is an effectively utilized mechanism in streptococci
because they can become naturally competent whereas enterobacteria commonly
use conjugative plasmids for exchanging of genetic information. Johnston et al.
(2014) indicated that the most efficient method in Gram-positive Streptococcus
pneumoniae and Bacillus subtilis is transformation although many Gram-negative
bacteria also become competent. The bacterial nutrition status (Claverys et al.,
2006) and environmental stressors, such as antibiotics or DNA damaging agents
(Prudhomme et al., 2006) are considered the main factors that control
competence. However, genetic transfer mechanisms mediated by conjugative
plasmids are likely to be more prevalent in the spreading of resistance genes in
nature than either transformation or transduction. This is because of plasmids are
able to autonomously replicate, and they carry ARGs against all major classes of
antibiotics (Kaur and Peterson, 2018). Plasmids can encode a collection of ARGs
as part of transposons, thus simultaneously confer resistance to various classes of
antibiotics and metal ions (Nikaido, 2009). Therefore, they can disperse ARGs over
long genetic distances to different species, genera, and even kingdoms relying on
plasmid host range (Kaur and Peterson, 2018).

A study by Volkova et al. (2014) showed that conjugation seems to be 1000-
fold more common than transduction as a mechanism for the transfer of resistance
genes. Carattoli (2013) demonstrated that the transmission of ARG determinants
by conjugation is responsible for their contribution to worldwide prevalence in both
community and hospital environments. The process of genetic exchange can be
encouraged in “hot-spot” environments, such as wastewater treatment plants and
sewage, agricultural and slaughterhouse waste and hospital effluents, due to the
high density of bacteria, phages, and plasmids in these settings (Kenzaka et al.,

2010;von Wintersdorff et al., 2016).
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The three mechanisms of HGT each have limitations including: the host
range of the incoming plasmid or the phage, the host restriction modification
systems, formation of cell-to-cell contacts, fitness cost of acquired new gene, as
well as the ability of incoming DNA recombination with DNA of the host (Thomas
and Nielsen, 2005;Domingues et al., 2012). Furthermore, the capability of MGEs
to incorporate into a population is also dependent on its ability to autonomously
replicate and achieve vertical transmission. For instance, the incompatibility group
IncP, are the most successful conjugative plasmids that have a broad host range
(Davies and Davies, 2010) facilitating their dissemination and maintenance in
distantly related phyla (Klimper et al., 2015). Also, HGT exhibits success in the
persistence of MGEs or DNA to in the environment (Kaur and Peterson, 2018).

Recently, a novel mechanism termed ‘carry-back’ was proposed for inter-
phylum genetic exchange (Jiang et al., 2017). This mechanism involves
conjugation mediated by a broad-host range conjugative plasmid (Klimper et al.,
2015) that may transfer a DNA fragment from commonly spread class 1 integrons
of Proteobacteria to Actinobacteria, followed by recombination, consequently
creating actinobacterial DNA flanked by proteobacterial DNA. Dead cells of
Actinobacteria can release these actinobacterial DNA molecules flanked by
proteobacterial DNA into the environment, and Proteobacteria can incorporate this
DNA into their genome by transformation and homologous recombination (Kaur

and Peterson, 2018).

1.2.9 Chicken gut microbiota

1.2.9.1 Chicken gut microbiota as sources of AR

The system of animal production has been linked to the prevalence and
evolution of AMR of organisms such as E. coli (Tadesse et al., 2012;Simoneit et
al., 2015;Luna-Galaz et al., 2016), Enterococcus spp., Staphylococcus aureus
(Bortolaia et al., 2016) and other foodborne zoonotic pathogens, like non-
typhoidal Salmonella (Luna-Galaz et al., 2016;Vickers, 2017;Nhung et al., 2017)
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and Campylobacter spp. (Richter et al., 2015). Comparatively, little is known
regarding the dissemination and mechanisms of AMR in pathogenic bacteria in
food animal production including poultry. As reviewed previously (1.2.4) there is
an increasing global consumption of poultry meat and eggs (Mishra and Jha,
2019), thereby poultry production is one of the fastest growing animal industries
involved in nutrition and global food security.

Some important human pathogens such as Campylobacter and Salmonella
are commonly detected within the chicken microbiota where they are largely non-
pathogenic to chickens (Newell et al., 2011). However, they can be a source for
disseminating pathogens to humans as well as a pool for transferring antibiotic
resistance (Nhung et al., 2017). Since the commensal bacteria share the same
habitat as pathogens, commensals may act as reservoir of multidrug resistance
genes that are acquired by conjugative transfer from pathogenic bacteria.

Poultry products are one of the most significant reservoirs for transmission
of foodborne disease such as Campylobacter (Kaakoush et al., 2014). The
abundance of this organism on poultry farms and in the surrounding environment
is not surprising because the majority of warm-blooded domestic animals, wild
animals and birds shed viable Campylobacter species in their faeces. Colonisation
of broiler flocks by Campylobacter spp takes place at between 2-3 weeks of age

and positive birds often remain colonised until slaughter (Kaakoush et al., 2014).

1.2.9.2 Gastrointestinal tract of chicken

The gastrointestinal (GI) tract of chickens is densely populated by a diverse
microbiota that plays a vital role in digesting and absorbing nutrients, developing
the immune system, and reducing the opportunity of pathogenic bacteria
colonisation via attachment to the epithelial walls of the enterocytes acting as a
protective barrier (Yeoman et al., 2012;Pan and Yu, 2014;Wang et al., 2016). The
bacterial microbiota produces vitamins (e.g., vitamin K and vitamin B groups),

short chain fatty acids (acetic acid, butyric acid and propionic acid), organic acids
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(e.g., lactic acid) and antimicrobial agents (such as bacteriocins), lower
triglyceride, and induction non-pathogenic immune responses, which all provide
both nutrition and protection for the host (Jeurissen et al., 2002;Apajalahti,
2005;Dibner and Richards, 2005;Yegani and Korver, 2008;Shang et al., 2018b).

The GI tract of the chicken consists of the crop, proventriculus, gizzard,
duodenum, jejunum, ileum, caeca, large intestine, and cloaca (Yeoman et al.,
2012). Each part of GI tract has different metabolic functions that are shaped by
the resident microbial communities and thereby it is important to determine
sampling location and study design (Shang et al., 2018b). Generally, the most
representative phylum in GI tract of the chicken microbiota is Firmicutes followed
by a small abundance of Proteobacteria and Bacteroidetes phyla, and a low
abundance of Actinobacteria and Tenericutes members (Waite and Taylor, 2014).

Microbial colonisation in the GI tract of chickens is highest in the caecum
with a much greater bacterial diversity than found in the upper GI tract (Oakley
et al., 2014). The caecum is considered the key site for bacterial fermentation of
non-digestible carbohydrates as well the organ most targeted by pathogens for
colonisation. In chickens this organ consists of two paired caeca, both harbouring
similar bacterial communities (Stanley et al., 2015). The caecum microbiota is a
stable, rich and diverse microbial community including many anaerobes (Salanitro

et al., 1974;Videnska et al., 2013).

The predominant residents of the caecal microbiota are members of the
Clostridia genus followed by the genera Lactobacillus and Ruminococcus (Gong et
al., 2007). Most Clostridia found in the caecum belong to three main families which
are Clostridiaceae, Lachnospiraceae and Ruminococcaceae (Danzeisen et al.,
2011). Enterococcaceae, Enterobacteriaceae and Bacteroidaceae are also
abundant families in the caecal microbiota (Yin et al., 2010), which is also

dominated by unknown and unclassified bacterial members (Stanley et al., 2013).
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Factors which affect the chicken gut microbiota include: diet (Torok et al.,
2008), gender (Lumpkins et al., 2008), genetic background (Zhao et al., 2013),
housing condition (Nordentoft et al., 2011), litter managements (Torok et al.,
2009;Cressman et al., 2010), feed restriction (Callaway et al., 2009) and density

of rearing birds (Guardia et al., 2011).

Research in recent years has focussed on the way in which the caecal
microbiota develops with time from hatching to adult birds. A study by Oakley et
al. (2014) documented significant shifts in caecal microbial communities from first
day of hatching until 6 weeks of age in commercial broilers (Oakley et al.,,
2014;0akley and Kogut, 2016). Typically, the cecum richness and diversity
increase through these 6 weeks, and the taxonomic composition of these microbial
communities quickly changes from Proteobacteria, Bacteroides, and Firmicutes, to
almost entirely Firmicutes by 3 weeks of age (Oakley et al., 2014;0akley and
Kogut, 2016). On the other hand, Kumar et al. (2018) found that Firmicutes were
the most abundant phylum in both caeca and ileum at all the ages (day 0 to day
42) except d 42 in the caeca where Bacteroidetes were abundant. The variation in
reported bacterial composition can be explained because of differences in
extraction of the nucleic acids, protocol used, primers, sequencing approach,
environmental factors, dietary types/ composition, breed, and geographical
conditions between different studies (Shang et al., 2018b).

Some bacterial population may appear or disappear over time in the GI
microbiota of older chickens whereas others remain stable during the life. Young
chickens are dominated by Firmicutes species while adult birds (older than 7
months) commonly colonised by Bacteroidetes (Callaway et al., 2009;Videnska et

al., 2014).
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1.2.9.3 16S RNA Genes Technology

Culture based microbial studies have provided a limited understanding of
microbial communities, because less than 1% microbial organisms can be easily
cultured (Kellenberger, 2001). The sequences of the small unit of ribosomal RNA
gene in prokaryotes has become the most widely used technique for deducing the
phylogenetic evolution among microbial species (Lane et al., 1985;Sharpton et al.,
2011). Ribosomal RNA genes are an ideal tool for studying microbial phylogeny
because they contain both highly conserved regions across all bacteria and 9
hypervariable regions which vary in terms of length, position and taxonomic
discrimination (Van de Peer et al., 1996). The amplification of the hypervariable
regions is carried out using the polymerase chain reaction with universal primers
designed to bind to the conserved regions (Klindworth et al., 2013). These variable
regions have different power levels of discrimination dependent on the microbial
group and the short target regions (<300 bp). The most hypervariable informative
part is the V4 region (Soergel et al., 2012).

The nucleotide sequences of these amplified products can distinguish among
bacteria to the genus or species level (Weisburg et al., 1991;Flint et al., 2006).
The relative abundance of each sequence reflects the abundance of the bacterium
in the original sample. Thus, the 16S rRNA genes sequencing gives a true census
of a bacterial community by identifying the bacterial types present in a sample
with its relative abundances. DNA sequencing technology has developed in the last
few years, to the point that can enable complete census of the richness and
diversity of complex communities (Shang et al., 2018b). This revolution of
molecular sequencing biotechnology has shaped the view of microbial diversity
and composition of various environments including the human gut, soil, and salt
lakes as well as prediction function and interaction in various sections of the GI
tract (Chen et al., 2013;Shang et al., 2018b). The Illumina Miseq is one of the
high-throughput sequencing technologies that has allowed gene amplicon

sequencing in microbial ecology studies where millions of paired-end reads can be
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sequenced directly from the relevant environments (Chen et al., 2013;Wen et al.,
2017). This next generation sequencing (NGS) platform has offered an accurate,
convenient, rapid, and inexpensive method for genomic research (Pettersson et
al., 2009;Park et al., 2013). Likewise, it is the most frequently utilised system
used in recent chicken gut microbiome and metagenomic research (Shang et al.,
2018b). However, this platform suffers from some limitations such as short read

assembly and high cost (Kumar and Pitta, 2015).

1.2.10 Modulation chicken gut microbiota by prebiotics

To cope with the need for reducing the usage of antimicrobial growth
promoters (AGPs) after their use was banned in poultry in the EU since 2006,
several strategies involving different feed additives have been evaluated (Teng
and Kim, 2018). Ideally these should promote growth but without encouraging
antimicrobial resistance (AMR) and the transfer of ARGs from animal to human
microbiota (Castanon, 2007;Yadav and Jha, 2019;Richards et al., 2020). Addition
of prebiotics into broiler diets are one of these approaches that have been studied

(Teng and Kim, 2018).

Prebiotics have been defined as non-digestible food ingredients that when
metabolised by gut microorganisms, modulates the composition or activity of the
gut microbiota, thereby conferring a beneficial physiological effect on the host
(Bindels et al., 2015;Pourabedin and Zhao, 2015). The main characteristics of
prebiotics described by Patterson and Burkholder (2003). This includes the
definition that prebiotics should be considered nondigestible food ingredients, not
capable of being hydrolysed by host enzymes or even directly absorbing by host
cells in GIs. Prebiotics should selectively stimulate one or limited numbers of
health promoting bacteria, have the ability to change the intestinal microbiota and
their activities, and improve the host immune system’s response against

pathogenic bacteria.
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The potential advantages of dietary supplemention with prebiotic
oligosaccharides in the gut microbiota are summarised in Figure 1.5, which
includes: reduction of pathogens by competitive exclusion (Callaway et al., 2008);
improving gut morphological structure (Pourabedin et al., 2014;Chee et al.,
2010b) and increasing the production of SCFA which modulates host immune
response and metabolism (Saulnier et al., 2009;Roberfroid et al., 2010).
Additionally, the formation of SCFA in the intestines involves: lowering pH,
bioavailability of calcium and magnesium, and inhibiting of potentially harmful

bacteria (Teitelbaum and Walker, 2002;Wong et al., 2006).
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Figure 1.5 Potential mechanisms of prebiotics action.

Metabolisation of prebiotics by the gut commensal microbiota. Prebiotics can be fermented
into short-chain fatty acids (SFCA) by the action of gut microbiota, mainly acetate,
propionate, and butyrate. SCFA lowering the luminal pH, providing energy sources for
epithelial cells, and have deep effects on inflammation modulators and metabolic
regulations. Intestinal mucosal structure can also be improved by a well-balanced bacterial
community. Some bacterial strains produce antimicrobial factors or induce the immune
system by signalling dendritic cells. Both monosaccharides and oligosaccharides can

decrease pathogen colonisation by blocking the receptor sites utilised by pathogens for
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attachment to the epithelial cell surface. This figure is taken from (Pourabedin and Zhao,
2015).

Generally fermented prebiotics in the intestine produce SCFAs which include
butyrate that are considered as significant fuel for colonocytes, enhancing the
growth and absorptive capacity of the epithelium in the colon and to suppress the
growth of colonic carcinoma cells (Van Craeyveld et al., 2008;Pourabedin and
Zhao, 2015;Teng and Kim, 2018). Additionally, fermentation of prebiotics produce
lactic acid and some antibacterial substances, such as bacteriocin against
pathogenic bacteria (Bogustawska-Tryk et al., 2012).

In the gut microbiome, bacterial population that are thought to be specifically
induced by prebiotic supplemented diet are lactobacilli and bifidobacteria. As in
the intestine of young broilers, the administration of prebiotics in diets shows
enhancement of the abundance of lactobacilli and bifidobacteria as well as
reducing the titers of coliforms (Yang et al., 2008;Chee et al., 2010a). The
enhancement of the populations of these beneficial bacteria leads to suppression
of levels of pathogenic bacteria, such as Clostridium pefringens and E. coli, in the
intestinal microbiome of broiler chickens (Xu et al., 2003;Kim et al., 2011;Ricke,
2015). The increased availability of sequencing information regarding the
microbial community means there may be other unidentified bacteria that are also
selectively stimulated by certain prebiotics (Kaplan and Hutkins, 2000; Hutkins et
al., 2016). Furthermore, inhibition of pathogen colonisation by prebiotics can
decrease harmful molecules produced by pathogens, which have been recognised
as exogenous signals (Tizard, 2013). These signal molecules are known as
pathogen-associated molecular patterns (PAMPs) which can be identified by
pattern recognition receptors (PRR), such as toll-like receptors (TLRs) and NOD-
like receptors (NLRs), that are expressed on the surface of sentinel cells (Kogut,
2013). When the PRRs recognise PAMPs, sentinel cells including epithelial cells,
macrophages, mast cells, and dendritic cells, are activated, thereby cytokines

produced for regulation of further innate immune responses. Likewise, prebiotics
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themselves can act as non-pathogenic antigens which means they can be detected
by receptors of immune cells leading to beneficial modulation of host immunity

(Teng and Kim, 2018).

Galacto-Oligosaccharide (GOS) is a valuable product that can be produced
from the cheese whey industry. Whey is considered the most significant by-
product waste from the dairy industry because it can cause significant
environmental pollution problems (Smithers, 2008). This by-product corresponds
to 85-95% of the milk volume and comprises of 55% of milk nutrients with a 4.5-
5% w/v abundance of lactose (Chandrasekaran, 2012;Geiger et al., 2016). The
process of bioconversion of lactose hydrolysates by using the catalytic activity of
B-galactosidases to form valuable products is known as transgalactosylation. This
reaction leads to the formation of oligosaccharides of different chain lengths and
glycosidic linkages that act as prebiotics and possess structural similarity to
oligosaccharides in human breast milk (Fischer and Kleinschmidt, 2018).
Therefore, they are widely used in infant formulas because bovine milk contains
only very small amounts of oligosaccharides (Sangwan et al., 2011). GOS are non-
digestible carbohydrates (lactose-derived compounds) with known prebiotic
activity. GOS generally consists of one or more galactose units that are usually
linked to a terminal glucose. It shows variable degrees of polymerisation ranging
from 2 to 8 monomeric units (Geiger et al., 2016). Thus, GOS can act as
fermentable substrates for some members of the gut microbiota that have been
determined to modulate the colonic flora by promoting of beneficial bacteria, such
as bifidobacteria and lactobacilli, and inhibition of less desirable bacteria (Holzapfel
and Schillinger, 2002;Rastall et al., 2005;Macfarlane et al., 2008;Geiger et al.,

2016).

Studies have reported that the injection of GOS ijn ovo broilers 34 days after
hatching is likely to increase body weight (Pruszynska-Oszmalek et al., 2015). In

addition, GOS administration also modulated the intestinal microbiota as Park et
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al. (2017a) found that GOS treatment showed higher abundance of Alistipes
genus, Lactobacillus intestinalis and Faecalibacterium prausnitzii in broilers caeca
compared with the control group. It has been reported that adding GOS to broiler
diets could increase counts of Bifidobacteria members in faeces (Jung et al.,

2008;Teng and Kim, 2018).

1.2.11 Salmonelia

1.2.11.1 Salmonella Background

Salmonella is a genus of Gram-negative bacteria, usually motile, facultative
anaerobic and non-spore forming bacilli, which belong to the Enterobacteriaceae
family (Coburn et al., 2007;Dunkley et al., 2009;Agbaje et al., 2011). It grows at
temperatures between 5-45°C in a pH range of 4-9 and with water activity above
0.94 (Guthrie, 1992). These bacteria are sensitive to heat and are killed at
temperatures of 70°C or above. Salmonellae are resistant to drying and may
survive for years in dust and dirt. This genus includes two species, Salmonella
bongori and Salmonella enterica. S. enterica has six subspecies: salamae,
arizonae, diarizonae, houtenae, indica, and enterica (Wisner, 2011;Hooton et al.,
2014). These subspecies can be further classified based on their lipopolysaccharide
(LPS) O antigen component and flagellar (H) antigen into more than 2500 serovars
(Sabbagh et al., 2010;Wisner, 2011). Salmonella are capable of colonizing the GI
tracts of many mammals, birds and reptiles and can persist in the environment as
well (Callaway et al., 2008). Most Salmonella serovars are host-restricted, but
some are not. Host-restricted serovars tend to cause systemic disease that
threatens the life of the host, while non-host-restricted strains often produce
gastroenteritis in many different host species (Wisner, 2011).

Salmonella enterica is a leading cause of foodborne human diseases with
poultry considered as the main source of human illnesses (Havelaar et al.,
2015;Hughes et al., 2017). Annually, Salmonellosis is responsible for 78 million
incidences and 59 thousand foodborne-related deaths (Havelaar et al., 2015).
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Yearly, in the United States, non-typhoidal Salmonellosis is responsible for 1
million cases, 19 thousand hospitalizations, and 378 deaths (Scallan et al., 2011).
Most susceptible to Salmonella infection are children (<5 years) and the elderly
whom frequently require medical treatment (Bythwood et al., 2019).

The severity and length of illness can be treated by antibiotic therapeutics
(Hu et al., 2014). However, the emergence of antimicrobial-resistant Sa/monella
has reduced the efficacy of commonly prescribed antimicrobials that treat
salmonellosis (Wasyl et al., 2015;Iwamoto et al., 2017;Tyson et al., 2017;Duong
et al., 2018). The documented cases of treatment failure (nontyphoidal
Salmonella) have become a significant public health concern (Collard et al.,
2007;Tribble, 2017;Duong et al., 2018).

Contaminated meat and eggs are frequently associated with salmonellosis.
The acquisition of Salmonella by chicks takes place via vertical transmission from
parents as well as horizontal transfer from the rearing environment and feed
(Rothrock Jr et al., 2015). The majority of the initial infection occurs at an early
stage of life (post-hatch); however, Salmonella infection can happen during any
stage of the production cycle (Byrd et al., 1999;Shanmugasundaram et al., 2019).
Salmonella prevention within poultry flocks is difficult since cleaning and
disinfection fail to eradicate Salmonella in poultry (Davies and Wray,
1996;Shanmugasundaram et al., 2019). Therefore, it is important to control
Salmonella infection within poultry products to increase the safety of human
consumed food.

S. Enteritidis is considered the most predominant Salmonella serovar in
human cases associated with the contamination of poultry products in US
(Morningstar-Shaw et al., 2016). S. Enteritidis has historically been linked to
poultry and it has been proposed to succeed due to niche displacement of the
closely related host-specific poultry Salmonella serovars Gallinarum and Pullorum,
which had previously been removed from commercial flocks (Louis et al.,

1988;Baumler et al., 2000;Control and Prevention, 2000;Porwollik et al.,
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2005;Martelli and Davies, 2012;Ricke, 2017). Several controlling strategies on-
farm have been evaluated/investigated for preventing Sa/monella shedding in
poultry, include vaccination (Varmuzova et al., 2016). However, these strategies
have not succeeded in controlling Salmonella contamination in chicken
(Koutsoumanis et al., 2019), and thereby, it is important to identify alternative
on-farm  approaches to manage Salmonella infection in  broilers

(Shanmugasundaram et al., 2019).

1.2.11.2 Salmonella Enteritidis pathogenicity in the GI tract of chicken
Although the infection of zoonotic Salmonella in poultry is largely
asymptomatic (Kogut and Arsenault, 2017), S. enterica serovars, specially S.
Enteritidis and S. Typhimurium have been shown to colonise the lower part of GI
tract in the first days of life, and stimulate a low-level systemic infection in
chickens (Beal et al., 2005). The persistence of Salmonella colonisation may
extend for several weeks without giving any clinical signs of disease in the GI tract
of chickens. While the process of pathogenesis by S. enterica serovars includes
adhesion, colonisation, invasion, and intracellular replication, which can lead to
the systemic spread of the organism to internal organs such as the liver and
spleen. The first important step in colonisation and persistence is efficient adhesion
to the epithelial layer of the GI tract. The cecum is predominantly colonised by S.
enterica serovars, however, their translocation to internal organs is often limited,
mainly in adult birds (Van Immerseel et al., 2003;Beal et al., 2005). Generally,
the primary source of SE infection and transmission in chickens is through the
faecal-oral route (Shah et al., 2017). SE frequently colonises the crop after
ingestion, (Hargis et al., 1995;Turnbull and Snoeyenbos, 1974), but less
frequently in the proventriculus and duodenum. However, the most preferential
and persistent sites are in the lower ileum, cecum, and cloaca (Turnbull and
Snoeyenbos, 1974). Subsequently, SE is able to invade the intestinal epithelium

and localise in the submucosa within 4 hours of infection (Berndt et al., 2007).
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The process of invasion happens via M-cells that sample the intestinal lumen and
nonphagocytic cells. The invasion of intestinal prompts inflammation that is
characterised by the infiltration of heterophils, macrophages, red blood cells, and
other immune cells into the lamina propia and caecal luminal exudate (Porter Jr
and Holt, 1993;Macri et al., 1997;Van Immerseel et al., 2002). When inflammation
proceeds, SE produces virulence factors that support Sa/lmonella survival within
macrophages, which are thought to be responsible for the systemic spread to
colonise internal organs including the liver and spleen, and in laying hens this also
results in colonisation of the reproductive tract organs (Berchieri Jr et al.,,
2001;Higgins et al., 2007;He et al., 2010).

The kinetics of SE infection varies depending on the age or type of chickens
(Shah et al., 2017). The infection of Salmonella in chickens seems to be dependent
on age. Early infected birds by Salmonella in day 1 of life have long extended
periods of carrying Salmonella with high nhumbers compared to those infected at
day 8 of life (GAST and Beard, 1989). As Salmonella clearance is slower in early
challenged birds than those challenged later in life 3-6 weeks (Beal et al., 2004).
Moreover, detectable changes in the cecum microbiome have been recognised in
birds that are exposed to Salmonella in the first 4 days post hatching (Juricova et

al., 2013).

1.2.11.3 Prevalence of antibiotic resistance Salmonella in poultry

The presence of Salmonella on poultry meat products is associating with their
prevalence in the poultry farms (Choi et al., 2014). Although several methods
have been applied to eradicate Salmonella colonisation on breeding farms,
including vaccination, use replacement systems of all-in/all-out on broiler farms,
and antimicrobial free approaches, high rates of Salmonella expansion and
antimicrobial-resistance are still common place on broiler farms (Ishihara et al.,
2009;Rayamajhi et al., 2010). Poultry litter, has been documented as indicator for

the presence of Salmonella in poultry farms (Shang et al., 2018a).

43



Despite representing a minor population of chicken microbiota and litter,
poultry sources of zoonotic Salmonella not only represent a source of infection but
are a repository for antimicrobial resistance in food. Bythwood et al. (2019)
documented abundant AMR Enterobacteriaceae in poultry and poultry litter in the
absence of antibiotic treatments. Several studies have reported the similar
findings (Fairchild et al., 2005;Smith et al., 2007;Agga et al., 2016;Liljebjelke et

al., 2017).

As Salmonella that colonise chickens easily acquire antimicrobial resistance
genes from the resident bacteria present in chickens, even if antimicrobial use is
absent (Bythwood et al., 2019). Poultry litters are enriched in bacteria with a high
abundance of class 1 integrons at 1 copy per 1-100 bacterial genomes (Nandi et
al., 2004). The most prevalent integrons carrying antimicrobial resistance genes
in poultry litter are remarkably similar to those present in clinical and food isolates

of Salmonella (Nandi et al., 2004;Liljebjelke et al., 2017).

The appearance of Salmonella that possess extended-spectrum -
lactam/cephalosporin resistance has been assigned to acquisition of conjugative
plasmids (Winokur et al., 2000). These plasmids often carry other resistances,
such as chloramphenicol, florfenicol, streptomycin, and tetracycline (Winokur et
al., 2000;Doublet et al., 2004;van Loon et al., 2015). Antimicrobial resistant
(AMR) Salmonella with high abundances of streptomycin resistance, either alone
or in combination with other antibiotics (36.3%), has been recovered from
commercial broiler chicken farms. Streptomycin and sulfadimethoxine resistant
Salmonella tend to carry the determinants on the transposon Tn21 (Liljebjelke et
al., 2017). This transposon encodes the merA gene for mercury resistance; aadAl
resistance gene for streptomycin; and sull resistance gene for sulfadimethoxine
resistance (Liebert et al., 1999). Tn21 is frequently involved in the dissemination
of mercury and antimicrobial resistance in nature (Liebert et al., 1999), and is

widespread in poultry Salmonella and E. coli (Bass et al., 1999). The association
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between the merA and aadA resistance genes and streptomycin/ sulfadimethoxine
resistance was observed in 17.72% of streptomycin resistant Salmonella

(Liljebjelke et al., 2017).

1.2.11.4 Prebiotics for Salmonella control in poultry

Controlling Salmonella proliferation in poultry is a key element to reduce the
contamination of poultry products consumed by humans (eggs and meat). Efficient
alternative control strategies are required to decrease the hospitality of the cecum
to Salmonella colonisation (Hughes et al., 2017). Feed additive prebiotic,
represents one of these strategies that has attracted the attention of the poultry
industry. Besides its role in promoting bird health, prebiotics can improve the
safety of poultry products by making intestinal environment unfavourable for
foodborne pathogens including Salmonella (Micciche et al., 2018). The most
frequently studied prebiotics wused in poultry production are fructo-
oligosaccharides (FOS), mannan-oligosaccharides (MOS) and galacto-
oligosaccharides (GOS) (Mundt et al., 2015;Pourabedin and Zhao, 2015;Ricke,
2015;Gibson et al., 2017). Despite this, GOS has not received the same level of
attention for poultry farm use as compared with FOS and MOS (Pourabedin and
Zhao, 2015).

Numerous studies have documented the role of increases in short chain fatty
acids (SCFAs) concentrations with the reduction of Salmonella proliferation
(Durant et al., 2000b;Durant et al., 2000a), which can be achieved by prebiotic
administration (Cummings and Macfarlane, 2002;Ricke, 2015). Prebiotic
protection against Sa/monella colonisation is proposed to be accomplished by
competition for binding sites (Durant et al., 2000b) and increasing the levels of
the SCFAs concentrations in the intestine (Ricke, 2015).

The most extensively studied oligosaccharides against Salmonella are MOS

(Pourabedin, 2015). For instance, a study by Fernandez et al. (2002) on chickens

45



challenged with S. Enteritidis showed a reduction in caecal Salmonella
concentration. While Lourencgo et al. (2015) elucidated that feed supplemented
with MOS boosted lymphocyte counts (CD4+ and CD8+) in the ileum and cecum,
and reduced Salmonella shed in chicken faeces when challenged with S.
Enteritidis. Stanley et al. (2016) also demonstrated a 1-3 log reduction of caecal
Salmonella counts in 21-day old chicks supplemented 0.05% MOS and MgS04.
Fructooligosaccharides supplements have been demonstrated to enhance
Lactobacillus and Bifidobacterium populations, resulting in an increasing in SCFAs
and lactate that are presumed to improve the immune system and the reduce
Salmonella colonisation (Cummings and Macfarlane, 2002;Bogustawska-Tryk et
al., 2012;Emami et al., 2012;Ricke, 2015). The elucidated mechanism of FOS
action is achieved by fermentation of FOS by Lactobacillus and Bifidobacterium,
which leads to increase both SCFAs and lactate in the cecum resulting in a reduced
Salmonella population (Cummings and Macfarlane, 2002;Ricke, 2015).

The influence of the GOS on the caecal microbiome and the carriage of
Salmonella was reported by Hughes et al. (2017) indicated that Salmonella counts
were reduced in the GOS treated birds challenged with a cocktail of Salmonella
Typhimurium and Salmonella Enteritidis. They found that the prebiotic GOS could
modify caecal tonsil immune gene expression and the caecal microbiome,
proposing that this treatment could be a useful tool for lowering the carriage of
Salmonella in poultry. Azcarate-Peril et al. (2018) also identified the role of GOS
in acceleration of Salmonella clearance via modifying the gut microbiome.
Moreover, a study by Searle et al. (2010) indicated that the existence of GOS
within the GI tract has been shown to decrease the adherence and invasion of
Salmonella in human enterocytes. Thus, modulation of the microbiome through
the using prebiotics has been shown to have an effective impact in the gut

microbiome and the development pathogen resistance.
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1.3 Aims and Objectives

This research aimed to test the hypothesis that GOS supplemented feed can
alleviate the expansion of antibiotic resistance gene carriage in the bacterial
populations of the broiler chicken microbiome in addition to the established role of
maintaining gut health.

Particularly, the aims of the current study are to investigate the overall
prevalence of ARGs in the caecal contents of broiler chickens reared in controlled
biosecure conditions and to compare these with birds reared for commercial
production by using classl integrons as a bioindicator for antibiotic resistance. In
this context, the gene cassette (GCs) contents of class 1 integrons will be reported
from birds reared under the different regimes. Profiles of the 16S rRNA genes of
the caecal microbiota of these birds will be investigated and the patterns of
resistance evaluated with respect to the relative abundance of the intestinal
bacterial populations. Phenotypic antimicrobial resistance will be estimated by
examining trimethoprim coliform resistant populations. The effect of prebiotic
galactooligosaccharide feed on microbiome composition will be carried out in order
to investigate the prebiotic’s role in modifying the gut microbiota and whether
there was any reduction in resistance gene carriage by comparing control and GOS
diets. In addition, the involvement of GOS in the overall reduction of intestinal
colonization of zoonotic Salmonella Enteritidis (PT4) 125109 will be assessed with

regard to the prevalence of ARGs within the broiler caecal microbiota.
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CHAPTER 2

MATERIAL AND METHODS

48



2.1 General bacterial growth and storage media preparation

All details for the preparation of media and antibiotics described in this thesis

are presented in Appendix 1. The suppliers for all media and chemical substances

are listed in Table 2.1.

Table 2.1 Media and chemical substances that were used in this study

Compound

Supplier

Agar Bacteriological (Agar No.1) LPOOII

Maximum Recovery Diluent (MRD) (CM0733)

Xylose-Lysine-Desoxycholate (XLD) agar (CM0469)

Modified Semi-solid Rappaport Vassiliadis (MSRV) agar CM1112
MacConkey agar No 3 (Mac_03) CM115

De man, Rogosa and Sharpe (MRS) agar CM0361

Nutrient Agar (NA)

Nutrient broth No. 2 CM0067

Buffered peptone water (BPW; CM509)

Oxoid, UK Ltd

Tryptone

Yeast extract

BiTek™, USA

LB broth

Thermo Fisher, UK Ltd

Novobiocin
Nalidixic acid
Lincomycin
Proteinase kinase
Trimethoprim

Dimethyl sulphoxide (DMSO)

Sigma-Aldrich

Sodium chloride

Fisher Scientific, UK
Ltd

Ethanol absolute

Acros Organics, UK
Ltd
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2.2 Salmonella

2.2.1 Salmonella growth conditions

Salmonella enterica 125109 was selected to be the model strain used to
colonise broiler chickens, as it is nalidixic acid resistant and this could be used to
easily select and enumerate it. Salmonella were cultured on m-XLD plates (Oxoid,
UK) or nutrient agar in aerobic incubator at 37°C for 24 h or 50 in YT broth
(Appendix 1.1.10) incubated at shaker incubator at 200 rpm for 24h. Salmonella
enterica U288 was used as positive control in PCR usually cultured on m-XLD and
then on nutrient agar plates for DNA extraction.
2.2.2 Salmonella serotype test

Three types of Salmonella antisera (Poly O, 09 and O4 antisera; Pro-Lab
Diagnostics, USA) were used to confirm Salmonella serotype. The slide
agglutination test was performed by adding two separate loopfuls (10 ul each) of
PBS (Appendix 1.2.3) on a clean glass slide. Then, one or two bacteria colonies
were emulsified in one of the drops, while the positive control Salmonella was
emulsified in the other drop. A 10 ul aliquot of PBS was added to the first test
subject (a negative control). Then, 10 pl of antisera was added to the remaining
test subject and 10 ul of Poly O antisera was added to the positive control
Salmonella drop. The glass slide was gently rocked for a minute and agglutination
was checked. Negative results showed no agglutination while positive results
showed agglutination with Poly O. Salmonella enterica 125109 is serotype 09 so

agglutinated with the O9 serum, the Poly O serum but not the O4 serum.

2.2.3 Preparation of Salmonella inoculum
To prepare the inoculum, Salmonella Enteritidis 125109 was grown on m-
XLD and LB agar plates (Appendix 1.1.1 and 1.1.6) and incubated for 24 h at 37

OC. A colony was inoculated into 50 ml of LB broth in a 250 ml conical flask and
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incubated at 37°C with shaking at 200 rpm for 16 h. The cells were washed twice

with 50 ml of MRD.

The suspension was diluted 1:10, then the ODeoo was adjusted to 0.34
(approximately 108 CFU /ml). The actual dose is determined by decimal dilution
of the suspension 10°¢ with 0.1 ml spread on XLD in triplicate using the 104 to 10"

6 dilutions.

2.3 Experimental birds

Two trials involving experimental chickens are described in this thesis. The
first trial was conducted under biosecure conditions in the Bio-Support Unit (BSU)
at the University of Nottingham, Sutton Bonington Campus. The trial started from
hatching until 35 days of age (da), with four sampling days (22, 24, 28, 35 da).
The second trial was conducted using birds reared under commercial conditions
with two sampling days at 30 and 37 da. Both trials were designed and carried out
according to the ARRIVE (Animal Research: Reporting of in Vivo Experiments)
guidelines (Kilkenny et al., 2010) which is a system to improve the design, analysis

and reporting of research using animals.

2.3.1 Ethics statement

The use of birds in experiments were subjected to an approval process under
national guidelines by the United Kingdom Home Office. This project was approved
under United Kingdom Government Home Office Project Licensing ASPA 86. The
University Ethics Committee internally reviewed all project licenses prior to
submission to the Home Office. This includes the handling of animals, scrutiny of

welfare and ethics.
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2.3.2 Selection of broilers and Salmonella free test

The male Ross 308 birds were selected because they are a modern broiler,
and their growth rate is in accordance with Home Office regulation in terms of size
restrictions of pens for experimental birds. All male birds were supplied at one day

old from P.D. Hook Ltd.

In order to ensure that the birds were Salmonella free, a test was performed
by collecting all the papers on which the birds had been transported. The papers
were shredded and added to BPW for Salmonella enrichment as described below

in 2.4.1.3 to check that the birds were Salmonella free.

2.3.3 Pre-trial test for selecting antibiotic resistance genes and its
concentration

One sample of caecal contents from a chicken, reared under commercial
conditions, was randomly selected for the pilot study. Approximately 0.2 g of
caecal contents was weighed and MRD was added to give a 10% suspension. The
suspension was mixed, and then serial dilutions were prepared to 104, Three types
of media were used: MRS, Mac-03 and m-XLD. The agar plates were supplemented
with trimethoprim or lincomycin used in three different concentrations. For
trimethoprim these were 5, 10 and 20 pg/ml. For lincomycin these were 30, 50,
70 pg/ml. Each serial dilution was inoculated on to each of the three different
media, with three different concentrations, of the two different antibiotics. The

workflow illustrated in Figure 2.1.

2.3.4 Trial 1 design (Biosecure or controlled housing birds, CH)
On arrival at the BSU, the 112 birds were randomly penned at two rooms.
Control birds (non-infected) in Room 1 in two groups, G1 (standard feed or non-

GOS feed) and G2 (standard feed supplemented by GOS). Birds to be colonised
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with Salmonella were penned in Room 2 also in two groups, G3 (standard feed)
and G4 (GOS feed). Feed and water were supplied ad libitum with alternating light

and dark regimes of 12 hours.

The birds were fed starter standard diet (G1 and G3) or standard diet with
3% w/w GOS (G2 and G4), until day 10 da. Groups G1 and G3 were then changed
to standard grower diet while groups G2 and G4 were fed GOS grower diet, where
the amount of GOS in the diet was reduced to 1.5% w/w, for economic reasons.
At 22 da all birds in G1, G2, G3 and G4 were fed a standard finisher diet until 35
da. Birds in groups G3 and G4 were given 4.6 x108 CFU/ml Salmonella Enteritidis
125109 (nalidixic acid resistant), at 20 da, by oral gavage, while birds in G1 and
G2 were given an equivalent mock dose of MRD. Each group contained at least
seven birds per sample point to be able to measure a significant 1 logio reduction
in intestinal Salmonella colonisation at 95% confidence. During the experiment,
temperature and humidity were controlled in both rooms. Euthanasia of birds were
carried out by exposure to rising CO2 gas according to Schedule 1 of the UK
Animals (Scientific Procedures) Act. All birds remained healthy throughout the

trial.
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Table 2.2 Experimental design of Trial 1

Sampling date and Bird

Groups Diet
number
(n =7 at 22, 24, 28
Group 1 Uninfected / standard feed and 35 da, total n = 35
birds)
(n =7 at 22, 24, 28
Group 2 Uninfected/GOS feed and 35 da, total n = 35
birds)
(n =7 at 22, 24, 28
Group 3 Salmonella challenge/ and 35 da, total n = 35
standard feed .
birds)
(n =7 at 22, 24, 28
Group 4 Salmonella challenge/ GOS and 35 da, total n = 35

feed

birds)
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2.3.5 Trial 2 desigh using commercial birds

A total of 40 Ross 308 broiler chickens were obtained from a commercial
source (Moy Park, UK), 20 birds fed standard control diet (ctl), and 20 fed galacto-
oligosaccharides diet (GOS). Birds were placed in the barn as day olds and
brooded at a temperature of 32°C and relative humidity of 60% to 70%. During
rearing, starter GOS diet (3% w/w) or starter control diet was given until 11 da
then the diet was changed to grower control or a GOS diet with less GOS (1.5%
w/w). At 22 da all birds were fed control diet until 37 da. The chickens were raised
in barns in commercial conditions and GOS fed birds kept separately from control
birds. The thinning process (reducing the number of birds to allow for more space
or a proportion of birds are transported or taken from the main flock to lower
stocking density before birds are finally removed for slaughter) was carried out at
30 da and 20 birds collected at random. The birds were transferred to The
University of Nottingham where the chickens were humanely euthanized by
carbon dioxide asphyxiation. Caecal content and tissue samples were collected for
further analysis. The samples were stored at -80°C until processed. Both
experiments were performed according to the guidance of The Institutional Animal
Care and Use Committee at the UK, and it was approved by the Local Ethics
Committee in the University of Nottingham and achieved under Home Office

license.
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Table 2.3 Trial 2 commercial chicken experiment design

Sampling date and Bird

Groups Diet
number
G1 standard feed (n = 10 birds, at 30 da)
G2 GOS control feed (n = 10 birds, at 30 da)
G3 standard feed (n = 10 birds, at 37 da)
G4 GOS control feed (n = 10 birds, at 37 da)

2.3.6 Feed composition and quality control

The starter diet comprised of wheat (59.9% [wt/wt]), soya meal (32.5%
[wt/wt]), soyabean oil (3.65% [wt/wt]), limestone (0.6% [wt/wt]), calcium
phosphate (1.59% [wt/wt]), sodium bicarbonate (0.27% [wt/wt]), the enzymes
phytase and xylanase (dosed according to the manufacturer’s instructions; DSM
Nutritional Products Ltd., Basel, Switzerland), and a vitamin mix containing salt,
lysine hydrochloride, DL-methionine, and threonine. The wheat content has
increased in both the grower and finisher diets at the expense of soya meal by 2
and 5% (wt/wt), respectively. The prebiotic GOS was supplied as Nutrabiotic
(GOS, 74% [wt/wt] dry matter, Dairy Crest Ltd., Davidstow, Cornwall, UK). The
preparations of GOS contained a mixture of monosaccharides (glucose and
galactose) and oligosaccharides (DP2 to DP8). The disaccharide lactose, a reactant
in the manufacture of galacto-oligosaccharides, is not a galacto-oligosaccharide
otherwise all other disaccharides and longer oligosaccharides (DP3+) are galacto-
oligosaccharides and nondigestible. The starter feed was supplemented with
3.37% (wt/wt) GOS and isocaloric adjustments made in the wheat (54% [wt/wt])
and soybean oil (4.88% [wt/wt]) contents. The grower and finisher feeds

contained 1.685% GOS with respective adjusted wheat contents of 57.7% (wt/wt)
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and 63.3% (wt/wt) and soybean oil contents of 6.14% (wt/wt) and 6.22% (wt/wt).
The final feeds were isocaloric (metabolizable energy including enzyme
contribution) and contained the same crude protein levels and Degussa poultry
digestible amino acid values which are lysine, methionine, methionine plus
cysteine, threonine, tryptophan, isoleucine, valine, histidine, and arginine

(Richards et al., 2020).

2.4 Sample collection and treatment

The procedure of treating all samples is summarised in Figure 2.2.

2.4.1 Caecal contents

Approximately one gram of caecal content was immediately transferred into
cryovial tubes, frozen in liquid nitrogen and then stored at -80°C for genomic DNA
extraction. Another one gram of fresh material was collected from caeca combined
into pre-weighed universals. Each collected sample was diluted in MRD to give a
10 % w/v suspension. The sample was then serially 10-fold diluted (20 ul to 180
pl) in the same medium to 10~°in 96 well plates. Aliquots of 100 pl of appropriate
dilutions (detailed below) were spread on the appropriate different agar plates
(detailed below) in triplicate and incubated under the appropriate conditions
(detailed below). The average values of colony-forming units (CFU) were used for
the statistical analysis. Colonies was counted after overnight incubation by coulter
counter (Digital colony counter, Stuart SC6 Colony counter
- Stuart Equipment, protected by BioCote, UK). The CFU/ml was calculated using
following formula,

CFU ml! = (number of colonies x dilution factor) / sample volume
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2.4.1.1 Enumeration of coliforms and trimethoprim resistant coliforms in
caecal contents

For coliform enumeration (this include counts of lactose fermenters and non-
lactose fermenting bacteria), 100 pl of serial dilutions 104-10-% were spread on
Mac-03. For trimethoprim resistant coliforms, 100 ul of dilutions 101-10"* were
spread on Mac-03 with trimethoprim (20 pg/ml). Both types of plate were
incubated under aerobic conditions at 37°C for 24 h before colonies were counted.
Mac-03 media contain crystal violet and bile salts as selective agents for

preventing the growth of Gram-positive bacteria.

2.4.1.2 Salmonella enumeration in caecal contents modified from
Atterbury et al. (2007)

For Salmonella enumeration, 100 pl of serial dilutions 102 to 10 were
spread in triplicate onto m-XLD plates (XLD with 1 pg/ml of Novobiocin and 12.5
pg/ml Nalidixic acid added) and incubated at 37°C for 24 h. Before counting, a
confirmation test was done on representative Salmonella colonies (typically black)
by slide agglutination tests with Poly O, and 09 serotype-specific antisera (Pro-

Lab Diagnostics, Cheshire, United Kingdom).

2.4.1.3 Salmonella enrichment from caecal contents

To ensure Salmonella were not present in the non-infected control groups,
pooled swabs of approximately 0.1 g of caecal contents were transferred to 50 ml
BPW (Appendix 1.2.1) for Salmonella enrichment for 16-20 h at 37 °C. Three 100
pl aliquots of the incubated BPW suspension were dispensed on to MSRV plates
and incubated without inversion at 42°C for 24 h. Any growth was sub-cultured to
XLD plates (with no nalidixic acid or novobiocin added) and incubated at 37°C. If
any suspected colonies were identified they were checked with Poly O antiserum

as described in Section 2.2.2.
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2.4.2 Liver and spleen

Approximately 1-5 g of liver and spleen tissues were added to weighed
stomacher bags, reweighed and BPW to 10 % w/v was added. The bag was sealed,
and the contents stomached for 1 min on medium speed, in a Seward Stomacher®
80 (Seward Biomaster; UK). All bags were incubated at 37°C for 16-20 h. For
enumeration, 100 pl of the 10 % tissue suspension was spread on m-XLD
incubated at 37°C for 24 h. For enrichment three 100 ul aliquots of the incubated
tissue BPW suspension were dispensed onto MSRV plates and incubated without

inversion, as mentioned in Appendix 1.1.3
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XLD+ 10 pg Trimethoprim
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MRS + 10 pg Trimethoprim

XLD+ 20 pg Trimethoprim
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Media

500 ml of each media was made. 25 ml of molten agar was transferred to universals kept war in water
bath, and antibiotics at different were added and quickly media pour into Petri dish.
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XLD+ 30 pg Lincomycin 10-4
Mac 3 + 30 pg Lincomycin
MRS + 30 pg Lincomycin
_— L
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XLD+ 50 pg Lincomycin
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Figure 2.1 Pre-trial experiment for detecting the suitable antibiotics concentration and dilution factor. The Figure was obtained from Philippa

Connerton.
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Figure 2.2 Summary of workflow in Trial 1 (controlled housed birds) for studying the effect of GOS diet on Salmonella

colonisation, persistence, and antibiotic resistance genes. The Figure was obtained from Philippa Connerton.
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2.5 Nucleic acid extraction and analysis

2.5.1 Gel electrophoresis

2.5.1.1 Agarose gel electrophoresis

Agarose gel electrophoresis was used for routine analysing of DNA fragments
produced from PCR in this thesis. To prepare an agarose gel, 0.8% or 1% w/v
agarose (Sigma-Aldrich) was firstly added to 100ml of 1x TAE buffer (40 mM tris-
acetate adjusted with glacial acetic acid to pH 8, 1 mM disodium ethylene-diamine-
tetra-acetic acid) in a 250ml sterile conical flask. This mixture was completely
melted by microwave and kept until it cooled to approximately 50°C with gentle
mixing every 5 min. Ethidium bromide (Fisher) was added at a final concentration
of 0.4 ug/ml and gently mixed by swirling the flask. This mixture was poured into
a pre-assembled casting tray provided with desired comb. The gel was allowed to
solidify at room temperature for approximately 20-30 min, and the rubber dams
and comb were carefully removed from the casting tray. The tray with gel was
then placed in a gel electrophoresis tank containing TAE buffer, and DNA samples
were loaded into the wells. In order to estimate the size of DNA samples either a
100 bp or 1 kb DNA ladder (New England Biolabs, UK) were also loaded to wells.
These samples were run at 75V-80V for approximately 45-60 min until
bromophenol blue dye reached 34 length of the gel. Finally, samples were
visualised under UV light using gel documentation system (Gel Doc XR+ System,

Bio-Rad, Hertfordshire, UK).
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2.5.2 Genomic DNA isolation

2.5.2.1 GenElute Bacterial Genomic DNA kit

Genomic DNA of gram-negative bacteria (S. enterica U288, S. enterica,
P125109 and E. coli 153 pMG101 and trimethoprim resistance isolates) were
extracted from cells using GenElute Bacterial Genomic DNA kit (Sigma-Aldrich)
according to manufacturer’s instructions. The overnight growth of bacterial cells
was harvested from LB agar plates or nutrient ager (Appendix 1.1.6 and 1.1.8)
and suspended in 1.5 ml sterile RO water using a sterile cotton swab. The
suspension was centrifuged in a bench top centrifuge (HETTICH MIKRO 185;
Germany) at 12,000 x g for two min. The supernatant was removed, and the pellet
was thoroughly re-suspended in 180 pl of Lysis Solution T followed by addition of
20 pl of 20 mg/ml DNase-free RNase. Then, 20 ul of 20 mg/ml proteinase K
(Sigma-Aldrich / Appendix 1.1.13) was added and this suspension was incubated
in heat block (Grant QBT2; UK) for 30 min at 55°C. After incubation, 200 pl of
Lysis Solution C was added to the mixture and thoroughly vortexed for 15 s
followed by re-incubating at 55°C for 10 min. During incubation, 500 pul of column
preparation solution was added to the column to maximize DNA binding to the
membrane and centrifuged at 12,000 x g and the flow-through was discarded.
After incubation of lysed suspension, 200 ul of 100% ethanol was added and
thoroughly vortexed for 10 s. Then, the homogenous suspension was transferred
into the binding column by using a wide-bore pipette to avoid shearing DNA and
the column was then centrifuged at 6,500 x g for 1 min. The flow-through was
discarded and 500 pl of First Wash Solution was transferred into the column. The
column was then centrifuged at 6,500 x g for 1 min and the flow-through was
discarded. Then, 500pul of Second Wash Solution was added into the column and
it was centrifuged at 12,000 x g for3 min. The collection tube was discarded and
was replaced with a new tube. An aliquot of 100 pl of Elution Solution was loaded
into the centre of column and left for 1-5 min to elute the DNA. The column was
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then centrifuged at 12,000 x g for 1 min and the flow-through was collected.
Extracted DNA concentration was measured using a Nano-drop ND1000
spectrophotometer (ThermoScientific, Wilmington, USA). Finally, isolated genomic

DNA was stored in a-20°C freezer for long term storage.

2.5.2.2 DNA extraction from poultry caecal contents (Trial 2) by MP
Biomedicals Fast DNA SPIN Kit

Total genomic DNA was extracted from approximately 250 mg of total caecal
contents samples using the Fast DNA Spin extraction kit (MP Biomedicals; USA)
according to manufacturer’s instructions protocol. Approximately 250 mg of caecal
contents was weighted into a 2 ml Lysing Matrix E tube, 825 pl of Sodium
Phosphate Buffer was added followed by 275 pl of PLS solution. The mixture was
then vortexed for 10-15 s. Sample tubes were centrifuged at 14,000 x g for 5 min
and the supernatant aseptically decanted. An aliquot of 978 pl of sodium
phosphate buffer was added followed by 122 pl of MT Buffer. The mixture was
vigorously mixed by vortexing, and samples homogenized in the FastPrep® 24 5G
instrument set at 6.0 m/s for 40 s. Samples were centrifuged at 14,000 x g for 5
min and supernatant transferred to a clean 2.0 ml centrifuge tube. Then, 250 pl
of PPS solution was added, vigorously mixed (not vortexed), and incubated at 4°C
for 10 min. After incubation, samples were centrifuged at 14,000 x g for 15 min.
During centrifuging, 1 ml of binding matrix solution was mixed and added to a
clean 2 mL conical tube (not supplied). The supernatants from the samples were
then transfered to the binding matrix solution in the 2 mL conical tube, then tubes
gently mixed by hand for 3-5 min. All tubes were centrifuged at 14,000 x g for 2
min and the supernatant decanted. The binding mixture pellet was washed by re-
suspending with 1 ml Wash Buffer 1. The following step required two centrifugation
steps. First, approximately 600 pL of the binding mixture was transferred to a
SPIN Filter tube and centrifuge at 14,000 g for 1 min. The Catch tube was emptied,

and the remaining binding mixture was added to the SPIN Filter tube and
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centrifuged as before. The Catch tube was emptied again and 500 pl of prepared
Wash Buffer 2 was added to the SPIN Filter tube and gently re-suspend using the
force of the liquid from the pipette tip to re-suspend the pellet without vortexing
tubes. Samples were centrifuged at 14,000 x g for 2 min and flow-through
discarded. Residual ethanol was extracted by centrifuging the sample again for 2
min to dry the sample from the binding matrix. The SPIN Filter was transferred to
a clean 1.9 ml Catch tube. The pellet was suspended in 60-100 pul of TES. Samples
were centrifuged at 14,000 x g for 2 min to elute the purified DNA into the clean
Catch tube. The SPIN filter was discarded, and DNA stored at -20°C (for extended
periods) or 4°C until use. The purity and concentration of the extracted DNA was

measured on the Nanodrop spectrophotometer.

2.5.2.3 DNA extraction from poultry caecal contents (Trial 1) by QIAcube
HT

The majority of DNA samples in Trial 1 were extracted by QIAcube® HT
(Qiagen; UK) using the QIAamp Power Faecal protocol. In brief, 100 mg of caecal
sample was weighed into a Pathogen Lysis Tube L (cat. no.19092). Then, 650 pl
pre-warmed Buffer PW1 was added to each sample. Each sample was thoroughly
homogenized twice by FastPrep® 24 5G instrument (MP, USA) set at 6.5m/s for
45 s separated by 5 min. Then samples were centrifuged at 14,000 x g for 1 min.
Approximately 400-ul supernatant from previous step was pipetted into a new
tube, avoiding transferring any solid material, re-centrifuged the sample again.
Then, 150 pl of Buffer C3 was added to the supernatants and mixed thoroughly
by carefully vortexing or pipetting and incubated for 5 min at 4 °C. All samples
were centrifuged at 14,000 x g for 1 min. For each sample, 20 ul Proteinase K was
added to a new S-Block well. Then, 300 pl of each supernatant from previous step
was transferred to these wells, mixed and incubated for 10 min at room
temperature (15-25°C). Finally, the S-Block was placed in the QIAcube HT and

the QIAamp DNA Protocol followed.
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2.5.2.4 Manual DNA isolation for poultry caecal contents (Trial 1) by
QIAamp® PowerFecal® DNA Kit.

Some samples fail to yield DNA by the QIAcube HT method, therefore DNA
from these samples was manually isolated. Approximately 0.10 g of caecal
contents were weighted into the Bead Tube. Then, 750 pl of Power Bead Solution
was added. followed by addition of 60 pl of Solution C1 and vortexed briefly. Then,
the tubes were heated at 65°C for 10 min. Secured tubes were horizontally
Vortexed using an adapter (cat. no. 13000-V1-24) at maximum speed, for 10
min. The tubes then were centrifuged at 13,000 x g for 1 min. The supernatant
(between 400 to 500 pl) was transferred to a clean 2 ml Collection Tube. Then,
250 pl of Solution C2 was added and mixing by brief vortexing. The tubes were
incubated at 2-8°C for 5 min. The tubes then were centrifuged at 13,000 x g for
1 min. Supernatant (600 ul) was transferred to a clean 2 ml Collection Tube
avoiding disturbing the pellet. Then, 200 pl of Solution C3 was added and vortexed
briefly. The tubes were incubated at 2-8°C for 5 min. The tubes were centrifuged
at 13,000 x g for 1 min. The supernatant was transferred (not more than 750 pl)
to a clean 2 ml collection tube, avoiding the pellet. An aliquot of 1200 ul of Solution
C4 was added to the supernatant and vortexed for 5s. Then, 650 pl of each
supernatant was loaded onto an MB Spin column and centrifuged at 13,000 x g
for 1 min. The flow-through was discarded and this was repeated until all the
supernatants had been finished. After that, 500 ul of Solution C5 was added and
centrifuged for 1 min at 13,000 x g. The flow-through was discarded and
centrifuged again for 1 min at 13,000 x g. The MB Spin Column were placed in a
clean 2 ml collection tube. An aliquot of 100 pl of Solution C6 was added to the
centre of the white filter membrane and centrifuged at 13,000 x g for 1 min and
the MB Spin Column was discard. The DNA samples were stored in a -20 °C

freezer.
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2.5.2.5 Wizard genomic DNA purification Kit

PCR amplification products of gene cassettes were isolated using Wizard
Genomic DNA purification kit (Promega, UK) according to manufacturer’s
instructions. After running the PCR products on 0.8% agarose gel, the required
size bands (Approximately 2000 bp) were excised in a minimal amount of agarose
on a UV wavelength transilluminator, and then placed into weighed 1.5 ml
microcentrifuge tube. All tubes were re-weighed, and the weight of the excised
DNA gel slices calculated. Then an equal volume of membrane binding solution
was added (approximately 10 ul of membrane Binding Solution was added per 10
mg of agarose gel fragment) then vortexed and incubated at 50-65°C in heat
block (Grant QBT2; UK) for 10 min or until the gel slice was thoroughly dissolved.
During incubation, all tubes were briefly vortexed to maximize the rate of agarose
gel melting. After incubation, all samples were briefly centrifuged to ensure that
the DNA particles were at the bottom of the tube. Dissolved DNA was transferred
into SV Minicolumns in a single Collection Tube for each dissolved gel slice and

incubated for 1 min at room temperature.

The SV Minicolumn was centrifuged at 16,000 x g for 1 min and flow-through
collection tubes discarded. The column was washed by adding 700 pl of previously
diluted membrane wash solution (with 95% ethanol) to the SV Minicolumn. The
SV Minicolumn was centrifuged for 1 min at 16,000 x g and the collection tube
was emptied. A second wash was performed by adding 500 pl of Membrane Wash
Solution to the SV Minicolumn and centrifuging for 5 min at 16,000 x g. The SV
Minicolumn and the Collection Tube was emptied and re-centrifuged for 1 min with
opened lid to allow evaporation of any residual ethanol. The SV Minicolumn was
transferred to a clean 1.5 ml microcentrifuge tube and 50 ul of Nuclease-Free
Water was added directly into the centre of the column without touching the
membrane with the pipette tip. The column was incubated at room temperature

for 1 min and then centrifuged for 1 min at 16,000 x g. The SV Minicolumn was
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discarded, and the elution containing DNA in the microcentrifuge tube was stored

at 4°C or -20°C. All genomic DNAs were stored at -20°C for long term storage.

2.5.3 Polymerase Chain Reaction (PCR)

2.5.3.1 PCR Primers

The PCR oligonucleotides designed in this thesis are listed in Tables 2.5 and
2.6. Generally, the length of all designed oligonucleotides was in ideal range of
18-22 base pairs, melting temperature in the range from 48 to 66°C, the content
of GC between 40 and 70%, and usually termination of primers was either a
guanine or cytosine residue at the 3’ end unless they were obtained from another
resource. After designing the primers, all primers were checked by oligo analyser
(Integrated DNA Technologies) for possible formation of stable primer secondary
structures, self-dimer and hairpins. For calculating the melting temperature for
each primer, the equation below is used,
Tm = 4°C (G+C) + 2°C (A+T)
Primers applied in this thesis were synthesised by Eurofins MWG Operon
(Ebersberg, Germany). All oligonucleotides for GCs listed in this thesis were
designed based homogeneity of the majority of sequence data reads obtained from

first primer reads and then divided into groups based on that.

2.5.3.2 PCR running conditions

The DreamTaq Green 2x PCR Master Mix (ThermoScientific) was used in all
PCR reactions carried out in a BIOER XP thermal cycler. The DreamTaq DNA Master
Mix containing of 2 U of polymerase, 2x DreamTaq Green buffer, 0.4 mM of dNTPs
each and 4 mM of magnesium chloride. Each PCR reaction (25 pl) contained 12.5
pl of 2x DreamTaq Green PCR Master Mix (ThermoScientific) mixed with
approximately 1 ul of £50 ng DNA template; 0.5 uM forward and reverse primers;

and 9 pl water. In general, the PCR setting conditions for each reaction were
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carried out as follows: initial denaturation at 95°C for 5 min; 35 cycles of PCR
amplification including denaturation at 95°C for 30 s, annealing routinely set at
64°C unless otherwise indicated for 30 s, extension at 72°C for 1 or 3 min; and
the reaction ended with a final extension at 72°C for 5 min. The extension time
through PCR amplification cycles was adjusted depending on the size of amplified
product, with 1 min per kilo base pair of PCR product. Agarose gel electrophoresis
(Section, 2.5.1.1) for running amplified PCR products was carried out to verify
product size either using a DNA standard ladder and taking a digital image or to

cut out desired bands for purification. PCR products were stored in -20°C.

2.5.3.3 Real time quantitative PCR (RT-qPCR)

The Quantitative PCR was preformed using PowerUp SYBR Green Master Mix
(ThermoFisher) according to manufacturer’s instructions. In brief, a mixture of
(0.5 I, 1x) 10pmol forward (ACGAGCGCAAGGTTTCGGT) and reverse
oligonucleotides (CGTTCCATACAGAAGCTGG) target specific location in integrase
gene added to (5 ul, 1x) PowerUp SYBR Green Master Mix (ThermoFisher) and (3
dl, 1x) PCR water (Invitrogen) in a total volume of 10 ul, then 9 ul of this mixture
was dispensed into 384-Well white gPCR Plate. One pl of extracted DNA samples
(described in 2.5.2.3) transferred into required well into the plate. The plate then
was sealed and mixed briefly three times for few second by mini spinner centrifuge
(Axygen; ThermoFisher). The g-PCR reaction was carried out using a Light Cycler
480 instrument (Roche). The qPCR conditions are setting as follow: denaturation
programme at 95°C for 5 min; followed by amplification programme including 45
repeated cycles of denaturation at 95°C for 15 s, annealing at 66°C for 1 min; and
then one cycle of melting curve including incubation at 95°C for 5 s, 65°C for one
minute and 97°C for 30 s with a continuous fluorescence measurement; and finally
the run was finished by cooling programme to 40°C for 10 s. All results were

analysed using Light Cycler 480 software for detecting the cycle threshold value
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(Ct value) as well as absolute quantification of integrase expression value which

was then calculated based on control results.

2.5.4 Class 1 integron gene detection

The presence of class 1 integrons were determined using PCR primers that
detect three conserved sequences of class 1 integrons which are: intl1, gacEA1
and sul/l. The oligonucleotides pairs were chosen using data from published papers
which are outlined in Table 2.4 (Holmes et al., 2003;Ebner et al., 2004;Gillings et
al., 2015;Ravi et al., 2015) and purchased from Eurofins (Ebersberg; Germany).
Each PCR reaction (total volume 25 pul) contained 2x DreamTaq Green PCR Master
Mix (ThermoScientific, Wilmington, USA); 0.5 uM forward and reverse primers; 1
pl of sample DNA and the remainder PCR grade water (Roche; 03315959001;
Germany). The PCR reaction was run on XP Thermocycler, (Bio-Rad, UK). The
control template DNA was prepared by extracting DNA from S. typhimurium U288
that carries class 1 integrons, using the GenEluteTM Bacterial Genomic DNA Kit
for gram-negative bacteria (Sigma-Aldrich, UK) in accordance with the
manufacturer’s instructions (see 2.5.2.1). The extracted DNA was diluted to 50
ng/ul and were used immediately for PCR. The PCR conditions were: 95 °C for 5
min and 35 cycles of 95 °C for 30 s, 64 °C for 30 s, 72 °C for 30 s and final
extension at 72 °C for 5 min. The PCR products separated by agarose gel
electrophoresis using 1 % agarose (Pharmacia Fine Chemicals, UK) in TAE buffer
and stained with ethidium bromide for visualisation by UV Transilluminator (Bio-

Rad, UK).
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Table 2.4 Primers used for detecting three conserved sequences of class 1

integrons
- ' o> Gene pro_duct
Primer Sequence (5'-3’) size Reference
Target
(bp)
F-intI1 Ravi ACGAGCGCAAGGTTTCGGT . (Ravi et

R-inti1 Ravi GAAAGGTCTGGTCATACATG IntI1 gene >46 al., 2015)
F-intI1 EB CCTTCGAATGCTGTAACCGC intIl gene 254 (Ebner et
R-intI1 EB. ACGCCCTTGAGCGGAAGTATC 9 al., 2004)
F-HS464 ACATGCGTGTAAATCATCGTCG intI1 gene 471 (Holmes et
R-HS463a CTGGATTTCGATCACGGCACG 9 al., 2003)
Intl1 F165 CGAACGAGTGGCGGAGGGTG Clinical 311 (Gillings et
Inti1 R476  TACCCGAGAGCTTGGCACCCA Integron al., 2015)
F-sull ATCAGACGTCGTGGATGTCG Sulfonamide 346 (Ebner et
R-sull CGAAGAACCGCACAATCTCG Resistance al., 2004)

Quaternary
F-gacEA1  GAGGGCTTTACTAAGCTTGC Ammonium 200 (Ebner et
R-gacEAl ~ ATACCTACAAAGCCCCACGC Compound al., 2004)

Resistance

2.5.5 Amplification and mapping of gene cassettes (GCs)

The amplification of inserted gene cassettes was performed by long range
PCR (XP Thermocycler, BioRad; UK). Firstly, four primer pairs were tested to start
the amplification of GCs with gradient PCR to detect optimum conditions
summarised in Table 2.5. Secondly, specific walk primers, that flanking the
integrated gene cassettes from the 5’ and 3’ conserved ends of class 1 integrons,
were designed and are shown in Table 2.6 and 2.7. Each PCR reaction (25 ul)
contained 2x DreamTaq Green PCR Master Mix (ThermoScientific); 0.5 pM forward
and reverse primers; 1 ul of sample DNA and PCR grade water (Roche). The S.
enterica Typhimurium U288 genomic DNA was used as a positive control and water
as a negative control. PCR conditions were 95 °C for 5 min and 35 cycles of 95°C
for 30 s, 64 °C for 30s, 72 °C for 3 min and final extension 72 °C for 5 min. PCR

products were purified using the Wizard® SV Gel and PCR Clean-Up System kit
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(2.5.2.5) and then the purified DNA sequenced by the Eurofins MWG Value Read
service. The resulting sequences reads were organised and grouped by using
BioEdit (Sequence Alignment Editor version 7.0.5.3), then the reads were
assembled into contigs using CLC Work Bench by Prof Ian Connerton, under the

default settings and then submitted to the NCBI database using the BlastN search

program, for identifying each gene.

Table 2.5 Primers tested for identifying integrated gene cassette sequences of

class 1 integrons

Gene Sequence Pr:i::d Reference
F-Ravi-long GGCATCCAAGCAGCAAG N (Ravi et al.,
R-Ravi-long AAGCAGACTTGACCTGA 2015)
F-MRG284  GTTACGCCGTGGGTCGATG . (Gillings et al.,
R-MRG285 CCAGAGCAGCCGTAGAGC 2009)
F-ntf2 ACACCGTGGAAACGGATGAAG . (Ebner ct al.,
R-qcr2 ACCGATTATGACAACGGCGG 2004)
F-Ravi ACGAGCGCAAGGTTTCGGT (Ravt f;)a"'
n/a (Ebner et al.,
R-qacEAL ATACCTACAAAGCCCCACGC D 004)
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Table 2.6 Primers used for walking in integrated gene cassette sequences of class

1 integrons obtained from biosecure broiler chicken caecal samples (Trial 1)

Primer Sequence Pr:iczl:ct Reference
F-ntf2 ACACCGTGGAAACGGATGAAG n/a Ebner et al., 2004
F2-GCs-B CTGTTGGTTGGACGCAAGAC n/a This study
F2-GCs-F ACCATGCGAAAGCTCAATACTC n/a This study
F2-GCs-C ATTCTTGCAGGTATCTTCGAGC n/a This study
F3-GCs-B-1 AGGTTTGCGATCCGCTGTG n/a This study
F3-GCs-B-2 GAGCTTTGATCAACGACC n/a This study
F3-GCs-C GCTGGCTTTTTCTTGTTATC n/a This study
R2-GCs-B-1 CAAATTGCAGTTCTCGCT n/a This study
R-qcr2 ACCGATTATGACAACGGCGG n/a Ebner et al., 2004

Table 2.7 Primers used for walking in integrated gene cassette sequences of class

1 integrons in commercial broiler chicken caecal samples (Trial 2)

Primer Sequence Pr:i::ct Reference

F-ntf2 ACACCGTGGAAACGGATGAAG n/a

Ebner et al.,

2004

F2-GCs-A CAGCCATGATCGACATTGATC n/a This study
F2-GCs-B GTTAACCTCTGAGGAAGAATTG n/a This study
F2-GCs-C CAACGATGTTACGCAGCAGG n/a This study
F3-GCs-Al GTTCTCTGATATCGAATTCGC n/a This study
F3-GCs-A2 AGAAGATCACTTGGCCTCAC n/a This study
F3-GCs-B CATCATGAGGGAAGCGGTG n/a This study
F3-GCs-C CCACGATCGACATTGATCTG n/a This study
F4-GCs-B ATCGCTTGGCCTCGCGCGC n/a This study

R-qor2  ACCGATTATGACAACGGCGG n/a Foner e 3l

73



2.5.6 16S rRNA Gene sequences and analysis

The amplification of 16S rRNA was carried out by using specific primers: 515f
(50 GTGCCAGCMGCCGCGGTAA 30) and 806r (50 GGACTACHVGGGTWTCTAAT 30)
that are designed to flank the hypervariable V4 region of the bacterial 16S rRNA
genes (Caporaso et al., 2011). Amplicons were sequenced on the Illumina MiSeq
platform using 2 x 250 bp cycles according to the manufacturer’s instructions by
Source Bioscience, Nottingham UK. All sequences data of the 16S rRNA gene were
quality filtered and then clustered into operational taxonomic units (OTUs) by
Mothur (V1.39.5, Schloss et al., 2009) through the Schloss lab. MiSeq SOP2
(Kozich et al., 2013).

The functions required to perform analysis pipeline are available on the
Mothur website (http://www.mothur.org/wiki/MiSeq_SOP) 22 and it was carried
out following the approach of (Kopylova et al., 2016) and (Schloss, 2016). In brief,
sequences paired reads was assembled into contigs and ambiguous bases of any
contigs was removed or picked out. Then, sequences were aligned against the
SILVA reference database, and any incorrect alignment (non-bacterial origin) of
sequences were picked out. The ends of the sequences were trimmed in order to
start and end at the same alignment position of all sequences (Schloss, 2013).
Then, identification of the unique sequences and their frequency per each amplicon
was carried out. De-noise sequences of each amplicon were performed by using
pre-clustering algorithm (Schloss et al., 2011). To decrease sequences errors, the
sequences were checked for chimeras using VSEARCH. Classification of each
sequence was implemented against the Ribosomal Database Project (RDP) 16S
rRNA gene training set by a naive Bayesian classifier used to classify (version 14)
which required 80% confidence score (Schloss et al., 2011). This classifier was
customised to cover rRNA gene sequences of mitochondria and Eukaryota in order
to exclude any undesirable sequences that classified as Archaea, Eukaryota,
chloroplasts, or mitochondria. Finally, sequences were categorised into groups

according to their taxonomic level of phylum and assigned to operational
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taxonomic units (OTUs) at a 3% dissimilarity level. Coverage was calculated in
mothur by Good’s coverage at 98%. Bacterial sequences were normalised to equal
sequence counts, and these normalised OTU tables were used in all further
analysis (Westcott and Schloss, 2017).

The a- and B-diversity were analysed using Mothur (V1.39.5). The alpha
diversity was assessed by Chao index for OTU richness, while the overall diversity
(evenness) was measured with the inverse Simpson's index. Differences in a -
diversity was tested using Wilcoxon rank sum test. For the Beta-diversity,
assessed by metric calculated by Mothur and significance was tested by using
analysis of molecular variance (AMOVA) implemented also by Mothur. Distribution
of gene cassettes was presented by phylogenetic tree of Gram-negative bacteria
(Proteobacteria) and rarefaction curve was constructed by Mothur. Linear

discriminant analysis effect size (LefSe) was also performed by Mothur.

2.5.7 Bioinformatics software utilised
To assemble and analyse all sequencing data generated from 16S RNA as
well as whole metagenome sequence, several bioinformatics techniques were

used. Bioinformatics software utilised throughout the study are listed Table 2.8.

2.5.8 Statistical analysis

All data that related to bacterial count first converted to log 10 (cfu/ml) for
bacterial counts and treated by parametric statistics using T. test. All the results
related to profiling microbiota were tested for normality using the Shapiro-Wilk
test and expressed as bar charts by using median or percentage or box plots.
Analysis of significance was carried out based on normality test results by non-
parametric tests (Mann Whitney U test for unpaired data or Wilcoxon test). Each
data was compared to another to show if there are any differences between the

mean or ranks. Statistical analysis was carried out using GraphPad Prism V8
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(GraphPad Software, Inc, CA, USA) and Microsoft® Excel 2016/XLSTAT©-Pro
(2013.4.03, Addinsoft, Inc., Brooklyn, NY, USA) statistical package at 95 %
confidence level. The values were considered as statistically significant when p

values were less than 0.05.
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Table 2.8 Showing the different softwares that were used to generate the assembled annotated genomes and the

downloaded site.

Software Use

Citation

Link

Basic Local Alignment Search Tool
that was used to search genes or

BLAST proteins against the NCBI database
or against specified sequences.
General multipurpose alignment
Clustal program for nucleotides and
Omeda proteins; finds the best alignment
9 over the entire length of each
sequence submitted.
BioEdite Sequence alignment editor
7.2.6
Mothur Powerful software package for
V1.39.5 analysing sequencing data.
RStudio - . o
1.1419 Data organization and visualization
Snap gene Data organization and visualization
viewer

(Altschul et al., 1990)

(McWilliam et al., 2013)

(Hall, 1999)

(RStudio, 2018)

(SnapGene®)

http://blast.ncbi.nim.nih.gov/Blast.cgi

http://www.ebi.ac.uk/Tools/msa/clustal
o/

http://www.mybiosoftware.com/bioedit-
7-0-9-biological-sequence-alignment-
editor.html

https://github.com/mothur/mothur/rele

ases/tag/v1.39.5

http://www.rstudio.org/

http://www.snapgene.com
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2.5.8.1 Statistical analysis for quantification of integrase copy number
The cycle of threshold (Ct) of reaction is value at which the fluorescence can
be emitted appropriately above the background fluorescence and then this value
can be detected. The baseline signal and threshold signal of fluorescence were
determined automatically by the PCR machine. The Ct values for each reaction
were detected and the calculation was carried out in Microsoft Excel 2016.
According to Higuchi et al. (1993) method, the absolute quantification of integrase
copy number was calculated based on standard curve of positive control S.
Typhimurium U288. Fivefold serial dilution was done (10°-1077) and then logio gene
numbers were plotted versus Ct values and straight line was generated (the
standard curve). In brief, the number of copies for template was calculated by

using this website (https://cels.uri.edu/gsc/cndna.html) for determining the

number of copies of a template and then logio was used to plot values against Ct
value. Then, quantitation of the amount of integrase copy in the ‘unknown’
samples of interest is conducted by measuring Ct and using the standard curve to
determine starting copy number (Arya et al., 2005). T-test was performed in
GraphPad Prism 8.0 and Microsoft Excel 2016 to compare the difference of copy

number between G1 and G2, G3 and G4 for each sampling points.

2.5.8.2 16S RNA PCR

The 16S RNA sequence was used to select coliform isolates for whole genome
sequencing. The PCR conditions and reactions were carried out as described in
2.5.3.2. According to Hugerth et al. (2014) the optimum oligonucleotides for
amplifying 16S RNA are: forward primers was (341F:CCTACGGGNGGCWGCAG)
and reverse primer (R805: GGACTACHVGGGTWTCT) which target amplification of
the V3-V4 region (Hugerth et al., 2014). Prior whole genome sequence, 16S RNA

sequence of approximately 35 bacterial isolates that collected from CH birds
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(Triall) were used to select different isolates of coliforms based on sequence data
for whole genome sequencing. PCR conditions of 30 cycles of amplification include:
denaturation 95°C for 5 min, 95°C 20s, annealing 51°C 20s, extension 72°C 20s,
final extension 72°C 1 min. In addition, this step was followed by PCR for both
screening integrase and gene cassettes presence. 6 sample then were selected for

whole genome sequence.

2.5.9 DNA sequencing

2.5.9.1 PCR product sequencing

In order to get sequence reads for GCs obtained from broiler caecal contents
of biosecure housed and commercial birds, the concentrations of purified PCR
products (2.5.2.5) were measured by Nano drop and diluted if needed to 10 ng/ul
in total volume 15l of required PCR product. In addition, another 15yl of required
primer at 10pmol pl-1 was transferred to 1.5 ml microcentrifuge tube with extra
5ul volume of required primer for each additional sequencing reaction. PCR

samples and primers were sent to Eurofins genomics for sequencing.

2.5.9.2 Whole genome sequencing of gDNA samples

Bacterial DNA was first isolated as described in 2.5.2.1. After extraction,
approximately 10 pl of bacterial DNA sample was transferred into 1.5 ml
microcentrifuge tubes. Selected samples were sequenced by illumina Sequencing
(Food science, Sutton Bonington, Nottingham, UK) for whole genome sequencing

via the MiSeq platform.

Briefly, genomic DNA fragments are sheared into 200-300 bp fragments. A
sequencing library is generated by mixing the adapters with its complements and

allowing DNA to attach on the surface of flow cell oligonucleotides. Each DNA
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fragment molecule was iso-thermally amplified to simulate generation of millions
of clusters in a flow cell, and this process is known as bridge amplification. The
flow cell is a glass slide containing lanes which are coated with a lawn consisted
of two types of oligonucleotides to allow template fragment binding. The process
of sequencing is initiated by binding of the first primer to generate the sequence
reading. Then, the fluorescent tagged nucleotide that is integrated into the
synthesised complementary chain of the template fragment in each sequencing
cycle. The fluorescent labels also act as the terminator for polymerisation. After
insertion of one nucleotide, the fluorescent dye is triggered by a laser and the
fluorescent signal is emitted. These signals produce images which are then
analysed by the MiSeq image control software. To enable the incorporation of the
next nucleotide the fluorescent label is enzymatically cleaved, and the fragment
length is detected by the number of the sequencing cycles, and the base calling is
done based on the emission wavelength together with the signal intensity. The
previous steps are summarised in Figure 2.3. All data or paired end reads were de

novo assembled via the CLC genomic workbench by Prof. Ian Connerton.
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A. Library Preparation

B. Cluster Amplification

Genomic DNA
l Fragmentation
Flow Cell
— — l
—
Adapters — o=
=y Bridge Amplification
Cycles
l Ligation l
L
Sequencing O —
Library ]
— (2} I
C r— 1 a &) 4
Clusters
C. Sequencing D. Alignment and Data Anaylsis
iy ] AR o

Sequencing Cycles

-Dlgltat Image

Data is exported to an output file l

Cluster 1 > Read 1: GAGT...
Cluster 2 > Read 2: TTGA...
Cluster 3 > Read 3: CTAG...

Cluster 4 > Read 4: ATAC... Text File

ATGGCATTGCAATTTGACAT
TGGCATTGCAATTTG
AGATGGTATTG
GATGGCATTGCAA
GCATTGCAATTTGAC
ATGGCATTGCAATT
AGATGGCATTGCAATTTG

Reads

Reference
Genome

AGATGGTATTGCAATTTGACAT

Figure 2.3 Next generation sequencing basic steps of Illumina MiSeq.

A. Fragmentation of gDNA sample and ligation with specialised adaptors to both fragment

ends. B. loading library into flow cell to hybridise the fragments to the flow cell surface.

Amplification of each bound fragment into a clonal cluster through bridge amplification. C.

sequencing biosynthesis through sequencing reagent (fluorescently labelled nucleotides)

are added and the first base is incorporated, and the flow cell is imaged. The emission from

each cluster is recorded. The emitted wavelength and intensity are used to identify the

base. The repeated cycle ‘'n” times create a read length of ''n” bases. D. reads are aligned

to reference sequence with bioinformatics software. Differences between reference genome

and the newly sequenced reads can be identified after alignment (Illumina, 2015).
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CHAPTER 3

INVESTIGATION OF THE PREVALENCE OF CLASS 1

INTEGRONS IN BROILER CHICKEN CAECAL CONTENTS

REARED UNDER BIOSECURE AND COMMERCIAL CONDITIONS
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3.1 Introduction

Mobile genetic elements are one of the most significant factors that influence
the spread of antibiotic resistance genes (ARGs) by the acquisition, expression,
and dissemination of these ARGs in clinical settings and environmental habitats.
Class 1 integrons are bacterial genetic elements that widely contribute to the
emergence the multidrug resistance in human medicine, which themselves are
frequently located on mobile genetics elements including plasmids and
transposons (Ruiz et al., 2003;Nardelli et al., 2012;Jechalke et al., 2014). This
has facilitated integron mobility and dispersal among similar or different species
within bacterial communities (Escudero et al., 2015). Indeed, mobile integrons
(MIs) are evolvable elements for the rapid adaptation of bacteria to environmental
changes shaped by humans. In the 1960s, MIs played a significant role in the early
rise of multidrug resistance among clinically important bacteria, leading to the
discovery of integrons in the late 1980s (Escudero et al., 2015). Integron classes
1 and 3 (Arakawa et al., 1995) are found to be correlated with Th402 (Collis et
al., 2002;Xu et al., 2007), whereas class 2 integrons are almost exclusively

associated with Tn7 derivatives (Ramirez et al., 2010).

The embedded gene cassettes (structure of GCs, Chapter 1, Section
1.2.7.3.3) are frequently associated with a variety of resistances for almost all
antibiotic families, including trimethoprim, aminoglycosides, lincosamides, beta-
lactams, chloramphenicol, fosfomycin, macrolides, rifampicin, and quinolones
(Stalder et al., 2012). Besides antibiotics that have played vital roles in selection
and dissemination of classl integrons, the selective pressure of resistance to
quaternary ammonium compounds (QACs) used in cleaning and disinfection
products, has also been reported to be a contributory factor in their dissemination.
The gac gene encoding resistance determinants to QACs is commonly observed on
class 1 integrons (Jechalke et al., 2014;Stalder et al., 2012). QACs are commonly

used in food processing because of their biocidal effect in addition to their non-
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toxic, non-tainting, and non-corrosive properties (Holah et al., 2002). Morente et
al. (2013) stated that there is a potential concern with regard to the cross-
resistance observed between antibiotics and QACs in environmental and food-
associated bacteria.

Poultry meat production faces a range of challenges to satisfy growing
demand. To meet the demand the world poultry production would need to grow
by 2.5% per year up to 2030, and as much as 3.4% in developing countries (Ricke,
2016). Consumption in the UK is reported as 83 million birds per year (GOV.UK,
2020). Thus, the poultry industry is important part in human food chain that
requires careful monitoring with respect to AMR in order to achieve desirable

outcomes for food safety and quality.

However, livestock are considered a significant reservoir for AMR expansion
due to the possible horizontal spread between commensal bacteria and zoonotic
pathogens, which is real concern to human health (Munk et al., 2017). Several
studies have demonstrated that the use of antimicrobials in domestic animals,
often as growth promoters, leads to an increase in the occurrence of AMR and
reductions in their use positively decreases the observed resistance (Munk et al.,
2017). In commercial broiler chicken production birds are typically reared in barns
of 20,000 birds or more, which allow the dispersion of microorganisms throughout
the flock representing an important source of microbiota to other flocks on the
farm (Connerton et al., 2018). Therefore, class I integrons encoding ARGs can
easily disseminate between flocks, which enter the human food chain for
acquisition by human commensal and pathogenic bacterial populations. Human
interaction with the environment can recycle the ARGs to create a continuous
process of acquiring new gene cassettes with sequential rearrangements of host
mobile elements. These events make the natural environment a prolific reservoir
for the acquisition of new resistance genes to the advantage of opportunistic

pathogens (Waldron and Gillings, 2015). Moreover, differences in agricultural
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practice have the potential to effect class 1 integron carriage and gene cassette
arrangements (GCs). Monitoring how human activities (anthropogenic pollutants)
participate in recycling resistance to food chain animals and how these activities
contribute to worldwide crisis in the management of bacterial infections are critical

to our understanding (Gillings et al., 2008a).

Due to limited knowledge of the gene flow in these environments or the
genetic platforms that support the mobility of class 1 integrons, making predictions
of their impact on food-associated bacterial communities is difficult. The broiler
chicken caecal microbiome is an important reservoir of class 1 integrons, where
three conserved genes are frequently observed: class 1 integrase (intlI1), heavy
metal or quaternary ammonium compounds (gacEA1) and sulphonamides
resistance (sull). This chapter therefore aims to use the class 1 integron as a
biomarker for the acquisition and spread of antibiotic resistance in commercially
hatched chicks reared in either low density biosecure conditions or commercial

production.
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3.2 Results

3.2.1 Detection of class 1 integrons in biosecure chicken flocks

In order to determine the prevalence of class 1 integrons, genomic DNAs
were extracted from a total of 111 caecal samples from broiler chickens reared in
controlled housing from one-day old chicks. Three conserved genes of the
integron-integrase system (intl1, gacEA1 and sull) were PCR amplified and the
products analysed using standard agarose gel electrophoresis. The int/1 Ravi
primer (Ravi et al., 2015) was selected as main indictor for presence of class 1
integrons from four different primers used for detecting the prevalence of intl/1
noted in Table 2.4 (Chapter 2). The locations of the integrase primers within int/1
are indicated in Table 3.1 and 3.2. Validation of the primers for these three genes
was performed using Salmonella enterica Typhimurium strain U288 as a positive
control for the intlI1 gene and E. coli 153 (pMG101, obtained from Dr Jon Hobman's
group, University of Nottingham) as a positive control for the gacEA1 and sull
genes. S.T.U288 was PCR negative for the su/l gene and also it gives undeniable
band with gacEA1 results shown in Figure 3.1. Gradient PCR was used to optimise

annealing temperature Figure 3.2 (A, B and C).

The PCR conditions for each reaction were carried out as follows: initial
denaturation at 95°C for 5 min; 35 cycles of PCR amplification including
denaturation at 95°C for 30 s, annealing routinely set at 64°C (one degree reduced
from above optimisation) for 30 s, extension at 72°C for 1 and the reaction ended
with a final extension at 72°C for 5 min. Generally, the results show that 99 %
(110/111) of biosecure chicken caecal samples were positive for integrase gene
based on the int/1 Ravi and int/1 HS464 primers, whereas gacEA1 and sull genes
were detected in 93.7% (104/111) and 94.5% (105/111) of chicken caecal
genomic DNA samples respectively. Only one sample appeared to be negative for
the class 1 integron. The full results are shown in Appendix 2.1 Table 2.1.1 and
Figures in Appendices 2.2-2.6.
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Table. 3.1 Sequence of class 1 integron gene clarify positions of used

oligonucleotides coloured according to their positions in the IntI1 sequence.

Sequence of class 1 integrons obtained from positive control Salmonella

Typhmurium U288

>STU288_RS24150 STU288_RS24150 class 1 integron integrase
Inti1 gene sequence 109469:110482 forward
ATGAAAACCGCCACTGCGCCGTTACCACCGCTGCGTTCGGTCAAGGTTCTGGACCAGTTG

CGTGAGCGCATACGCTACTTGCATTACAGCTTACCAACCGAACAGGCTTATGTCCACTGG
GTTCGTGCCTTCATCCGTTTCCACGGTGTGCGTCACCCGGCAACCTTGGGCAGCAGCGAA
GTCGAGGCATTTCTGTCCTGGCTGGCGARCCAGCECARGETTTCEET CTCCACGCATCGT
CAGGCATTGGCGGCCTTGCTGTTCTTCTACGGCAAGGTGCTGTGCACGGATCTGCCCTGG
CTTCAGGAGATCGGAAGACCTCGGCCGTCGCGGCGCTTGCCGGTGGTGCTGACCCCGGAT
GAAGTGGTTCGCATCCTCGGTTTTCTGGAAGGCGAGCATCGTTTGTTCGCCCAGCTTCTG
TATGGAACGGGCATGCGGATCAGTGAGGGTTTGCAACTGCGGGTCAAGCAT NS
EREEREEEEREE . T2 TCGTGCGGGAGGGCAAGGGCTCCAAGGATCGGGCCTTGATGT
I  C C TGCGCGAGCAGCTGTCGCGTGCACGGGCATGGTGGCTG
AAGGACCAGGCCGAGGGCCGCAGCGGCGTTGCGCTTCCCGACECCCTTCACGCCEAAGTAT
€CGCGCGCCGGGCATTCCTGGCCGTGGTTCTGGGTTTTTGCGCAGCACACGCATTCGACC
GATCCACGGAGCGGTGTCGTGCGTCGCCATCACATCTATCACCAGACCTITCAGCGCGCC
TTCAAACGTGCCGTAGAACAAGCAGGCATCACGAAGCCCGCCACACCGCA NS
S C G~ CGGCCTTGCTCCGCAGEEETTACGACATTCCGAACCGTGCAGGATCTG

CTCGGCCATTCCGACGTCTCTA RN ACACEERNEE G TGARAGTTGGCGGT

GCCGGAGTGCGCTCACCGCTTGATGCGCTGCCGCCCCTCACTAGTGAGAGGTAG
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Table. 3.2 Oligonucleotides that were used for detecting the class 1 integron

Gene Product
Gene Colour Sequence Ref.
Target size
(Holmes
HS464 Dark ACATGCGTGTAAATCATCGTCG  intI1 gene
471 etal.,
HS463a pink CTGGATTTCGATCACGGCACG (H)
2003)
(Gillings
Intl1 F165 CGAACGAGTGGCGGAGGGTG Clinical
Red 311 etal.,
Intl1 R476 TACCCGAGAGCTTGGCACCCA intI1 (C)
2015)
(Ravi et
F-intlI1 Ravi ACGAGCGCAAGGTTTCGGT intlI1 gene
Gray 564 al.,
R-inti1 Ravi GAAAGGTCTGGTCATACATG (Ravi)
2015)
(Ebner et
F-intI1 EB CCTTCGAATGCTGTAACCGC intI1 gene
Blue 254 al.,
R-intI1 EB ACGCCCTTGAGCGGAAGTATC (EB)
2004)
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Figure 3.1 Positive control verification of PCR primers.

Agarose gels (Chapter 2, Section 2.5.1.1) showing target genes
amplification products of PCRs from positive controls bacteria
(5.U288 for IntI1 genes and E.coli 153 for sull and qgacEA1

genes) electrophoresed on a 1 % TAE gel. The annealing

temperature was 64 °C. All odd numbered lanes respective

negative controls.

Lane 1 100 bp ladder, Lane 2 the 546 bp PCR product of Ravi
intl1, Lane 4 the 254 bp gene amplicon of EB int/1, Lane 6 the
471 bp of intl1 HS464, Lane 8 the 311 bp clinical intl1 (C), Lane
10 346 bp the sul/l gene (J53), Lane 12 the 200 bp gacEA1 gene
(J53). The PCRs were carried out using the primers listed in Table
2.4, Chapter 2. The DNA molecular weight markers (100-1,517
bp) used were 100 bp DNA Ladder (New England Biolabs,

Ipswich, UK).
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A Intl1 Ravi [ Intl1 EB sull gacEAl

901013 128 15 94 950 16

14 15 16 17
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Figure 3.2 Gradient PCR products amplified under three different annealing
temperatures A 65 °C, B-61.4 °C, C 55 °C. Agarose gels (Chapter 2, Section 2.5.1.1)
demonstrate target genes amplification products of PCRs electrophoresed on a 1 % TAE

gel.

Lane 1 100 bp ladder, lane2 int/l1 Ravi S.E.125109, lane 3 Int/1 Ravi samplel, lane 4 Inti1
Ravi S.T.U288, lane 5 int1 Ravi —-ve control, lane 6 intl1 EB S.E.125109, lane 7 intl EB
samplel, lane 8 int/l1 EB S.T.U288, lane 9 int1 EB -ve control, lane 10 su/1 S.E.125109,
lane 11 sull S.E. samplel, lane 12 su/1 S.T.U288, lane 13 sul/1-ve control, lane 14 gacEA1l
S.E.125109, Lane 15 gacEA1 samplesl, lane 16 gacEA1 S.T.U288 Lane 17 gacEAl-ve
control, lane 18 100 bp ladder DNA. The primers used listed in Table 2.4, Chapter 2 and
DNA obtained from different salmonella isolates used in this gradient PCR. The DNA
molecular weight markers used were 100 bp DNA Ladder (New England Biolabs, Ipswich,

UK).
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3.2.2 Detection of class 1 integrons in commercial chicken flocks

A similar approach was performed with animals reared under normal
commercial conditions to investigate how prevalent these genes are in commercial
setting. A total of 40 broiler chicken caecal samples, fed either control or GOS
diets were harvested at two different sampling times from the same barns at
thinning (30 da) and depopulation (37 da) as frequently practiced in broiler
production. The birds were transported to the University of Nottingham before
euthanasia and sampling of the caecal contents for genomic DNA isolation and

investigation of the three conserved genes (intl1, gacEA1 and sull).

The prevalence of int/1 was determined by using four different primers as
noted in Table 2.4 (Chapter 2). The IntI1 Ravi primer was selected as the main
primer for detecting the presence of class 1 integrons. In this trial S.T.U288 was
used as a positive control for detecting integrons genes and as negative control
for sulphonamide resistance (su/1). The amplicon products of the PCR results are
shown in Appendix 2.7 (Table 2.7.1) and the corresponding Figures presented in
Appendices 2.8-2.11, which illustrate that 92.5% (37/40) of the commercial
chicken faecal samples were positive for the integrase gene whereas the gacEA1
and sul/l genes were detected in 100% (40/40) and 97.5% (39/40) of the broiler
chicken caecal samples respectively. It appears that only three samples were

negative for class 1 integrons.

91



3.2.3 Characterisation of antibiotic resistance gene cassettes of class

1 integrons of caecal content microbiota of biosecure birds

Further investigation was performed to determine the distribution of
antibiotic resistance gene cassettes (GCs) in the class 1 integrons. A total of 111
luminal caecal samples, including samples negative for the class 1 integrase gene,
were investigated for GCs using long range PCR. Four different primers (long range
Ravi, MRG 284/285, ntf2/qcr2 and F-Ravi/R-gacEA1) for the gene cassettes arrays
are noted in Table 2.5 (Chapter 2), and were tested at different extension times(1
min and 3 min) to select the optimum primers for amplifying the gene cassettes
and determine the optimal PCR conditions (Appendix 2.12 Figure 2.12 1A, 2A, and
2.12 1B, 2B). The primers F-ntf2/R-qcr2 were chosen for amplifying GCs of both
trials with annealing temperature of 64 °C because this primer pairs give one clear
band compared to the others. The extension time was selected at 3 min because
expected maximum size of GCs proximality 1.5-2kb.

The contents of all the PCR positive amplicons for the GCs were characterised
at nucleotide sequence level by primer walking through the amplified fragment
using the Eurofins dye-terminator sequence service. In general, the results of DNA
sequencing data from primer walking of the GCs (in most cases 3 forward reads
and one reverse read with the exception of gene cassettes type B-1 for which two
reverse primers were used) were first, classified based on similarity of sequence
data via Bioedit, second, by assembling all reads from which consensus contigs
were created and then verified to each GC, and finally the integron embedded
GCs were annotated and verified using Basic Local Alignment Search Tool (BlastN).
The results revealed that five different types of gene cassettes arrays were present
in the biosecure reared broilers that could be categorised into four groups or types:
GCs-B-1, GCs-B-2, GCs-C-1, GCs-C-2 and GCs-F. The results are summarised in

Table 3.3.
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In respect of totals, the most predominant cassette was type GCs-B-2 at
50.45 % (56/111) that contained dfrA1, and confers resistance to dihydrofolate
reductase (trimethoprim-resistant dihydrofolate reductase type 1I) and
aminoglycoside 3" adenylyltransferase (aadA1). The next most frequent type was
group C-1, which contained the aadAl1 gene alone (6.3 %; 7/111), whilst GCs
placed in group C-2 were detected in 3 samples with 2.7% (3/111). The GC group
F was found in only 4.5% (5/111), which contained the aadA9 gene alone. The
GCs group B-1 were present at 3.6% (4/111). The B-1 GCs were found in only
four samples (3.22.5-1, 3.28.5-1, 4.22.7-1 and 4.24.7-1), and this gene cassette
shared sequence identity to GCs-B-2 but with an insertion of approximately 500
bp between the dfrA1 and aadAl1 genes. The relative abundance of each gene is
presented in Tables 3.4 A and B.

The PCR amplicons for the GCs were analysed by gel electrophoresis and are
shown in Figures 3.3-3.6. What was notable in this trial was that 12 samples had
2 integrase cassette bands, and from these samples 4 had GCs-B-1 & GCs-B-2, 3
had GCs-B-2 & GCs-C1, 2 GCs-B-2 & GCs-C-2 and 3 had GCs-B-2 & GCs-F.
Moreover, there was a band of 700 bp that was analysed and found not to be
related to class 1 integrons as indicated in Figure 3.4 by the yellow arrow.

The mapping of the whole genes cassettes is illustrated in Figure 3.7.
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Agarose gel electrophoresis of PCR amplified GC products.

Each group is represented by one image, the first row contains samples
of 22 and 24 da old birds, whereas the second row contains samples

of 28 and 35 da old birds.

6 8 O @ A0 1@ 3R A 16 16 17 18

GCs bands
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Figure 3.3 The GC amplicon products of caecal DNA samples of birds
fed the standard control diet (Group1). The agarose gel electrophoresis
performed at 3 min extension time, 64 C° annealing temperature and primer

used was F-ntf2/R-qcr2 electrophoresed on 0.8% TAE agarose gel.

Row 1, Lane 1 Kb bp ladder (BioLab), Lane 2 GCs sample 1.22.1, Lane 3 GCs sample
1.22.2, Lane 4 GCs sample 1.22.3, Lane 5 GCs sample 1.22.4, Lane 6 GCs sample
1.22.5, Lane 7 GCs sample 1.22.6, Lane 8 GCs sample 1.22.7, Lane 9 GCs sample
1.24.1, Lane 10 GCs sample 1.24.2, Lane 11 GCs sample 1.24.3, Lane 12 GCs
sample 1.24.4, Lane 13 GCs sample 1.24.5, Lane 14 GCs sample 1.24.6, Lane 15
GCs sample 1.24.7, Lane 16 GCs -ve control, Lane 17 GCs +ve control, Lane 18
100 bp ladder (BioLab).

Row 2, Lane 1 100 bp ladder (BioLab), Lane 2 GCs sample 1.28.1, Lane 3 GCs
sample 1.28.2, Lane 4 GCs sample 1.28.3, Lane 5 GCs sample 1.28.4, Lane 6 GCs
sample 1.28.5, Lane 7 GCs sample 1.28.6, Lane 8 GCs sample 1.28.7, Lane 9 GCs
sample 1.35.1, Lane 10 GCs sample 1.35.2, Lane 11 GCs sample 1.35.4, Lane 12
GCs sample 1.35.5, Lane 13 GCs sample 1.35.6, Lane 14 GCs sample 1.35.7, Lane

15 GCs -ve control, Lane 16 GCs +ve control, Lane 17 100 bp ladder (BiolLab).
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Figure 3.4 The GC amplicon products of caecal DNA samples of birds
fed the GOS supplemented diet (Group2). The agarose gel electrophoresis
performed at 3 min extension time, 64 C° annealing temperature and primer
used was F-ntf2/R-qcr2 electrophoresed on 0.8% TAE agarose gel. The pointed

orange bands were only the identified GCs in this group.

Row1l, Lane 1 Kb bp ladder (BioLab), Lane 2 GCs sample 2.22.1, Lane 3 GCs sample
2.22.2, Lane 4 GCs sample 2.22.3, Lane 5 GCs sample 2.22.4, Lane 6 GCs sample
2.22.5, Lane 7 GCs sample 2.22.6, Lane 8 GCs sample 2.22.7, Lane 9 GCs sample
2.24.1, Lane 10 GCs sample 2.24.2, Lane 11 GCs sample 2.24.3, Lane 12 GCs
sample 2.24.4, Lane 13 GCs sample 2.24.5, Lane 14 GCs sample 2.24.6, Lane 15
GCs sample 2.24.7, Lane 16 GCs -ve control, Lane 17 GCs +ve control, Lane 18
100 bp ladder (BioLab).

Row 2, Lane 1 100 bp ladder (BioLab), Lane 2 GCs sample 2.28.1, Lane 3 GCs
sample 2.28.2 Lane 4 GCs sample 2.28.3, Lane 5 GCs sample 2.28.4, Lane 6 GCs
sample 2.28.5 Lane 7 GCs sample 2.28.6, Lane 8 GCs sample 2.28.7 , Lane 9 GCs
sample 2.35.1, Lane 10 GCs sample 2.35.2, Lane 11 GCs sample 2.35.4, Lane 12
GCs sample 2.35.5, Lane 13 GCs sample 2.35.6, Lane 14 GCs sample 2.35.7, Lane

15 GCs -ve control, Lane 16 GCs +ve control, Lane 17 100 bp ladder (BioLab).
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Figure 3.5 The GC amplicon products of caecal DNA samples of birds
fed the standard control diet challenged by Salmonella (Group3). The
agarose gel electrophoresis performed at 3 min extension time, 64 C° annealing
temperature and primer used was F-ntf2/R-qcr2 electrophoresed on 0.8% TAE

agarose gel.

Lane 1 Kb bp ladder (BioLab), Lane 2 GCs sample 3.22.1, Lane 3 GCs sample
3.22.2, Lane 4 GCs sample 3.22.3, Lane 5 GCs sample 3.22.4, Lane 6 GCs sample
3.22.5, Lane 7 GCs sample 3.22.6, Lane 8 GCs sample 3.22.7, Lane 9 GCs sample
3.24.1, Lane 10 GCs sample 3.24.2, Lane 11 GCs sample 3.24.3, Lane 12 GCs
sample 3.24.4, Lane 13 GCs sample 3.24.5, Lane 14 GCs sample 3.24.6, Lane 15
GCs sample 3.24.7, Lane 16 GCs -ve control, Lane 17 GCs +ve control, Lane 18
100 bp ladder (BioLab).

Row 1 Lane 1 100 bp ladder (BioLab), Lane 2 GCs sample 3.28.1, Lane 3 GCs
sample 3.28.2, Lane 4 GCs sample 3.28.3, Lane 5 GCs sample 3.28.4, Lane 6 GCs
sample 3.28.5, Lane 7 GCs sample 3.28.6, Lane 8 GCs sample 3.28.7, Lane 9 GCs
sample 3.35.1, Lane 10 GCs sample 3.35.2, Lane 11 GCs sample 3.35.4, Lane 12
GCs sample 3.35.5, Lane 13 GCs sample 3.35.6, Lane 14 GCs sample 3.35.7, Lane

15 GCs -ve control, Lane 16 GCs +ve control, Lane 17 100 bp ladder (BioLab).
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Figure 3.6 The GC amplicon products of caecal DNA samples of birds fed
the GOS supplemented diet challenged by Salmonella (Group 4). The
agarose gel electrophoresis performed at 3 min extension time, 64 C° annealing
temperature and primer used was F-ntf2/R-qcr2 electrophoresed on 0.8% TAE

agarose gel

Row 1, Lane 1 Kb ladder (BioLab), Lane 2 GCs sample 4.22.1, Lane 3 GCs sample
4.22.2, Lane 4 GCs sample 4.22.3, Lane 5 GCs sample 4.22.4, Lane 6 GCs sample
4.22.5, Lane 7 GCs sample 4.22.6, Lane 8 GCs sample 4.22.7, Lane 9 GCs sample
4.24.1, Lane 10 GCs sample 4.24.2, Lane 11 GCs sample 4.24.3, Lane 12 GCs sample
4.24.4, Lane 13 GCs sample 4.24.5, Lane 14 GCs sample 4.24.6, Lane 15 GCs sample
4.24.7, Lane 16 GCs -ve control, Lane 17 GCs +ve control, Lane 18 1 Kb ladder
(BioLab).

Row 2, Lane 1 kb ladder (BioLab), Lane 2 GCs sample 4.28.1, Lane 3 GCs sample
4.28.2, Lane 4 GCs sample 4.28.3, Lane 5 GCs sample 4.28.4, Lane 6 GCs sample
4.28.5, Lane 7 GCs sample 4.28.6, Lane 8 GCs sample 4.28.7, Lane 9 GCs sample
4.35.1, Lane 10 GCs sample 4.35.2, Lane 11 GCs sample 4.35.3, Lane 12 GCs sample
4.35.4, Lane 13 GCs sample 4.35.6, Lane 14 GCs sample 4.35.7, Lane 15 GCs sample
4.35.5, Lane 16 GCs -ve control, Lane 17 GCs +ve control, Lane 18 kb ladder

(BioLab).
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Table 3.3 Genetic content of GCs arrays identified by long range PCR

of DNA caecal samples of birds reared in biosecure condition

Sample feed type age Gene cassette
1.22.1 ctl-nonc 22 GroupB-2
1.22.2 ctl-nonc 22 GroupB-2
1.22.3 ctl-nonc 22 GroupB-2
1.22.4 ctl-nonc 22 ND
1.22.5 ctl-nonc 22 GroupB-2
1.22.6 ctl-nonc 22 GroupB-2
1.22.7 ctl-nonc 22 ND
1.24.1 ctl-nonc 24 GroupB-2
1.24.2 ctl-nonc 24 ND
1.24.3 ctl-nonc 24 GroupB-2
1.24.4 ctl-nonc 24 ND
1.24.5 ctl-nonc 24 ND
1.24.6 ctl-nonc 24 ND
1.24.7 ctl-nonc 24 GroupB-2
1.28.1 ctl-nonc 28 ND
1.28.2 ctl-nonc 28 ND
1.28.3 ctl-nonc 28 ND
1.28.4 ctl-nonc 28 ND
1.28.5 ctl-nonc 28 ND
1.28.6 ctl-nonc 28 ND
1.28.7 ctl-nonc 28 GroupB-2
1.35.1 ctl-nonc 35 ND
1.35.2 ctl-nonc 35 ND
1.35.4 ctl-nonc 35 ND
1.35.5 ctl-nonc 35 GroupB-2
1.35.6 ctl-nonc 35 ND
1.35.7 ctl-nonc 35 ND
2.22.1 GOS-nonc 22 ND
2.22.2 GOS-nonc 22 ND
2.22.3 GOS-nonc 22 ND
2.22.4 GOS-nonc 22 ND
2.22.5 GOS-nonc 22 ND
2.22.6 GOS-nonc 22 ND
2.22.7 GOS-nonc 22 ND
2.24.1 GOS-nonc 24 ND
2.24.2 GOS-nonc 24 GroupB-2
2.24.3 GOS-nonc 24 ND
2.24.4 GOS-nonc 24 ND
2.24.5 GOS-nonc 24 ND
2.24.6 GOS-nonc 24 GroupB-2
2.24.7 GOS-nonc 24 ND
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Continued Table 3.3 Genetic content of GCs arrays identified by long range PCR
of DNA caecal samples of birds reared in biosecure condition

Sample feed type age Gene cassette
2.28.1 GOS-nonc 28 ND

2.28.2 GOS-nonc 28 ND

2.28.3 GOS-nonc 28 ND

2.28.4 GOS-nonc 28 ND

2.28.5 GOS-nonc 28 ND

2.28.6 GOS-nonc 28 ND

2.28.7 GOS-nonc 28 ND

2.35.1 GOS-nonc 35 ND

2.35.2 GOS-nonc 35 ND

2.35.3 GOS-nonc 35 Group C-1
2.35.4 GOS-nonc 35 Group C-1
2.35.5 GOS-nonc 35 ND

2.35.6 GOS-nonc 35 ND

2.35.7 GOS-nonc 35 ND

3.22.1 ctl-sal 22 GroupB-2
3.22.2 ctl-sal 22 GroupB-2
3.22.3 ctl-sal 22 GroupB-2
3.22.4 ctl-sal 22 GroupB-2
3.22.5 ctl-sal 22 GroupB-1& GroupB-2
3.22.6 ctl-sal 22 GroupB-2
3.22.7 ctl-sal 22 GroupB-2 & groupC-2
3.24.1 ctl-sal 24 GroupB-2
3.24.2 ctl-sal 24 GroupB-2
3.24.3 ctl-sal 24 GroupB-2
3.24.4 ctl-sal 24 GroupB-2
3.24.5 ctl-sal 24 GroupB-2
3.24.6 ctl-sal 24 GroupB-2
3.24.7 ctl-sal 24 GroupB-2
3.28.1 ctl-sal 28 GroupB-2
3.28.2 ctl-sal 28 GroupB-2
3.28.3 ctl-sal 28 GroupB-2 & group F
3.28.4 ctl-sal 28 GroupB-2
3.28.5 ctl-sal 28 groupB-1 & GroupB-2
3.28.6 ctl-sal 28 GroupB-2
3.28.7 ctl-sal 28 GroupB-2
3.35.1 ctl-sal 35 Group C-2
3.35.2 ctl-sal 35 Group B-2 & groupC-2
3.35.3 ctl-sal 35 GroupB-2
3.35.4 ctl-sal 35 GroupB-2
3.35.5 ctl-sal 35 GroupB-2
3.35.6 ctl-sal 35 GroupB-2& groupC-1
3.35.7 ctl-sal 35 GroupB-2& Group F
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Continued Table 3.3 Genetic content of GCs arrays identified by long range PCR of

DNA caecal samples of birds reared in biosecure condition

Sample feed type age Gene cassette
4.22.1 GOS_sal 22 Group B-2
4.22.2 GOS_sal 22 Group B-2
4.22.3 GOS_sal 22 Group B-2
4.22.4 GOS_sal 22 Group B-2
4.22.5 GOS_sal 22 Group C-1
4.22.6 GOS_sal 22 Group B-2
4.22.7 GOS_sal 22 Group B-1 & Group B-2
4.24.1 GOS_sal 24 ND
4.24.2 GOS_sal 24 Group B-2
4.24.3 GOS_sal 24 Group B-2
4.24.4 GOS_sal 24 Group B-2
4.24.5 GOS_sal 24 ND
4.24.6 GOS_sal 24 GroupB-2
4.24.7 GOS_sal 24 Group B-1& Group B-2
4.28.1 GOS_sal 28 ND
4.28.2 GOS_sal 28 ND
4.28.3 GOS_sal 28 Group C-1
4.28.4 GOS_sal 28 GroupB-2
4.28.5 GOS_sal 28 Group F
4.28.6 GOS_sal 28 ND
4.28.7 GOS_sal 28 Group B-2
4.35.1 GOS_sal 35 Group F
4.35.2 GOS_sal 35 Group B-2
4.35.3 GOS_sal 35 ND
4.35.4 GOS_sal 35 Group B-2& Group F
4.35.5 GOS_sal 35 ND
4.35.6 GOS_sal 35 Group B-2 & group C-1
4.35.7 GOS_sal 35 Group B-2 & group C-1

*Sample identifier key : ex, 1.22.1 The first digit refers to diet type (G1=1, standard control
diet; G2=2, GOS supplemented diet; G3=3, standard control diet challenged by
Salmonella; and G4 =4,G0OS supplemented diet challenged by Salmonella). The second
digit refers to sampling day (22,24,28 and 35). The third digit refers to sample number (1-

7 for each feed type at one sampling point in total 28 birds / sampling point).
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Table 3.4 Total numbers of GCs recovered across time of biosecure birds (7 birds

per barn).

A-biosecure reared condition (Salmonella non-colonised birds)

GCs Control diet GOS supplemented diets Total/
ee 223 % ] remw (2 3 2 B| o | e
B-1 - - - - - - - - - - -

B-2 5 3 1 1 10/27=37% - 2 - - 2/28=7.14 | 12/55=21.81

C-1 - - - - - - - - 2 2/28=7.14 | 2/55=3.63%

C-2 - - - - - - - - - - -

F - - - - - - - - - - -

ND 2 4 6 5 (17/27=6296 | 7 5 7 5 24 41/55=74.54
Total/da | 5 3 1 10/27=37% | 0 2 0 2 |4/28=14.28 | 14/55=25.45
B-biosecure reared condition (Salmonella colonised birds)

GCs Control diet with Sal/ GOS diets with Sa/ Total/gene
toe |2 20 3 ] w22 2 n| o

B-1 1 - 1 - 2/28=7.14 1 - - 2/28=7.14 4/56=7.14
B-2 7 7 7 6 | 27/28=96.4 |6 5 2 4 17/28=60.71 44/56=78.6
C-1 - - - 1 1/28=3.57 - 1 2 4/28=14.2 5/56=8.92
C-2 1 - - 2 | 3/28=10.71 | - - - - - 3/56=5.35

F - - 1 1 2/28=7.14 - - 1 2 3/28=10.71 5/56=8.9

ND = = = = = - 2 3 2 7 7/56=12.5
T/Odt:' 9 7 9 10| 35/28=125 |8 6 4 8 | 26/28=92.85 23/56=112'

*ND: not detected

*Sal: Salmonella
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Figure 3.7 The structure of class 1 integron GCs identified from the genomic DNAs
of broiler caecal samples of birds reared under biosecure conditions. In all different
cassettes arrays, the grey boxes represent a partial sequence of integron (intI1), and the
black diamond is attachment site of integron (attl). Orange box is trimethoprim resistant
gene (dfrAl), green boxes are another kind of streptomycin (aadA1), dark pink and blue
boxes are streptomycin resistance gene (aadA9 and aadA24), and dark green coloured
boxes are quaternary ammonium compound (gacEA1). Small, coloured diamonds represent
different attachment sites for antibiotic resistance gene which are chimeric sequences
between attl and attC. The location and the direction of transcription of genes are indicated
by bold arrow. Primers named Fi, F2, F3, R1 and R; are listed in Table 2.6 Chapter2. All
sequence data with used oligonucleotides elucidated in Appendix 2.12.
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3.2.4 Characterisation of the antibiotic resistance gene cassettes of

class 1 Integrons from caecal samples of commercial chicken flocks.

The distribution of integron gene cassettes in 40 luminal caecal samples was
determined by long range PCR. Three types of gene cassettes arrays were found
in commercial broiler caecal samples that were categorised into three groups:

GCs-A, GCs-B-2, and GCs-C-2. All resulted summarised in Table 3.5.

The most prevalent gene cassettes observed in this trial was GCs-group A,
at 75% (30/40), which confers resistance to aminoglycoside 3"-
adenylyltransferase (streptomycin and spectinomycin; aadA2) and lincosamide
resistance (/inF). The next most prevalent type was GCs-group B-2 at 22.5%
(9/40), which contains dfrA1 that confers resistance to dihydrofolate reductase
(trimethoprim-resistant dihydrofolate reductase type I) and aminoglycoside 3'"-
adenylyltransferase (aadA1). This gene cassette shared a similar sequence to that
obtained from biosecure broiler caecal samples, however this cassette was less
prevalent than those identified in birds reared under biosecure conditions. The
third type of GC was group C-2, which contains the aadAl gene alone (2.5%;
1/40). Results are presented in Table 3.6. Although, the GC group C-2 obtained in
this trial displayed homologous sequence to GC-C-1 obtained from the controlled
housing flock, the insertion of three Gs was found in the Lex A box of the integrase
sequence at the position of the Pint promoter (Appendices 2.13.4 and 2.14), as
was observed in the DNA of few samples of both biosecure and the commercial
chicken flocks. PCR of the GC products resolved by agarose gel electrophoresis are
presented in Figures 3.9, 3.10 and 3.11. All the GCs obtained are illustrated in
Figure 3.11. The approximate position of designed primers pointed in each gene.
Furthermore, all sequence reads are categorised and assembled, then consensus
sequence of each GCs was created by CLC. All gene cassettes sequences data are
represented in Appendix 2.13 (Figures 1-5) with used oligonucleotides and each

gene highlighted by grey colour.
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PCR GCs gel pictures.
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Figure 3.8 The PCR amplicon products of GCs found in chicken caecal DNA samples
of commercial birds (samples 1-18). The agarose gel electrophoresis performed at 3 min
extension time, 64 C° annealing temperature and primer used was F-ntf2/R-qcr2
electrophoresed on 0.8% TAE agarose gel.

Lane 1 1 kb ladder (BioLab), Lane 2 GCs sample 1, Lane 3 GCs sample 2, Lane 4 GCs
sample 3, lane 5 GCs sample 4, Lane 6 GCs sample 5, Lane 7 GCs sample 6, Lane 8 GCs
sample 7, Lane 9 GCs sample 8, Lane 10 GCs sample 9, Lane 11 GCs sample 10, Lane 12
GCs sample 11, Lane 13 GCs sample 12, Lane 14 GCs sample 13, Lane 15 GCs sample 14,
Lane 16 GCs sample 15, Lane 17 GCs sample 16, Lane 18 GCs sample 17, Lane 19 GCs

sample 18, Lane 20 1 kb ladder (BioLab).

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

e LAl el Bd il T

Figure 3.9 The PCR amplicon products of GCs found in chicken caecal DNA samples
of commercial birds (samples 19-36). The agarose gel electrophoresis performed at 3
min extension time, 64 C° annealing temperature and primer used was F-ntf2/R-qcr2
electrophoresed on 0.8% TAE agarose gel.

Lanel 1 kb ladder (BioLab), Lane 2 GCs sample 19, Lane 3 GCs sample 20 Lane 4 GCs
sample 21, Lane 5 GCs sample 22, Lane 6 GCs sample 23, Lane 7 GCs sample 24, Lane 8
GCs sample 25, Lane 9 GCs sample 26, Lane 10 GCs sample 27, Lane 11 GCs sample 28,

Lane 12 GCs sample 29, Lane 13 GCs sample 30, Lane 14 GCs sample 31, Lane 15 GCs
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sample 32, Lane 16 GCs sample 33, Lane 17 GCs sample 34, Lane 18 GCs sample 35,

Lane 19 GCs sample 36, Lane 20 1 kb ladder (BioLab).

Figure 3.10 The PCR amplicon products of GCs found in chicken caecal DNA
samples of commercial birds (samples 37-40). The agarose gel electrophoresis
performed at 3 min extension time, 64 C° annealing temperature and primer used was F-
ntf2/R-qcr2 electrophoresed on 0.8% TAE agarose gel.

Lane 1 1 kb ladder (BioLab), Lane 2 GCs sample 37, Lane 3 GCs sample 38, Lane 4 GCs

sample 39, Lane 5 GCs sample 40, Lane 6 GCs sample -ve, Lane 7 +ve control.
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Table 3.5 Genetic content of GCs arrays identified by long range PCR of DNA caecal

samples of birds reared in commercial condition

sample type age Gene cassette
mpS 1 ctl 30d GroupA
mpS 2 ctl 30d GroupA
mpS 3 ctl 30d GroupA
mpS 4 ctl 30d GroupA
mpS 5 ctl 30d GroupB
mpS 6 ctl 30d GroupA
mpS 7 ctl 30d GroupA
mpS 8 ctl 30d GroupB-2
mpS 9 ctl 30d GroupB-2
mpS 10 ctl 30d GroupA
mpS 11 GOS 30d GroupA & B-2
mpS 12 GOS 30d GroupA
mpS 13 GOS 30d ND
mpS 14 GOS 30d GroupA
mpS 15 GOS 30d GroupA
mpS 16 GOS 30d GroupA
mpS 17 GOS 30d ND
mpS 18 GOS 30d GroupA
mpS 19 GOS 30d GroupB-2
mpS 20 GOS 30d GroupA
mpS 21 GOS 37d GroupA
mpS 22 GOS 37d GroupA
mpS 23 GOS 37d GroupA
mpS 24 GOS 37d GroupB
mpS 25 GOS 37d GroupA
mpS 26 GOS 37d GroupA
mpS 27 GOS 37d GroupB-2
mpS 28 GOS 37d GroupA
mpS 29 GOS 37d GroupA&B-2
mpS 30 GOS 37d GroupA
mpS 31 ctl 37d GroupA
mpS 32 ctl 37d GroupA
mpS 33 ctl 37d GroupA
mpS 34 ctl 37d GroupA
mpS 35 ctl 37d ND
mpS 36 ctl 37d GroupA
mpS 37 ctl 37d GroupB-2
mpS 38 ctl 37d GroupA
mpS 39 ctl 37d GroupA
mpS 40 ctl 37d GroupA & GroupC-2
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Table 3.6 Total numbers of GCs recovered across time of commercial birds (10

birds per barn).

Control diet/com GOS diets/com

GCs o
Type | 30 37 30 37 Total/gened

0, 0]

da da Total % da da Total %
A 7 8 15/20=75% 7 8 15/20=75% | 30/40=75
B-2 3 1 4/20=20% 2 3 5/20=25% 9/40=22.5
C-2 0 1 1/20=5% 0 0 0 1/40=2.5
ND 0 1 1 2 0 2 3/40=7.5

Total 10 10 20/20=100 9 11 20/20=100 100

*ND: not detected
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Figure 3.11 The structure of class 1 integron GCs identified from genomic

DNAs of broiler caecal samples of birds reared under commercial conditions. In all
the different cassettes arrangements, the grey boxes represent a partial sequence of
integron (intI1) and the black diamond is the attachment site of integron (attI). Dark red
boxes represent the streptomycin resistance gene (aadA2), orange boxes the trimethoprim
resistant gene (dfrAl), tiffany blue boxes a second kind of streptomycin resistance (aadAl),
dark blue boxes lincosamide resistance (/inF) genes and dark green coloured boxes
represent the resistance determinant for quaternary ammonium compounds (gacEA1).
Coloured diamonds represent different attachment sites for antibiotic resistance genes. The
location and the direction of transcription of genes are indicated by bold arrows. All

sequence data with used oligonucleotides elucidated in Appendix 2.13.
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The findings demonstrate that all the GCs obtained from chickens’ caecal
contents (Tables 3.3 and 3.5) of both trials, are considered to be small GCs arrays
that are likely located within mobile genetic elements (transposons and plasmids),
which are possibly spread by LGT to facilitate the high prevalence observed within
the broiler chicken gut microbiota. The amplicon sizes of the gene cassettes were
2218, 2394, 1911, 1332, 1335 and 1355 bp (Table 3.7). In general, by comparing
the diversity of the antibiotic resistance patterns in these experiments, it is evident
that each trial was dominated by one type of GC, the controlled housing birds
exhibited high prevalence of GC-group B-2, and in the commercial birds the GC-

group A was predominant being present in more than half of the samples.

3.2.5 Attachment site attC structure

All the gene cassette types (A, B-1, B-2, C-1,C-2 and F) were investigated
for the presence of two GTTRRRY sequences, which act as the initiation sequence
for the recombination process by integrase (int/1), and are located at the
boundaries of each inserted gene cassette to define the entry point. Thus, GCs are
categorised by the existence of essential palindromic sequences of different
lengths between the RYYYAAC inverse core site and the GTTRRRY core site. In
addition, the sequences were screened for integron integrase specific domains that
are required in integration activity (L, R) as described in Figure 1.4 (Chapterl).

Analysis of the attachment site (attC) sequences of various aadA cassettes
indicated that the aadA2, aadAl and aadA24 genes share similar palindromic
sequences at inverse core site (1L, 2L) and core site (2R) regions. However, the
1R core site features a substitution in the last four bases but retains the GTTRRRY
consensus sequence, whereas the L2 region was different to the other aadA genes.
The variable region shows 1% dissimilarity between aadA1 and aadA24. However,

6% dissimilarity between aadA2 genes compared to aadAl. For the palindrome
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sequence of attC in the /inF gene, the inverse core site (GCACAAC, 1L) was located

upstream the stop codon within the /inF gene.

However, the dfrAl palindromic sequences were compatible (Biskri et al.,

2005). The different sizes of attC length observed are shown in Table 3.7 and the

imperfect inverted repeats are underlined in Table 3.8.

Table 3.7 Summary of genetic content of gene cassette arrays identified by long

range PCR (F-ntf2, R-qcr2)

Gene attC Gene attC Gene Gene attC
Group Genel Size site Gene2 Size site 3 Size site Total
bp size bp size bp size
A aadA2 792 60 linF 821 58 - - 2218
B-1 dfrAl 473 94 Orf1 519 aadA24 702 2394
B-2 dfrAl 473 94 aadAl 792 60 - - 1911
C-1 aadAl 792 60 - - - - - 1332
C-2 aadAl 792 60 - - - - - 1335
F aadA9 834 60 - - - - - 1355

Table 3.8 Summary of attachment site sequence (attC) of GCs obtained from

broiler caecal contents showing imperfect repeats regions

Gene attC Site Sequence 5'-3’ Reference
L1 R1
«2 R2 I ¢
aadAl >TGTCTAACAATTCGTTCAAGCCGACGCCGCTTCGCGGCGCGGCTTAACTCAAGCGTTAGAT
(Larouche,
aadA2 >TGTCTAACAATTCGTTCAAGCCGACCBCGCTACGCGEEGCGGCTTAACTCEEGCGTTGTGC &Roy,2011)
GCTTAAC jCLILCCC] ,
aadA24 >TGTCTAACAATTCGTTCAAGCCGACGCCGCTTCGCGGCGCGGCTTAACTCEGAGCGTTAGAT
(Tauch et al.,
aadA9 >CGTCTAACTATTCATTTAAGCCGARGCCGCTTCGCGGCICGGCTTAATTCAGGCGTTAGAT 2002)

. (Heir et al.,
linF >CGCACAACAAGTAAATCCAGCGGACGCATAAAAACGCGCCGCTGATTTTGACGTTAGAT 2004)
dfrA1 >GGTTAACAAGTGGCAGCAACGGATTCGCAAACCTGTCACGCCTTTTGTACCAARAAGCCGCGCC  (Biskri et al.,

T AGGTTTGCGATCCGCTGTGCCAGGCGTTAAACATC 2005)
Orf1 >GCCTAACCCTTCAATCAACAGGGACAGTCCAAAGCTAGCGCTTTGTCCTGCCCCTTATTTCAA

ACGTTAGAC
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3.3 Discussion

The abundance and prevalence of class 1 integrons has had a spectacular
increase in bacterial communities compared to what it was estimated to be 100
years ago in clinical forms of this element (Ghaly et al., 2017;Gillings, 2017). This
has meant that these DNA elements have become significant indicators for a wide
range of environmental pollutants (Pruden et al., 2006;Pruden et al., 2013). The
gastrointestinal tract of the chicken is highly populated and acts as a key reservoir
for the transmission of foodborne disease and a fertile environment for the
exchange of antibiotic resistant genes via LGT (Stalder et al., 2012;Kaakoush et
al., 2014). In this regard, it is important to investigate load of antibiotic resistance
genes and associated mobile elements in one of the most common food sources,
which could act as a vehicle for dissemination in the human food chain and a proxy

for understanding the spread of ARG amongst bacterial species.

Previous studies have shown a high abundance of integrons in E. coli isolates
from broiler chickens (Goldstein et al., 2001;Lu et al., 2003b). In this study 92.5%
of the commercial broiler caecal contents tested positive for the IntI1 gene (5'CS)
and 99% of the biosecure broiler caecal samples were positive for integrase.
Therefore, there was no discrimination between two different conditions in terms
of the prevalence of class 1 integrons. For clarification, four primers were used for
targeting different sections of the integrase gene, the primers called int1 Ravi and
HS464 were used as the main primers. Primers for IntI1 EB were not effective,
likely due to a substitution observed in the forward primer compared to the Inti1
sequence that might justify why this primer did not work with the majority of
samples. Surprisingly, many studies have suggested that integrons were prevalent
in bacterial communities that had not been directly exposed to antibiotic pressure
in clinical, agricultural or environmental settings (Stalder et al., 2012). In addition,
Gillings (2018) suggested that the high abundance of Intl1 is subjected to active

selection as it confers a survival advantage to the bacteria that carry it.
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Escudero et al. (2015) highlighted the high frequency of integrases
depending on the environment in which the integrons were found. Vasquez-Ponce
et al. (2019) pointed out that this may explain how DNA segments are shared
sequences across various bacterial samples obtained from different environments
such as soil, fresh water, marine and pathogenic bacteria (veterinary and human).
Liljebjelke et al. (2017) noted that the reservoir of antimicrobial resistance genes

was larger than previously thought.

Most of the broiler chicken caecal samples were also positive for the gacEA1
gene (3'CS) with 100% presence in the commercial birds and 93.7 in the biosecure
caecal DNA samples. Stalder et al. (2012) pointed out that gac GCs are common
in class 1 integrons. Radstrom et al. (1994) reported that the origin of gacE gene
in the class 1 integron could be identified as emanating from transposons Tn402
and Tn5090. Moreover, the class 1 integrons containing gacE may act to retain
antibiotic-resistant bacteria in environments polluted by quaternary ammonium
compounds because the selection for gac resistance may lead to co-selection for
antibiotic resistance (Gaze et al., 2005). Gilbert and McBain (2003) and Gillings
(2014) demonstrated that this gene encodes a versatile efflux pump that confers
resistance to toxic cationic molecules, and may interpreted as a role in defending
cells against toxic substances presented in natural ecosystems. Therefore, the
gacE gene has played a significant role in the emergence of class 1 integrons as it
provides a survival advantage besides acting as a site for integrative mobile
elements.

Similarly, the sull gene was observed in almost all samples, 97.5%- 94.5%
of caecal DNA samples from commercial and in biosecure conditions respectively.
Although Vasquez-Ponce et al. (2019) reported that no typical structure had been
found for class 1 integrons among florfenicol FB isolates in his study of multi-
resistant bacterial isolates collected from the gut microbiota of extended antibiotic

treated Salmo salar fish farms. These authors also reported the absence of the 3’-
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CS of gacEA1/sull genes in this group (FB), whereas 23% of oxytetracycline (OB)
isolates showed these structures in the integron system. The su/l gene confers
resistance to sulphonamides that target dihydropteroate synthase in the folic acid
pathway, and it was inserted into the Th402-class 1 integrons causing deletion at
the end of the gacE to generate gacEA1, and features in clinical class 1 integrons
as a 3’ conserved segment (Gillings, 2014).

What is worth mentioning here is that the high stability of the class 1
integrons sequence was noted among (40+75) 115 sequence data sets of GI of
broiler chicken microbiota. Dubois et al. (2007) noted high uniformity of the class
1 integrons from clinical isolates of Shigella spp. Furthermore, Gillings et al. (2015)
found that the clinical class 1 integrons possessed homologous DNA of the
integrase (intI1) gene, which is strong evidence that they have a single recent
common ancestor. In addition, Gillings (2014) could identify a class 1 integrase in
new clinical pathogens, which could also be found on the chromosomes of non-
pathogenic environmental Betaproteobacteria. Thus, studying the origins of these
clinical class 1 integrons may facilitate understanding of the dynamics and
prevalence of antibiotic resistance. Analysis of the integrase sequence revealed
that various resistance gene cassettes conserve a LexA box motif that overlaps
with the =10 box of the jintI1 promoter. Cambray et al. (2011) indicated that the
LexA binding motif has been found in a large proportion of database integrase
sequences, suggesting that the control of integrase expression by the SOS
response is conserved amongst integron systems. The in vitro assessment of LexA
box functionality for class 1 integrons indicates that the SOS response increases
the expression of the class 1 integrase 4.5-fold (Escudero et al., 2015).

Papagiannitsis et al. (2009) and Guérin et al. (2011) described an insertion
of three G bases in the intlI1 sequence, which they claim as an activator sequence
in a second promoter (P2) located downstream of Pc that increases the distance
to 17 bases between the -35 and-10 hexamers. This was observed in few samples

in this study recovered from genomic DNAs of both biosecure and commercial
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birds. Despite this, the sequences at -35 and-10 region possessed a weak
sequence promoter that may be interpreted as the reason for the abundance of

the gene cassette among microbiota.

The gene cassettes obtained from both trials show discrimination for
antibiotics for veterinary use. Gene cassettes encoding lincosamides (/inF) that
confer resistance to lincomycin were found to be the dominant GCs in commercial
birds with total carriage 75%, (30/40), while the /inF gene was completely absent
under biosecure conditions. It is clear that the previous usage history of lincomycin
in flock drinking water still enhances mobility of this gene despite the ban of using
AGPs in the EU since 2006. Maxey and Page (1977) reported that lincomycin
mitigated necrotic enteritis in broiler chickens caused by Clostridium perfringens,
which may account for its sustained use. GCs B-1 was only found in the birds
reared under biosecure conditions. The gene cassette was present in 4 samples,
which represent atypical copies of GCs B-2 that exhibit an insertion of a gene
encoding a hypothetical protein between dfrA1 and aadAl. The other gene
cassettes show similar sequence homology although they are reared under
different conditions.

Martinez-Freijo et al. (1999) proposed that the stability of transferred
variable regions (GCs) often act as part of the integron structure rather than as
individual cassettes. The study findings of GCs arrays suggest that wide
dissemination and uniformity among various OTUs across caecal contents of
several birds may be indicative of the relative stability of these structures
supporting Martinez-Freijo’s hypothesis. Futher analysis of the strength or
weakness of the Pc promoters is needed to help to clarify if they contribute to
satability among microbiota.

Several studies have documented streptomycin resistance (aadA) as
commonly mediated by integrons. Ebner et al., (2004) reported that GCs were

detected from Salmonella enterica serovars isolated from animal environments
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that contain the aadA GC at low diversity. Similarly, in this study the most
prevalent gene in all cassettes was aadA, whether a single gene such as (aadAl)
or in conjunction with either trimethoprim resistance (dfrAl) or lincosamide
resistance (/inF, aadA2). The GCs of group B contained dfrAl and aadAl as the
second most abundant configuration observed within biosecure broiler chicken
caecal microbiota. Ponce-Rivas et al. (2012) pointed out that the dfrAl and aadAl
GCs were the most prevalent genes detected within the class 1 integrons present
in Escherichia coli isolates from poultry litter, which were located on mega-
plasmids or the chromosome. Martinez-Freijo et al. (1999) also reported these
resistance genes in Enterobacteriaceae. Although Larouche and Roy (2011)
reported that IntlI1 had weak excision activity for the dfrAl cassettes.

In this context the GCs of group C and F may be considered as a deletion of
the dfrA1l gene from group B, which collectively indicate a greater genetic variation
of the GCs obtained from group B, whereas the GCs of group A were more stable.
However, relatively few papers discuss stability of gene cassettes as a function of
time in the gut microbiome.

Although attC sites of the gene arrays of integrons are not considered a
conserved sequence among various genes, the attC sites of similar gene cassettes
show identical sequences in inverted repeat boxes or palindromic sequences (L1,
L2, R1 and R2) in most of attC sites of the same resistance gene. These feature in
chromosomal integrons, which show a high sequence identity of the attC sites
suggesting a relationship between these fragments and the sequence of the
recombination site in the host (Rowe-Magnus et al., 2003).

In summary, comparisons between different reared environments provide
insights into the dynamics and flow of resistance genes in the absence of antibiotic
use. Diversity in the lineage of class 1 integrons in these settings suggest they
remain mobile and able to find their way into the genomes of zoonotic pathogens.

However, the integrons present in the birds reared under biosecure condition are
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likely to have arisen from the hatchery and preserved as a component of the gut

microbiota in the growing chickens.
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CHAPTER 4

INVESTIGATION OF ANTIBIOTIC RESISTANCE IN THE

CAECAL MICROBIOTA OF BROILER CHICKENS FED STANDARD

DIETS UNDER BIOSECURE AND COMMERCIAL CONDITIONS

117



4.1 Introduction

The microbiomes of food animals have gained antibiotic resistance genes
over several decades (Allen, 2014). Antimicrobial agents have been extensively
used in animal production over the past 50 years for several purposes that
principally include using them as therapeutic agents for treating infection, or as
prophylactics for preventing illness, and for sub-therapeutic use for improving feed
efficiency and growth performance. However, as highlighted in Chapter 1 (Section
1.2.4), the use of antibiotics growth promoters (AGPs) in food producing animals
has been banned in the European Union due to its contribution to accelerate the
development of AR and the potential to spread to pathogens (Marshall and Levy,
2011). Hence, it is mainly the historic use of antibiotics that contribute to the
continuing presence of antibiotic residues in feed and the environment (Mehdi et

al., 2018).

Many studies have highlighted farmed animals and their broader
environment as proxy of ARGs that can be easily acquired across species (Forsberg
et al., 2012;Finley et al., 2013;Braykov et al., 2016). Animal faecal microbiota
harbours a huge reservoirs of these ARGs that might be acquired by human
commensals and pathogens (Allen, 2014). Antibiotic residues, resistant bacteria
and ARGs may be transferred into the environment by several mechanisms such
as directly from manure, leakage from holding tanks, runoff, and airborne
particulates (Udikovic-Kolic et al., 2014;McEachran et al., 2015;Xiong et al.,

2018a).

It was shown in the Chapter 3 that despite the difference in rearing
conditions of broiler chickens, trimethoprim resistance GCs were prevalent in both
environmental settings associated with other types of resistance determinants

(streptomycin resistance, aadA1). Trimethoprim resistance was therefore selected
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for investigating the AMR load in caecal contents of the microbiota of broiler
chickens. So far, 30 dfr-genes have been identified as determinants for the
developing trimethoprim resistance, and which are usually associated with
integrons (Skoéld, 2001). This feature results in an effective horizontal
dissemination mechanism for antibiotic resistance between bacteria (White et al.,
2001;Dionisio et al., 2002;Blahna et al., 2006). Limited studies have investigated
the epidemiology and frequency of the different dfr-genes and their association
with integrons or its relationship to other resistance determinants from E. coli or
coliforms (Brolund et al., 2010).

The avian GIT microbiota rapidly develops in the early stages of life (in
particular, within the first 2 weeks) since young chicks are hatched and delivered
to a chicken house (typically at 1-2 da). Initially, the GI of young chick is very
simple containing a small number of bacteria belonging to a few different species
(Fonseca et al., 2011;Cox et al., 2012;Hiett et al., 2013;Wang et al., 2016).

Post-hatching the intestinal microbiome becomes dominated by
Enterobacteriaceae (1 to 3 da) and then Firmicutes around 7 da (Ballou et al.,
2016;Connerton et al., 2018). Through the first week of life, the abundance and
taxonomic diversity of Gram-positive bacteria become dominated by the
Clostridiales OTUs, causing a corresponding decrease in the proportion of Gram-
negative bacteria (Ballou et al., 2016). Exogenous sources of bacteria that can be
incorporated into the microbiota of the immature gut of chicks include litter
materials, feed, water, and ambient air. Bacteria from these sources can easily
colonise the young GI tract due to the low numbers of competitors (Wang et al.,
2016). Hence, the microbiome of growing chicks undergoes a series of temporal
successions (Wielen et al., 2002;Lu et al., 2003a) and the complexity and diversity
of GI microbiota are increased (Wei et al., 2013), and their interactions
significantly influence host physiology, immunology and nutritional status (Zhao

et al., 2013). Thereby, the dynamics and flow of ARGs between farmed animals
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and their environment are considered an important event in terms of shaping

animal microbiota and mobilising ARG determinants.

The aim of this study was to elucidate the effect of rearing conditions on the
avian GI microbiome in terms of estimating the prevalence of ARGs. In order to
do this, it is important to understand how the chicken microbiome develops in
chickens fed a standard diet and reared under biosecure or commercial settings.
Therefore, the aim of the work described in this chapter are to evaluate
trimethoprim resistance in coliform populations in chickens fed a standard diet.
This includes an evaluation of the total coliform count; the trimethoprim resistance
bacteria count and absolute quantification of the copy number of integrase genes

with time.
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4.2 Results

4.2.1 Pre-trial test optimisation of antibiotic selection method

Before starting the experiments, it was important to select the most
appropriate antibiotic and the optimum concentration to add to the selective
media. Randomly selected samples of chicken caecal contents were handled as
described in Chapter 2, Section 2.3.3. The antibiotics chosen were trimethoprim
and lincomycin. Three different concentrations were tested, these were 5, 10, 20
pg/ml for trimethoprim, and 30, 50, 70 ug/ml for lincomycin. These antibiotics
were added to three different kinds of selective media (Mac-03, MRS and M-XLD).

The results are shown in Figures 4.1 and 4.2.

High counts of Gram-positive bacteria resistant to lincomycin were recorded
in the samples, so this antibiotic was excluded from the trials. Thus, trimethoprim
at a concentration of 20 pug/ml was selected as it yielded a countable range of
trimethoprim resistance bacteria. Selection for coliforms was chosen because of
their role in the dissemination of antibiotics resistance genes as well as their

contribution to the incidence of food borne disease.
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Figure 4.1 Initial test study for selecting the optimum trimethoprim concentration
for plating on three types of media (MAC-03, XLD, MRS), at three different
concentrations (5, 10 and 20 pg/ml) over three dilution factors (-2, -3, -4). The
purple bar chart groups for enumeration coliforms, red group for Salmonella and grey bar

chart for Lactic acid bacteria.
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bar chart groups for enumeration coliforms, red group for Salmonella and grey bar chart

for Lactic acid bacteria.
4.2.2 Enumeration of coliform bacteria recovered from the caecal
contents of control fed birds reared under biosecure conditions.

In order to estimate the relative abundance of the caecal coliform counts
(this includes all bacteria grown on the plate) with age of the chickens,
enumeration of coliforms on triplicate MacConkey plates was performed as
described in (Chapter 2, Section 2.4.1.1) with the control diet during 4 sampling
points 22, 24, 28, 35 da (Triall Chapter 2, Section 2.3.4). The results are

represented in Figure 4. 3.

Total coliform counts Triall
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Figure 4.3 Total coliforms recovered from the caecal contents of 22, 24, 28 and 35
da old birds fed the control diet and reared in biosecure conditions (G1, trial 1).
Data are expressed as standard boxplots with medians (solid black line). Outliers are
represented as dots. The top and bottom Whiskers indicate maximum and minimum values,
unless these values exceed 1.5x interquartile range. All orange boxes represent control fed
birds. The number of birds per sampling point is 7 (total =28 birds), counted on Mac-03
media.

A significant difference was observed in total coliform counts between

sampling days 22 vs 35 (p=0.026) as well as 24 vs 35 (p=0.01) with time.
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Although there was no significant difference (p>0.05) found between 22 vs 24 or
28 vs 35 da. Therefore, the results show that coliform counts start to decrease at
28 da and continue to decrease to 35 da. In general, coliform numbers decrease

with time.

4.2.3 Enumeration of trimethoprim resistance coliforms obtained from
the caecal contents of control fed birds reared under biosecure
conditions (G1, triall).

The viable count of trimethoprim resistant bacterial were enumerated on
MacConkey agar plates containing trimethoprim (20 ug /ml). The results in Figure
4.4 indicated that the viable counts of trimethoprim resistance bacteria generally
remained steady across the trial with no significant difference was found (p>0.05)

between different sampling days.
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Figure 4.4 Viable counts of resistance coliforms bacteria growing on MacConkey
03 supplemented by 20 pg/ml of trimethoprim obtained from the caecal contents
of 22, 24, 28 and 35 da old birds fed control diet (G1). Data are expressed as standard
boxplots with medians (solid black line). Outliers are represented as dots. The top and

bottom Whiskers indicate maximum and minimum values, unless these values exceed 1.5x

interquartile range. All orange boxes represent control fed birds. The number of birds per
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sampling point is 7 (total =28 birds), counted on Mac-03 media supplemented by 20 pg/ml

of trimethoprim.

4.2.4 Ratio of coliform trimethoprim resistance bacteria from the
caecal contents

The ratio of trimethoprim resistance was calculated by dividing the
concentration of trimethoprim resistance coliforms by the total coliform count
determined on control plates. There was no significant difference (p> 0.05)
between the ratio of coliform trimethoprim resistant isolates in G1 when comparing
between 22 vs 24 da or 28 vs 35 da. However, a significant difference was
observed between 22 da vs 35 da (p=0.014) and between 24 vs 35 (p=0.028).
The trend appears to be that the proportion of trimethoprim resistance bacteria
increase with time.

Trimethoprim resistance population
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Figure 4.5 Ratio of trimethoprim resistant coliform population with time of
controlled housing birds fed a conventional diet. The Figure shows the ratio of
trimethoprim resistance in control diets gradually increasing with time. Specifically, the
growth rate was slower at 22 and 24 da however this rate displayed a greater increase after

28 da. Data are expressed as standard boxplots with medians (solid black line). Outliers
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are represented as dots. The top and bottom Whiskers indicate maximum and minimum
values, unless these values exceed 1.5x interquartile range. All orange boxes represent

control fed birds. The number of birds per sampling point is 7 (total =28 birds).

4.2.5 Evaluation of the class 1 integron copy number based on the
integrase genes per gram of caecal content for control diet fed birds
reared under biosecure conditions (ctl diet).

A second set of experiments was carried out to determine the integrase copy
number for the control diet birds reared under controlled conditions. qPCR was
preformed to evaluate classl integrons signals across four sampling points (22,
24, 28, 35 da). The integrase sequence was selected because it is integral to the
class 1 integron carrying ARGs and considered as an indicator of the antibiotic
resistance load. Primers designed to target a small region of approximately 200
bp inside the main sequence. The established Ravi primer set was adopted for this
purpose. The primary test was done by using the standard PCR for selected
samples as shown in Figure 4.6, whilst the results of the gPCR assay of integrase

copy number for the control diet groups are presented in Figures 4.7 and 4.8.

Figure 4.6 initial test for PCR amplified fragments for RT q-PCR for detecting
integrase copy nhumber (183bp). Lane 1 100 bp Ladder, Lane 2 samplel (1.22.3), Lane

3 sample2 (1.22.7), Lane 4 sample3 (3.28.6), Lane 5 sample4 (4.24.3), Lane 6 sample 5
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(4.24.6), Lane 7 S.T.U 288, Lane 8 negative control. Key for numbers (1=G1, ctl-bio nonc,

3=G3, ctl-bio-sal and 4=G4, gos-bio-sal).

Copy number of class | integrase per gram of cecal content
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Figure 4.7 Class 1 integrase copy humber quantified by qPCR per gram of caecal
content for control housed birds. The specific primers were designed (Chapter 2,
Section 2.5.3.3) to determine copy number of class 1 integrase gene applying Salmonella
typhimurium U288 as positive template to draw the standard curve (Chapter 2, Section
2.5.8.1). Comparison shows total copy number of integrases across 4 sampling points in
control diets birds (Triall). Data are expressed as standard boxplots with medians (solid
black line). Outliers are represented as dots. The top and bottom Whiskers indicate
maximum and minimum values, unless these values exceed 1.5x interquartile range. All
orange boxes represent control fed birds. The number of birds per sampling point is 7 (total =28

birds).

Results demonstrated that there was no significant difference found in
integrase copy number between the sampling points (t.test p-value= 0.19 at 22
vs 24 da, p-value 0.11 at 24 vs 28 and p-value=0.37 at 28 vs 35. However, the
class 1 integrase copy number was significantly reduced at 28 da (control)

compared to 22 da old birds (p-value, 0.003). Overall, the trend of integrase copy
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number is to reduce with time for birds fed the ctl diet and reared under biosecure

conditions.

4.2.6 Evaluation of copy number of class 1 integrase gene per gram of
caecal content for commercial birds (ctl diet).

The quantification of copy number of class 1 integrase gene per gram of
caecal content was carried out by using Salmonella Typhimurium U288 as a
positive template and to create standard curve for absolute quantification copy
number of the class 1 integrase gene. Results showed that there was no difference
in total copy number of integrases between two sampling time in control diets of

commercial birds (Trial 2).
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Figure 4.8 Class 1 integrase copy nhumber quantified by qPCR per gram of caecal
content of commercial birds. Data are expressed as standard boxplots with medians

(solid black line). Outliers are represented as dots. The top and bottom Whiskers indicate
maximum and minimum values, unless these values exceed 1.5x interquartile range. All

blue boxes represent control fed birds. The number of birds per sampling point is 10 (total

=20 birds).
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4.2.7 Development of the caecal microbiome composition of control
fed diet birds reared in controlled housing and commercial condition.

The developmental changes in the broiler chicken caecal microbiome were
investigated by analysing DNA sequences of the 16S rRNA genes of the
hypervariable region (V4). This allowed an assessment of both the biodiversity of
caecal microbiota and the relative abundance of the community members from
the two broiler chickens groups. A total of 1947973 (median: 66586, IQR:
59287.5) of quality-controlled sequence reads of 28 biosecure housed birds fed
control diet, and a total of 1112207 quality-controlled sequence reads (median:
42664, IQR: 62932) obtained from 20 broiler caecal samples of commercial birds.
These were classified into 4892 OTUs (distance 0.03) that split to 10 phyla.
Coverage was calculated in mother (V1.39.5) by Good's coverage at 98% (range
= 0.97 - 0.99%) to estimate the proportion of total OTUs present in each sample
of the biosecure and commercial birds fed control diets. Rarefaction curves
indicated the depth of sequencing data was sufficient for the coverage of all OTUs
present in caecal samples (Appendix 3, Figure 3.1 A and B). The coverage range
was deemed as sufficient for the sequence depth of all samples. Random
subsampling of 3511 reads per sample, was undertaken in order to avoid bias
between communities with different sampling depths for bacterial community

analysis and abundance.

Generally, the dominant phyla for the microbiota of birds reared in biosecure
housing were Firmicutes (Clostridiales_unclassified) with an overall median
abundance of 93.06% ranging from 91.4%-96.6%, followed by Proteobacteria
with median 3.26% (ranging from 1.78-6.34%) and smaller contributions from
Bacteria_unclassified (median:1.2%) and Actinobacteria (median: 0.9%) within
these phyla. Whilst the dominant phyla in the microbiomes of the commercial birds

were Firmicutes with an overall median abundance 78.62% (77.96%-79.27%)
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followed by Actinobacteria at median 7.52%, Bacteroidetes at median 5.70%
(ranging from 3.93-7.47%), Proteobacteria median 4% (2.97-5.057%) and
Bacteria_unclassified median 3.39% (4.43-2.35%). However, Bacteroidetes were
only significant components of the microbiota of the birds from commercial flocks
however they were absent in the caecal microbiota of birds from biosecure

conditions across various sampling points.

At the class level, the results indicated that no significant difference was
detected in the caecal bacterial communities by comparing the abundant OTUs at
22 da with birds at 24 da birds within the biosecure housed birds (trial 1). The
exception to this was the relative abundance of Bacilli showing a decrease at 24
da (p-value 0.01, median: 7.31, 4.03, IRQ: 3.33, 0.79 at 22 vs 24 respectively).
No significant change was found between the caecal bacterial communities at 24
da old birds and 28 da, or between 28 and 35 da old birds fed control diets at class
level (p-value >0.05). While comparison of the sampling points (30 and 37 da)
from the commercial birds indicated significant changes in the abundance of Bacilli
(p-value 0.01, median: 8.07, 3.70%, IRQ: 6.4, 1.89 for the 30 da birds vs 37 da
respectively), Negativicutes (p-value=0.0007; median: 0.00, 1.55, IRQ: 0.0, 25),

Epsilonproteobacteria (p-value=0.0001; median: 0.00, 2.42%, IRQ: 0.0, 2.95).

Indeed, at the class level distinctive OTUs were evident in the caecal bacterial
communities of commercial birds that were not present in caecal microbiota of
controlled housed birds. These included the relative abundance of Bacteroidetes
that were almost completely absent in controlled housing birds while they were
found at both sampling points for the commercial birds (median: 7.47% at da 30,
3.94% at da 37, IRQ: 5.92, 3.37 in commercial birds). Betaproteobacteria
represent approximately 1% (median: 1.21% at da 30, 1.0% at da 37, IRQ: 1.34,
0.62) in commercial birds whereas there was no presence of this class in controlled
housed birds. Moreover, Epsilonproteobacteria (median: 0, at 30 da, 2.24% at 37

da; IRQ:0, 2.95) in the birds from commercial flocks was noted at 37 da and
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absent at 30 da in the same trial. Epsilonproteobacteria were absent in triall. The
abundance of Negativecutes was not significantly different with less than 1%
difference between all sampling points for the control housed birds. However,
there was a significant difference in this class for the caecal microbiota of
commercial birds at 37 da, showing the level of Negativecutes is significantly

increased (p-value 0.0007).
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Figure 4.9 The relative abundance of dominant bacterial phyla of the chicken caecal microbiota of biosecure housed birds
clustered on the basis of the Ribosomal Database Project taxonomy (phylum level). The results are presented as % and at least

taxa that include 1% community was presented. For unbiased comparison all reads have been normalised.
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Figure 4.10 The relative abundance of dominant bacterial phyla of the chicken caecal microbiota of commercial birds clustered on
the basis of the Ribosomal Database Project taxonomy (phylum level). The results are presented as % and at least taxa that include 1%

community was presented. For unbiased comparison all reads have been normalised.
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Figure 4.11 The relative abundance of dominant bacterial classes of the biosecure housed chicken caecal microbiota clustered
on the basis of the Ribosomal Database Project taxonomy (class level). The results are presented as % and at least taxa that include

1% community was presented. For unbiased comparison all reads have been normalised.
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basis of the Ribosomal Database Project taxonomy (class level). The results are presented as % and at least taxa that include 1% community was

presented. For unbiased comparison all reads have been normalised.
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4.2.7.1 Relative abundance of Proteobacteria phylum of controlled
housing (CH) birds and commercial birds fed control diets

The classification of bacterial taxa is displayed as hierarchal taxonomic
groups starting with Phylum and ending with OTU (Phylum > Class > Order >
Family > Genus > OTU). The median of Proteobacteria abundance (OTU0O03,
OTUO0O04 in triall and trial 2 respectively) was investigated at the phylum level in
broiler caecal samples of the control fed barns indicated that there was no
significant change calculated by using Mann Whitney or Wilcoxon test (Figure
4.13; p-value >0.05). The medians of the relative abundances of Proteobacteria
at 22 da 3.29%, at 24 da 6.34%, at 28 da 3.23% and at 35 da 1.78% for control
housed birds. There was no significant difference between the abundance of
Proteobacteria (Figure 4.13) of commercial birds fed the control diet between 30
da (2.97%) and 37 da (median: 5.0 %; Wilcoxon test p-value =0.075). The results
of the Shapiro-Wilk test of normality and quantile-quantile plots indicated that the
distribution of OTUs of Proteobacteria phylum was not normally distributed across
cohorts at 22 da in biosecure birds and at 30 da for the commercial birds (Shapiro-
Wilk normality test= 0.0215 at 22 da, p-value=0.0001 at 30 da in commercial

birds; Appendix 3, Figure 3.2 A and B).

There was an intra-group variability in the caecal bacterial communities at
phyla level as observed in the Proteobacteria phylum for the control diet group at
30 da, (median: 3%, IQR: 1.9%). At the class level the Negativicutes, showed
variation in composition with an identical bootstrap threshold for control

communities at 37 da (median: 1.6%, IQR: 24.7).
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Figure 4.13 Comparison of the relative abundance of the Proteobacteria phylum
of controlled housed birds during 4 sampling points and commercial ones through
two sampling points both fed control diets. Bar charts indicate median of relative
abundance of the Proteobacteria, Wilcoxon test p value was used because the relative
abundance of all Proteobacteria phylum not normally distributed across cohorts (Appendix
3.2 A and B). All orange bars represent control fed birds reared in biosecure condition, while

blue bars indicate to birds fed control and reared under commercial condition.
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4.2.7.2 Distribution of resistance gene cassettes (GCs) arrays in
Proteobacteria phylum

Phylogenetic trees of the proteobacterial OTUs identified within the chicken
caecal microbiota of the biosecure housed bird and those from commercial are
presented in Figures 4.14. As integron gene cassettes are frequently associated
with Proteobacteria, the distribution of GCs for each bird within the Proteobacteria
phylum are indicated adjacent to the identifiers of the phylogenetic trees. These
show that the distribution of GCs, mainly GCs-B-2 in the CH birds, was associated
with Gammaproteobacteria OTU0007 belonging to
Enterobacteriaceae_unclassified with few contributions associated with OTU0324
which is also Gammaproteobacteria (Enterobacteriaceae unclassified) and
OTU0169 is Gammaproteobacteria (Proteus). Whilst GCs were found more
prevalent among various Proteobacteria OTUs in commercial birds showing the

most abundant GCs were mostly detected in OTU0007

(Enterobacteriaceae_unclassified) and 0OTU0070 (Betaproteobacteria
Parasutterella), 0OTU0276 (Proteobacteria_unclassified), 0TU0041
(Epsilonproteobacteria  Campylobacter), OTU0176 (Alphaproteobacteria
Aestuariispira) and oTu 0615 (Gammaproteobacteria

Enterobacteriaceae_unclassified). Generally, A and B2 GC types were distributed
among all the commercial birds featuring Proteobacteria phyla. However, the
group A GCs dominated in 37 da birds which coincides with the appearance of
Campylobacter OTU0041 at 37 da. Appendix 3, Figure 3.3 A and B exhibiting GCs
distribution per sampling points for each trial. Due to the cut off value adopted =

20 reads there was no Proteobacteria OTUs recorded at 28 and 35 da.
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Figure 4.14. The phylogenetic tree of Proteobacteria OTUs associated with the
distribution of GC groups identified in the broiler chicken microbiota. The tree was
constructed by a neighbour-joining method with Bootstrap value = 20. (A) biosecure birds
only da 22 and 24 have been presents because with applying cut-off value> 20 there was
no Proteobacteria OTUs found at 28 and 35 da. (B) commercial birds age matched 30 and
37 da. The scale bar represents a sequence divergence of 3%. The bacterial OTUs are: OTU

0324 is Gammaproteobacteria  (Enterobacteriaceae_unclassified),  OTU0007 is
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Gammaproteobacteria (Enterobacteriaceae_unclassified), OoTuU 0169 is
Gammaproteobacteria (Proteus), OTU0041 is Epsilonproteobacteria (Campylobacter),
OTUO0176 is Alphaproteobacteria (Aestuariispira), 0OTU0471 is Alphaproteobacteria
(Alphaproteobacteria_unclassified), OTU0565 is Gammaproteobacteria
(Escherichia/Shigella), OTUQ070 is Betaproteobacteria (Parasutterella), OTU0276 is

Proteobacteria_unclassified. ND not detected.

4.2.8 Microbial diversity analysis

To analyse the microbiome composition of the birds on the control diets of
alpha (a-) and beta (B-) diversity indices were calculated from the data using
Mothur (V1.39.5). For the a-diversity, the OTUs richness (observed OTUs) were
calculated using the Chaol index, while the overall diversity (evenness) was
measured using the inverse Simpson's index. The Chaol index evaluates richness
(the total number) of species present in the community whereas the inverse
Simpson's index gives more weight to dominant (the abundance) species. The
Shapiro-Wilk test of normality was performed, which determined that inverse
Simpson’s index of the triall data were normally distributed with the exception
data for 24 da (Shapiro-Wilk test p-value >0.05; except at da 24 the normality
test p-value= 0.0279). Likewise, Chao index data of biosecure birds (trial 1) were
normally distributed across sampling days p-value >0.05 except for 28 da the
Shapiro-Wilk test p-value= 0.03780. However, the inverse Simpson's index and
the Chao index were normally distributed for the commercial birds (trial 2; inverse
Simpson’s index p-value= 0.7348 and 0.2637 at da 30 and 37 da). The Shapiro-
Wilk test of normality of the Chao index of commercial birds were p-value= 0.4431
and 0.3210 for 30 da and 37 da respectively. The fit of the data using quantile-
quantile plots and frequency distribution plots (all QQ plots of normality test) are

presented in Appendix 3.4 and 3.5 (A and B).

The a-diversity with respect to time are presented in Figure 4.15 for the

control diets groups of biosecure and commercial birds. For the biosecure reared
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birds the inverse Simpson index appears to reduce with age, but a significant
change was only observed between 24 and 28 da (inverse Simpson index, p-
value= 0.026). The Chao index for community richness of controlled hosing birds
showed that there was no difference between the 22, 24, 28 and 35 da results as

presented in Figure 4.16.

The alpha diversity of broiler chicken microbiota of the commercial birds
exhibited a significant reduction in inverse Simpson index between 30 and 37 da
for the control barn (Simpson index, p-value= 0.0002; Figure 4.15). While the
Chao index of commercial birds indicated there was no significant change between

30 and 37 da (Chao index, p-value >0.05; Figure 4.16).

The pB-diversity was estimated by Bray-Curtis dissimilarity, which
demonstrated variation in species composition on the basis of age. Differences in
B-diversities were visualised using principal component analysis based on the
Bray-Curtis distances between each experimental group as presented in Figures
4.17 and 4.18. The results indicated that there is no significant change in caecal
microbiota of the control birds (AMOVA test p-value>0.05) when comparing 22 vs
24 da (AMOVA test p-value= 0.328), da 24 vs 28 da (AMOVA p-value=0.091),
However, a significant change was found between the microbiota collected at 28
vs 35 da (AMOVA test p-value=0.015) and when overall comparison of all sampling
points were considered (AMOVA test p-value = 0.001). Whilst there was a
significant change was found in commercial birds of microbial communities at 30

and 37 da (AMOVA test p-value = 0.001).

The linear discriminant analysis (LDA) effect size (LEfSe) method was used
in order to identify OTUs with differential relative abundance between the caecal
microbial communities of biosecure birds with development. The data show
transitions in the beta diversity of the broiler chicken microbiota between the four
sampling times (22, 24, 28 and 35) highlighting microbial succession, which is

marked by the dominant order of Clostridiales, most OTUs belonging to the
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Lachnospiraceae and Ruminococcaceae. AMOVA indicated a significant difference
between 28 and 35 da birds for birds reared under biosecure conditions. LEfSe
identified five differentially abundant OTUs at 35 da, which were Romboutsia
(OTUO0021), Lachnospiraceae_unclassified (OTU0012, OTU0016), Anaerostipes
(OTU0011) and Blautia (OTU0034) compared to Lachnospiraceae_unclassified
(OTU0013), Oscillibacter (OTU0068) and Clostridium_IV (OTUQ0125) that show
greater abundance at 28 da (Figure 4.19). LEfSe was also performed to determine
the differentially abundant OTUs between the microbiotas of commercial birds fed
control diet collected at 30 and 37 da. OTUs identified in seven genera that appear
at 37 da explain these differences (Figure 4.20): Megamonas (OTUO0004),
Faecalibacterium (OTUO005) Campylobacter (OTU0041), Bacteroides (OTU0115),
Subdoligranulum (0TU0048), Romboutsia (0TU0021) and Clostridium_IV

(OTUO158).
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Figure 4.15 Comparison of inverse Simpson’s index for alpha diversity between
sampling ages for controlled housing (22, 24, 28 and 35 da) and commercial birds
(30 and 37 da). Data are displayed for each control groups as bar chart with medians and

outliers are represented as dots. All orange bars represent control fed birds reared in
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biosecure condition, while blue bars indicate to birds fed control and reared under

commercial condition.

Results showing there was no significant in alpha diversity within different sampling points
of biosecure birds in triall, however there was declining observed in inverse Simpson’s
index of ctl at 28 da old birds compared to ctl-24 old birds. Similarly, within trial 2 (30 vs
37 da in commercial birds) there was significant reduction in alpha diversity (inverse
Simpson index, p-value 0.0002) with age. Inverse Simpson’s indices were tested for
normality distribution by Shapiro-Wilk test indicating data not normally distributed at 24 da
old cohorts reads (Shapiro-Wilk test p-value=0.0279 at 24 da) therefore significant was

calculated by Mann Whitney.
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Figure 4.16 Comparison of Chao index for richness between sampling ages for
controlled housing (22, 24, 28 and 35 da) and commercial birds (30 and 37 da).
Results showing there was no significant difference detected between sampling points of
controlled housing birds (Chao index P-value>0.05) as well as between 30 da and 37 da
old birds reared in commercial condition (Chao index P-value= >0.05). Although, it
indicates that richness reduced in CH birds. However, no significant difference was noted
within each sampling time of each trial. The Chao indices calculated from normalised reads

data are displayed for each control groups. Data are expressed median of each group. as
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described above. Shapiro-Wilk test indicating that data not normally distributed at 28 da

old cohorts therefor all data treated the same way by Mann whiney test.

Beta diversity of contolled housing birds fed ctl diet at 22,
24,28,35 day
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Figure 4.17 PCoA plots of Beta diversity based on Bray Curtis dissimilarity of
controlled housing birds fed control diets. The control diet birds at 22 and 24 da has
no significant difference between the birds (AMOVA test p-value: 0.328), There was also
no significant difference between 24 and 28 da (AMOVA p-value 0.091), whilst there was a
significant difference in microbiota transition between 28 and 35 da old birds (AMOVA p-

value 0.015).
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Figure 4.18 PCoA plots of Beta diversity based on Bray Curtis dissimilarity
clustering data with respect to age of commercial birds fed a control diet.
Comparison of caecal microbiota of commercial birds fed control diets at age 30 and 37,
indicates there is a significant difference between the two barns (p-value: 0.001, AMOVA

test). A clear transition in the microbiota at 37.
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mm | DA-ctl-22-da = | DA-ctl-24-da == | DA-ctl-28-da = | DA-ctl-35-da

Otu0181_Clostridium_IV(100);
Otu0162_Ruminococcaceae_unclassified(100);
Otu0218_Lachnospiraceae_unclassified(100);
Otu0154_Lachnospiraceae_unclassified(100);
Otu0034_Blautia(100);
Otu0016_Lachnospiraceae_unclassified(81);
Otu0011_Anaerostipes(100);
Otu0012_Lachnospiraceae_unclassified(100);
Otu0021_Romboutsia(100);

Otu0302_Lachnospiraceae_unclassified(95);
Otu0108_Faecalicoccus(100);
Otu0125_Clostridium_IV(100);

Otu0068_Oscillibacter(100);
Otu0013_Lachnospiraceae_unclassified(100);

Otu0256_Ruminococcaceae_unclassified(100);
Otu0167_Lachnospiraceae_unclassified(100);
Otu0147_Clostridium_IV(100);
Otu0059_Lachnospiraceae_unclassified(100);
Otu0046_Ruminococcaceae_unclassified(100);
Otu0064_Bacteria_unclassified(100);
Otu0023_Lachnospiraceae_unclassified(100);
Otu0019_Lachnospiraceae_unclassified(100);
Otu0007_Enterobacteriaceae_unclassified(100);

Otu0082_Clostridium_IV(100);
Otu0212_Firmicutes_unclassified(100);
Otu0063_Clostridium_XVI11(100);
Otu0026_Ruminococcaceae_unclassified(60);
Otu0014_Lachnospiraceae_unclassified(100);

LDA score(log 10)

Figure 4.19 Histogram of the linear discriminant analysis (LDA) effect size (LEfSe)

of control housed birds over 4 sampling times. LDA scores computed for express the

differentially abundant of bacterial communities of birds fed ctl and reared in biosecure

conditions at 22 da (represented by green bars), 24 da birds (represented as red bars),

28 da birds (purple bars) and 35 da (grey bars). LEfSe illustrates which clades amongst

detected OTUs that are statistically explain the greatest differences between bacterial

population fed the same diets and reared in similar conditions. All representative OTUs

LDA= 2.
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mm | DA-ctl-30-da === [ DA-ctl-37-da

Otu0256_Ruminococcaceae_unclassified(100);
Otu0246_Clostridiales_unclassified(100);
Otu0158_Clostridium_IV(100);
Otu0021_Romboutsia(100);
Otu0048_Subdoligranulum(99);
Otu0115_Bacteroides(100);
Otu0041_Campylobacter(100);
Otu0005_Faecalibacterium(100);
Otu0004_Megamonas(100);

Otu0406_Ruminococcaceae_unclassified(100);
Otu0149_Clostridiales_unclassified(100);
Otu0063_Clostridium_XVII1(100);
Otu0106_Ruminococcaceae_unclassified(100);
Otu0405_Clostridiales_unclassified(100);
Otu0334_Clostridiales_unclassified(99);
Otu0239_Blautia(99);
Otu0282_Anaerotruncus(100);
Otu0323_Clostridia_unclassified(99);
Otu0329_Clostridiales_unclassified(100);
Otu0294_Bacteria_unclassified(100);
Otu0300_Ruminococcaceae_unclassified(100);
Otu0351_Clostridiales_unclassified(97);
Otu0173_Pseudoflavonifractor(100);
Otu0234_Lachnospiraceae_unclassified(100);
Otu0293_Bacteria_unclassified(100);
Otu0346_Lachnospiraceae_unclassified(98);
Otu0338_Ruminococcaceae_unclassified(100);
Otu0250_Bacteria_unclassified(100);
Otu0091_Clostridiales_unclassified(100);
Otu0155_Lachnospiraceae_unclassified(100);
Otu0233_Firmicutes_unclassified(100);
Otu0087_Ruminococcaceae_unclassified(100);
Otu0133_Erysipelotrichaceae_unclassified(100);
Otu0284_Clostridiales_unclassified(66);
Otu0172_Bacteria_unclassified(85);
Otu0192_Ruminococcaceae_unclassified(100);
Otu0208_Bacteria_unclassified(100);
Otu0237_Bacteria_unclassified(100);
Otu0044_Clostridium_XIVa(100);
Otu0156_Ruminococcaceae_unclassified(100);
Otu0148_Intestinimonas(99);
Otu0171_Blautia(98);
Otu0193_Bacteria_unclassified(96);
Otu0183_Firmicutes_unclassified(99);
Otu0122_Butyricicoccus(100);
Otu0301_Bacteria_unclassified(100);
Otu0153_Lachnospiraceae_unclassified(100);
Otu0144_Ruminococcaceae_unclassified(100);
Otu0253_Bacteria_unclassified(100);
Otu0051_Ruminococcaceae_unclassified(100);
Otu0217_Bacteria_unclassified(100);
Otu0124_Ruminococcaceae_unclassified(100);
Otu0074_Ruminococcaceae_unclassified(96);
Otu0139_Clostridiales_unclassified(100);
Otu0085_Pseudoflavonifractor(100);
Otu0052_Clostridiales_unclassified(100);
Otu0045_Lachnospiraceae_unclassified(100);
Otu0066_Lactobacillus(100);
Otu0025_Alistipes(100);
I

OTUs

T T T 1
0 1 2 3 4 5

LDA score(log 10)

Figure 4.20 Histogram of the linear discriminant analysis (LDA) effect size (LEfSe)
between commercial birds at 30 and 37 da. LDA scores computed for express the
differentially abundant between commercial broiler chickens at 30 da (represented by green
bars) and 37 da birds (represented as red bars). LEfSe illustrates which clades amongst
detected OTUs that are statistically explain the greatest differences between bacterial

population fed the same diets and reared in similar conditions.
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4.3 Discussion

In Chapter 3 the relative abundance of the gene cassettes obtained from the
broiler chicken caecal microbiota of birds reared in biosecure or commercial
environments was generally considered. This Chapter highlights diversity in the
microbiota of the birds from which the gene cassettes were identified. Under
biosecure rearing conditions 37% (10/27) of the birds were identified as carrying
GCs-B-2 (dfrAl1 and aadA1) across four sampling points but in 17 birds GCs were
not detectable (see Table 3.4A). To the contrary, in commercial birds with greater
stocking densities, the GCs were identified in the majority of caecal samples and
showing a higher diversity in the embedded cassettes: GCs-A contains aadA2 and
linF resistance genes with 35% (7/20) at 30 da to 40% (8/20) at 37da with 15%
GCs-B-2 at 30 da, and 5% for GCs-B-2 and GCs-C-2 at 37 da (see Chapter 3,
Table 3.6). Brolund et al. (2010) researched the distribution of dfr-genes in E. coli
and K. pneumoniae isolated from hospital patients with UTIs (frequently treated
with trimethoprim), which demonstrated a disproportionate prevalence of
integrons in E. coli and K. pneumoniae compared to controls. The dfr-genes were
carried by narrow host range plasmids, suggesting the need for further studies to
understand the link between gene-cassettes of plasmids, integrons, and the

chromosome (Brolund et al., 2010).

As described in this Chapter, trimethoprim resistance was selected to study
phenotypic antibiotic resistance as it could be discriminated in birds reared in
biosecure and commercial conditions. The dfr gene that confers trimethoprim
resistance could be identified in GCs PCR amplified from chicken caecal microbiota
genomic DNA preparations. Blahna et al. (2006) found that most dfr-genes resided
in gene cassettes within variable regions of integrons leading to the rapid spread

of trimethoprim resistance between various bacteria. Additionally, they reported
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that the most common gene present among uropathogenic Escherichia coli in
Europe and Canada was dfrA1, making up 37.9% of the dfr containing isolates.
Similarly, the current study found dfrA1 the predominant gene in GC-B-1 and
GC-B-2 in both trials. However, several studies have reported that alternative dfr-
genes including dfrA5, dfrA7, dfrAl12, dfrAl14, dfrAl17, dfrA22 and dfrA27 to be
located within variable regions of class 1 integrons (Grape et al., 2005;Blahna et

al., 2006;Kadlec and Schwarz, 2008;Wei et al., 2009;§eputiené et al., 2010).

Despite the trend of trimethoprim ratios increasing with days of age, the
integrase gene copy number decreased with time. This finding suggests that the
resistance genes are not only embedded in class 1 integrons as measured using
the integrase gene as the target. It is also plausible that there is redundancy in
the bacterial populations that harbour the class 1 integrons, members of which
become excluded but not those carrying the functional resistance gene. As a
consequence, the proportion of the coliforms carrying trimethoprim resistance will
increase while the total coliforms decline, including those carrying class 1
integrons. Yu et al. (2004) pointed out the dfr genes integrated within integrons
seem to be more prevalent than those genes that are not associated with class 1
integrons. They suggest that studies should focus on changes in dfr genes

associated with class 1 integrons over the time.

The analysis of 16S RNA data provided deep investigation of the diversity
and abundance of the caecal luminal microbiota for the standard diets of birds
reared in two different environments. Many studies have indicated that the most
abundant phylum in the chicken caecal bacteriome are Firmicutes, for example a
study by Yeoman et al. (2012) reported Firmicutes as the predominant taxa in the
caecal microbiome. Wei et al. (2016) showed that this phylum formed 57.8% of
the total bacterial sequences of caecal content samples, whereas the Bacteroidetes
and Proteobacteria phyla were less abundant, comprising 5.4% and 4.3% of the

total bacteria sequences respectively. However, Oakley et al. (2014) reported that
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Firmicutes, Bacteroides, and Proteobacteria are the most common phyla in the
chicken ceca. Likewise, the analysis of 16S RNA sequences at phyla level for the
microbiota of the commercial birds was consistent with the study, while the
composition of the caecal microbiota of the birds reared in controlled housing
exhibit less diversity including the absence of Bacteroidetes at various sampling
times. A study conducted by Oakley et al. (2014) highlighted the role of housing
environment as source of diversity of microbial community in the most commercial
poultry that carried over from one flock to another acting as an important inoculum
for the chick gastrointestinal microbiome. Thereby variation between trials may
be as consequence of rearing conditions or environmental changes that birds face
but variation within each trial sampling points could be due to temporal succession.
For example, van der Wielen et al. (2000) proposed a possible reason for the high
prevalence of Firmicutes a consequence of the need for butyrate in the developing
the intestine of young chickens but this may be reduced with increased age. While
Polansky et al. (2016) observed a gradual increase in Bacteroidete numbers in the
cecum after 3 weeks as consequence of the need to digest polysaccharides, which
produce propionate and butyrate required for nutrient balance.

Results at class level revealed that the diversity of OTUs was higher in
commercial flock than the birds reared in controlled housing. Clear variation was
highlighted between two trials, most notably the emergence of Campylobacter
OTUs (Epsilonproteobacteria) at 37 da in the commercial birds concurrent with
Negativecutes, which were not found at 30 da. This could be an indicative to
human contact via the thinning process, which took place at 30 da for the
commercial poultry flock. A recent study by Connerton et al. (2018) noted that
chickens can be exposed to Campylobacter colonization at any time during the
rearing period, however the efficiency of transmission and detection of
campylobacters occur after 2 weeks. The emergence of other OTUs and secondary

GCs at 37 da could also be correlated with human exposure at thinning process.
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The majority of previously declared Campylobacter free broilers can become
contaminated quickly during the thinning process (Sahin et al., 2015). The
European baseline study (EFSA, 2010) stated that thinning (partial depopulation)
is significantly contributes to transmission of campylobacters into a poultry house
considered as key risk factor for flock positivity (Newell et al., 2011). This because
catchers travelling from farm to another with their own vehicles, equipment, boots,
and clothing, often disregarding personal hygiene and biosecurity. This led to use
these tools in depopulation process with possible contamination with
campylobacters at the abattoir or other farm sites (Hutchison et al., 2004;Newell

et al., 2011).

The a-diversity of the broiler chicken caecal microbiota was calculated by
inverse Simpsons and used to assess differences in the bacterial populations of
the developing birds. A significant reduction in the a-diversity was observed
between 24 and 28 da (p-value 0.02) but otherwise the a-diversity between the
sampling points for the biosecure birds were not affected. However, a-diversity
in commercial birds was significantly reduced (p-value 0.0002) at 37 da, which
may be for a consequence of Campylobacter colonization or new components of
the microbiota introduced at thin. A study by Choi et al. (2015) suggested a
reduction in a-diversity was indicative of an unhealthier status or a tendency
towards pathogen invasion, which may have contributed to an increase in
susceptibility upon decreasing a-diversity and the efficient colonisation by
Campylobacter spp. Despite at 28 da alpha-diversity significantly reduced in CH

birds there is no observation of pathogen colonization.

AMOVA significance tests of Beta diversity using Bray-Curtis indices
indicated significant variation between the caecal microbiota compositions of
broiler chickens collected at 30 da compared to those collected at 37 da (p-value
of AMOVA 0.001). PCoA plots demonstrate partition of microbiota indices at 30

and 37 da in commercial birds. The caecal microbiota may be subject to natural
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maturation with age. The composition of caecal microbiota from birds reared in
controlled housing show are only different between 28 and 35 da (AMOVA p-value
0.01), which may conform with the timing of the maturation from juvenile to
mature composition observed for the commercial birds. However, Connerton et al.
(2018) reported a transition in microbiota of control birds aged 15 and 22 da in
their study monitoring the development of the gut microbiota and innate immune
responses of broiler chickens resulting from early and late challenge with C. jejuni.
They also found that the transition observed in the broiler microbiota was less
variable at 22 da for Campylobacter colonized birds. This finding suggest that the
rearing condition may lead to delay maturation of microbiota composition. It has
been well documented that biosecurity, litter management, feed availability and
ambient temperature can substantially affect the GIs microbiota composition

(Shang et al., 2018b).

The current study found the relative abundance of total coliform numbers to
decrease with time (35 da) in CH birds (Figure 4.3). This finding corresponds to
the results at phyla level that show decreases in representative members of the
Proteobacteria at 35 da (Figure 4.13). This observation also coincides with the
reduction in copy number of the class 1 integrons in birds reared under controlled
housing conditions (Figure 4. 7). Awad et al. (2016) reported the transition in the
broiler chicken caecal microbiota post 14 da coincided with an increase in the
relative abundance of Firmicutes and Tenericutes at the expense of Proteobacteria.
They also noted the changes in the abundance of the microbial communities’ post
C. jejuni colonisation at 14 da, and observed a reduction in Escherichia coli
abundance at various intestinal sites whereas Clostridium spp. showed a
significant increase.

The distribution of GCs among the Proteobacteria phylum (Figure 4.14)
highlights Gammaproteobacteria (OTUO007_ Enterobacteriaceae_unclassified) as

the main OTU that coincides with birds containing GCs for both trials. Whilst the
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wide distribution of GCs observed among several Proteobacteria OTUs in
commercial birds including Beta-proteobacteria (OTU0070), Epsilonproteobacteria
(OTU0041_Campylobacter) and Alphaproteobacteria OTUs (OTU0176 and
0TU0471). Gammaproteobacteria are known as a class of medically important
groups of bacteria, that include many important pathogens such as the
Enterobacteriaceae (e.g., E. coli), and Salmonella (enteritis and typhoid fever),
Vibrio cholerae (cholera), Pseudomonas aeruginosa (lung infections), and
Klebsiella pneumoniae (Broszat et al., 2014). Non-pathogenic Betaproteobacteria
are thought to be a source of class 1 integrons. These environmental bacteria are
found in water bodies or are associated with plants that can enter the human food
chain. Therefore, presence of class 1 integrons in this bacterial group facilitate
their mobilization and environmental spread (Gillings et al., 2008).

LEfSe indicated an increase in the abundance of clostridial species in the
biosecure and commercial birds at 30 da. However, Negativicutes, and
Proteobacteria displayed significant increases at 37da for the commercial birds.
While OTU0004 (Megamonas) and 0041 (Campylobacter) were emerging OTUs in
the caecal microbiota of the commercial birds at 37 da. Connerton et al (2018)
showed that the caecal microbiota of control birds named TEG1 (Trial E Group 1
were birds administered with a placebo) had a greater abundance of
Enterobacteriaceae compared to those colonized by C. jejuni (TEG2, Trial E Group
1 were administered with C. jejuni) at 2 dpi (22 da) with increases in the relative
abundance of Clostridia in the colonized birds (TEG2). The increase of Clostridiales
was observed in C. jejuni, which is attributed to the role of Campylobacter in
hydrogen sink that could prompt growing of clostridial organisms and their
competitive ability by increasing fermentation, causing increased organic acid
production which can be utilized by campylobacters as an energy source
(Kaakoush et al., 2014;Connerton et al., 2018).

However, variable shifts were also noted by Connerton et al. (2018) in the

high abundance of several Clostridial OTUs in the absence of C. jejuni. Likewise,
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the current study also found the most frequently observed OTUs of the
Clostridiales in CH birds and commercial birds at 30 da were
Lachnospiraceae_unclassified, Ruminococcaceae_unclassified and Clostridium
XIVa, which are considered the major butyrate producing bacteria that have
important roles in maintaining metabolic and immune functions in the gut. The
genus Bacteroides (Alistipes), which was found to be dominant OTUs in
commercial birds at 30 da, have been highlighted for their ability to improve the
absorption of nutrient and provide protection for the host from pathogen
colonisation. This strong metabolic activity is likely as result of the efficient
fermentation of polysaccharides to SCFA (Wexler, 2007;Teng and Kim, 2018), as

well as maintaining the intestinal microecological balance (Hooper et al., 2001).

4.4 Conclusion

In conclusion, this Chapter highlights the involvement of class 1 integrons
as mobile genetic elements that contribute to the prevalence of antibiotic
resistance in the broiler chicken microbiota, which likely become associated with
the birds at hatch and remain associated regardless of the environment the birds
are reared under. The results show that although there is variation between two
environmental settings studied here in terms of the predominant type of antibiotic
resistance (GCs), similar patterns of gene cassette determinants dominate chick
gut bacterial communities. The investigation of trimethoprim resistance (dfr-gene)
in the controlled housing environment with respect to the integrase copy number
demonstrated a reduction but this did not impact the proportion of trimethoprim

resistant bacteria recovered.
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CHAPTER 5

GALACTO-OLIGOSACCHARIDES (GOS) AS A POTENTIAL
APPROACH FOR MODULATING BROILER GUT MICROBIOME

AND REDUCING ANTIBIOTIC RESISTANCE.
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5.1 Introduction

The enforced withdrawal of the prophylactic use of antibiotics in livestock
production is likely to negatively impact on poultry production because of the
increasing of disease prevalence such as necrotic enteritis (McDevitt et al.,
2006;Janardhana et al., 2009). Poultry meat is considered the second largest
global food industry (Manning et al., 2007), and therefore to maintain essential
poultry production and meet the global demand for reduction of antibiotic use in
farming, alternative approaches to the use of antibiotics are required (Janardhana
et al., 2009). Recently, prebiotics have been applied as a potential alternative to
antibiotics. Modulation of the ecosystem of the gut microbiota by prebiotics is
multi-faceted, which includes the promotion of alternate components of the
intestinal microbiota, improvement of epithelial integrity, and to stimulate of the
immune system, and regulating the interactions between the host and the
intestinal microbiota (Teng and Kim, 2018). Hence, prebiotics have been
extensively researched to optimise the chicken gut microbiota, notably the use of
non-digestible dietary fibre products in prebiotic interventions aimed at improving
poultry health and productivity (Pourabedin and Zhao, 2015). However,
investigation of the influence of prebiotics to modulate gut bacterial populations
may also have the potential to reduce the antibiotic resistance load in the chicken
gut microbiome. In this regard, this Chapter indicates a promising role for the use
of GOS as an effective approach to reduce antibiotic resistance associated bacterial
communities in the chicken microbiome, and thereby to reduce the risk the
prevalence of antibiotic resistant bacteria entering the human food chain from
poultry sources. Furthermore, it can be used as an alternative to antibiotic growth
promoters that contribute to the antibiotic resistance problem.

Evidence suggests that when bacteria carrying antibiotic resistance genes
have been incorporated into an ecosystem, the prevalence and persistence of this

resistance can remain even in the absence of selection pressure from the
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antibiotics (Liljebjelke et al., 2017). Nevertheless, some environments act as hot-
spots for genetic exchange including the animal gut microbiome because of the
high density of bacterial populations, and the presence of gene mobilising
elements such phages and plasmids in these settings (Kaur and Peterson, 2018).

The presence of class 1 integrons aid the mobilisation of ARGs, although
they are non-mobile themselves, they are mobilised in conjugation with
transmissible elements enhancing the flow of resistance genes between various
members of the microbiota (Gillings, 2017;Kaur and Peterson, 2018). Thus, the
integrated nature of poultry production, was chosen for the observation of
antimicrobial resistance phenotypes associated with broiler chicken microbiotas,
reared in either controlled housing or commercial environments in order to
investigate potential control approaches for restricting resistance development
through influence of the gut microbiota by dietary GOS supplementation. To assess
changes in the microbiota requires high-throughput sequencing technologies such
as used for 16S RNA analysis that have revolutionised microbiology in terms of
understanding bacterial diversity, and have become powerful tool for analysing
gut microbial composition (Pourabedin and Zhao, 2015).

Besides the established roles of prebiotics in modulation of the intestinal
microbiota, they can decrease exogenous sighals produced by pathogenic bacteria
and resisting pathogen colonization (Kogut, 2013). This includes reduction in
coliform abundance (Yang et al., 2008;Chee et al., 2010a). As reviewed in Chapter
1 (Section 1.2.10), prebiotics can be utilised for fermentation in the intestine by
health-promoting bacteria, producing lactic acid, short-chain fatty acid (SCFA) and
antimicrobial substances such as bacteriocins directed towards pathogenic
bacteria (Bogustawska-Tryk et al., 2012). These products do not only improve the
intestinal microbial structure, but also they can bring about improvements in
intestinal epithelial cell integrity, which can then lead to an increase in the
absorption of nutrients to support the growth performance of the animals (Lan et

al., 2005). Few studies highlighted the role of prebiotics in the reduction of
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coliforms in the chicken caecal microbiota, however studies in pigs have indicated
that synbiotic formulations (Bifidobacterium thermophilum RBL67 and prebiotic
FOS, GOS and MOS) show decreases in the levels of Enterobacteriaceae in pig
faecal samples (Bomba et al., 2002) as well as the decreased adherence of
Escherichia coli 08:K88 to the jejunal and colonic mucosa (Nemcova et al.,
2007;Tanner et al., 2014). However, a synbiotic approach was not adopted for
coliform inhibition in the current study.

This Chapter aimed to investigate the influence of feeding GOS on the
profiles of broiler chicken microbiota from birds reared under two different
conditions (controlled housing and commercial conditions). Four sampling points
were examined for the controlled trial and two sampling times for the birds reared
for market. In particular, the effect of GOS feeding on the reduction of antibiotic
resistant-containing OTUs (Enterobacteriaceae), which contribute to the
dissemination of antibiotic resistance in the gut microbiota. Class 1 integrons will

be monitored via detection of the integrase DNA signal by qPCR.
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5.2 Results

5.2.1 Enumeration of coliform bacteria recovered from the broiler
chicken caecal contents of control and GOS supplemented diets (G1
and G2) reared under biosecure conditions (Trial 1)

In order to detect the impact of GOS on the relative abundance of coliform
counts, the enumeration of coliform on triplicate MacConkey plates were
performed as described in (Chapter 2, Section 2.4.1.1) for birds fed the control
and GOS supplemented diets over 4 sampling points (Triall Chapter 2, Section

2.3.4). The results are represented in Figure 5. 1.
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Figure 5.1 The comparison of coliform numbers recovered from the caecal
contents of 22, 24, 28 and 35 da old birds fed control (G1) and GOS supplemented
diets. Data are expressed as standard boxplots with medians (solid black line). The orange
boxes indicate to control diet and tiffany blue boxes represent GOS diets. Outliers are
represented as dots. The top and bottom Whiskers indicate maximum and minimum values,

unless these values exceed 1.5x the interquartile range. n=7 birds/sampling da (total 28

birds/group).
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Although there is no significant difference (p>0.05) observed between the
two diets, a significant difference was found between ctl-22 da vs ctl-35 da
(p=0.026) as well between GOS barn at 22 vs 35 da (0.021). The GOS
supplemented diet showed a reduction in the total coliform counts compared to
the control diet. In general, the results indicated that the trend line of total coliform
counts in both control and GOS diet decrease with time. The levels of the total
number of coliforms tend to be reduced in birds on the GOS diet compared to the

control diet and this reduction is consistent until day 35.

5.2.2 Enumeration of trimethoprim resistance bacteria obtained from
the caecal contents of control and GOS supplemented diets (G1 and
G2) reared under biosecure conditions (Trial 1)

The viable count of trimethoprim resistant bacteria was enumerated on
MacConkey-03 agar plates containing trimethoprim (20 pg /ml). The results
indicated that viable counts of trimethoprim resistance bacteria generally
remained steady across the trial. However, the level of trimethoprim resistant

bacteria from birds on the GOS diet was lower than the control group.
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Figure 5.2 Comparison of resistance coliform bacteria growing on MacConkey-03
with trimethoprim (20 pg/ml) obtained from the caecal contents of 22, 24, 28 and
35 da old birds fed control diet (G1) and GOS supplemented diet (G2). Data are
expressed as standard boxplots with medians (solid black line). The orange boxes indicate
to control diet and tiffany blue boxes represent GOS diets. Outliers are represented as dots
(in the style of Tukey). The top and bottom Whiskers indicate maximum and minimum
values, unless these values exceed 1.5x the interquartile range. n=7 birds / sampling da

(total 56 birds).

Results clearly demonstrate that the GOS supplemented diet reduced the count of
the trimethoprim resistant bacteria compared to control. Therefore, although there
no significant difference (p>0.05) found between two diets, the range of coliform

counts in GOS fed birds lower than control fed birds.

161



5.2.3 Ratio of trimethoprim resistant coliform bacteria recovered from
the caecal contents of control and GOS diets (G1 and G2)

The ratio of trimethoprim resistance calculated by dividing the number of
trimethoprim resistance coliforms on total number of coliforms in control plates at
selected dilution factor (usually 10> or 10 for control plates 1072 or 1073 for
trimethoprim resistance bacteria). There was no significant difference (p> 0.05)
between the ratio of trimethoprim coliforms resistant isolates in birds fed the
control diet G1 and those fed the GOS diet G2. It seems that the trend line of
trimethoprim resistance population is increased with time in both feed types.
However, the growth of the resistant population in the GOS fed birds (G2) was
slower or less in the 22 and 24 da old birds than in the 28 and 35 da old birds and
this reduction was absent because effect of GOS disappeared in 28 da old birds

thereafter. Generally, the proportion of resistant bacteria is increasing with time.
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Figure 5.3 Comparison of the proportion of trimethoprim resistant isolates in the
bacterial population between two different diets. Showing the proportion of coliforms
exhibiting trimethoprim resistance in control and GOS diets. At the proportion remains
similar at 22 and 24 da old birds, however after 28 da the proportion of trimethoprim
population is increased. Data are presented as boxplot with medians (The solid black line
indicates the median and the top and bottom of the shaded boxes indicate the 25th and
75th percentiles). It indicates maximum and minimum values, unless these values exceed
1.5-fold the interquartile range. Outlying data are plotted as individual markers. The orange
boxes indicate to control diet and tiffany blue boxes represent GOS diets. The n=7 birds /

sampling da (total 56 birds).
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5.2.4 Evaluation of class 1 integron copy number of control and GOS
diets obtained from biosecure housed and commercial birds

A second set of experiments were carried out to test the hypothesis that the
GOS supplemented diet may restrict antibiotic resistant populations. Total
genomic DNA was isolated, and gPCR was performed to evaluate the integrase
copy number selected to discriminate difference between two diets in terms of the
antibiotic resistance gene content arising from class 1 integrons. Similar primers
used as described in Chapter 4 Section 4.2.5.

Copy number of class | integrase per gram of caecal content

8.5
0.015

7.5

L

6.5

H%‘x I
ol

S ==
_

(o]

5.5

Log10 copy number/ gram of caecal content

[ ctl-bio-22da [ gos-bio-22 da [ ctl-bio-24 da [0 gos-bio-24 da
[ ctl-bio-28 da [ gos-bio-28 da [ ctl-bio-35da [0 gos-bio-35 da

Figure 5.4 A Class 1 integrase copy number quantified by qPCR per gram of caecal
content of biosecure birds. The specific primers were designed (Chapter 2, Section
2.5.3.3) to determine the copy number of class 1 integrase gene applying Salmonella
typhimurium U288 as a positive template to generate a standard curve (Chapter 2,
2.5.8.1). Comparison shows control and GOS supplemented diets across 4 sampling points
(Triall). Data are presented as boxplot with medians (The solid black line indicates the
median and the top and bottom of the shaded boxes indicate the 25th and 75th percentiles).
It indicates maximum and minimum values, unless these values exceed 1.5-fold the
interquartile range. Outlying data are plotted as individual markers. The orange boxes
indicate to control diet and tiffany blue boxes represent GOS diets. The n=7 birds / sampling

da (total 56 birds).
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Figure 5.4 B Class 1 integrase copy number quantified by gqPCR per gram of caecal
content of commercial birds. As noted above a standard curve for Salmonella
typhimurium U288 was used as positive template. Comparison shows the levels of class 1
integron was not significantly differ between control and GOS supplemented diets in
commercial production birds. This may as result to high abundance of Proteobacteria in
Trial 2 as it will mentation below. The orange boxes indicate to control diet and tiffany blue

boxes represent GOS diets. The n=10 birds / sampling da (total 40 birds).

Figure 5.4A shows that at da 22 there is a statistically significant difference
(p-value, 0.01 t-test) between the standard and GOS diets, indicating that the
GOS diet contained less class 1 integrase gene copies per g of caecal content.
However, this significance is not apparent for the subsequent sampling points (24,
28 and 35). What should be noted is that at day 22 feeding with GOS was stopped
and the control finisher diet supplied thereafter (Chapter 2, Section 2.3.4). In
addition, the trend line of the integrase copy number reduces with time in the
control diet, which is consistent with the trend observed for the total coliform
counts in Figure 5.1, which suggests an association between the class 1 integron
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and coliform contents. The question arising is whether the GOS diet has a
prolonged or legacy effect, or this effect limited to when it in use (temporary
effect). However, in the commercial birds, results presented in Figure 5.4 B display
variation in the integrase copy number between birds, and due to differencein trial
design and sampling time it was difficult to distinguish any effect of the GOS diet

one week after stopping the prebiotic feed.

5.2.5 Development of the caecal microbiome composition of birds fed
control and GOS supplemented diets in biosecure housed birds

DNA sequencing of the V4 region of 16S rRNA genes was used to investigate
diversity and relative abundance of the caecal luminal microbiota of broiler
chickens fed two different diets and reared in two different environments. This
approach allowed the study of changes in composition of the chicken gut
microbiota in order to evaluate the impact of the two diets on the broiler chicken
microbiome and to compare the phylogenetic relationships with the distribution of
antibiotic resistance. As it mentioned in Chapter 4, the classification of bacterial
taxa is displayed as hierarchal taxonomic groups starting with phylum and ending

with OTU (Phylum > Class > Order > Family > Genus > OTU).

A total of 3527444 (median: 113283.5, IQR: 137021.8) quality-controlled
sequence reads were obtained from 56 broilers caecal samples of control housed
birds fed control (ctl) and GOS diets. These could be classified into OTUs 4892
(distance 0.03) that fall in to 11 phyla. Coverage was calculated in mothur
(V1.39.5) by Good's coverage at 98% (range = 0.97 - 0.99%) for estimation the
proportion of total OTUs present in each sample (Rarefaction curves Appendix
4.1A). Random subsampling of 3511 reads per sample was performed to avoid
bias between communities with different sampling depths for bacterial community

content and relative abundance analyses.
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The control and GOS diets from biosecure housed chicken caecal samples
exhibited OTUs falling in to 11 shared phyla binned at 98% similarity. In general,
the results show that the dominant phyla over all sampling days were Firmicutes
(Clostridiales_unclassified) with overall mean 92.5% in the birds fed the control
diet and 92.6% in the GOS fed birds, followed by small proportion of
Proteobacteria with overall mean abundance 4.56% to 3.28% in control and GOS
diet respectively. Fewer contributions from the Actinobacteria (Bifidobacterium)
with mean abundances of 1.11% to 2.46% in control to GOS diets and
Bacteria_unclassified with mean abundances of 1.81% to 1.27% noted within
these phyla. Bacteroidetes were notable by their absence throughout. These

results are illustrated in Figures 5.5 and 5.6.

The first sampling point (at 22 da) of the caecal microbiota grouped at the
phylum taxonomic level shows both diets are dominated by Firmicutes
(Clostridiales_unclassified) at similar abundances. Firmicute abundance in the
control group had a median of 92.04% (IRQ: 4.78%), and in the GOS diet the
median was 92.61% (IRQ: 5.36%). The microbiota contained lesser contributions
of Proteobacteria (median: 3.29% in ctl diet to 1.57% in the GOS diet; IRQ: 1%
and 3.13% respectively), Bacteria_unclassified (median: 1% in ctl diet to 1.11%
in the GOS diet; IRQ: 4.5% and 0.8% respectively), and Actinobacteria
(Bifidobacterium, median:0.8, 0.7; IRQ: 1% and 0.5% respectively) in control and
GOS diets as indicated. At 24 da, the abundance of Proteobacteria started to
increase in both diets (median: 6.3% in ctl diet to 2% in the GOS diet; IRQ: 3.12%
and 4.1% respectively) and Bacteria_unclassified (median: 1.8% in ctl diet to
1.9% in the GOS diet; IRQ: 1% and 1.4% respectively). At 28 da birds,
Proteobacteria abundance slightly decreased compared to what it was at 24 da in
control diet (median: 3.2%, IRQ: 3.6%), however, this abundance is still higher
than that observed for the GOS diet (median: 2.66%, IRQ, 2.28%). By the end of

the trial at 35 da the control diet birds were observed to be decreasing in
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Proteobacteria abundance (median: 1.78%, IRQ: 1.61%), whereas for the GOS
diet the abundance of Proteobacteria was increased (median: 3.71%, IRQ:
1.66%). There was no significant difference in the level of Actinobacteria (P
value >0.05), which is increased in the birds on the GOS diet compared with

control. Overall, no significant difference was detected at phyla level p> 0.05).

At the class level, the results showed that the most abundant bacterial
classes were Clostridiales_unclassified (mean: 84.2%, 83.3% in control and GOS
diets respectively), Bacilli (mean: 7.64% in control fed birds, 8.94% in GOS fed
birds), Gamma-proteobacteria (mean: 4.54% to 3.28% for control vs GOS diet),
Actinobacteria (mean:1.11%, 2.46% for control vs GOS diet) and Bacteria-
unclassified (mean:1.81% to 1.27% for control vs GOS diet). These data are

presented in Figures 5.7 and 5.8.

The level of Bacilli gradually increased in both diets with abundances at 22
da in control fed birds compared to GOS fed birds (median 7.31%, IRQ 3.33 in
control birds compared to 3.35%, IRQ 0.99% in GOS fed birds, p-value Wilcoxon
test= 0.0175). However, at 28 da old birds the abundance of Bacilli was higher
in the GOS diet than the control diet (median of Bacilli: 15.8%, IRQ 10.21% in

GOS diet compared to 8.5%, IRQ 6.48% in the control diet).

Additionally, in general the level of Gamma-proteobacteria was increased in
the control birds until 24 da then this level is declined with age (median: at 22 da,
3.29%, IRQ 1; median: at 24 da, 6.34%, IRQ 3.12%; median: 3.23% at 28 da,
IRQ: 3.64; median: 1.78% at 35 da, IRQ: 1.61%) but it was higher than the level
for the GOS supplemented diets (median: 1.57% at 22 da, IRQ: 3.13; 2% at 24
da, IRQ: 4.13; median: at 28 da 2.65%, IRQ: 2.28; and median at 35 da, 3.7%,

IRQ: 1.67).
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5.2.6 Caecal microbiome composition of control and GOS
supplemented diets in commercial birds.

The total quality-controlled 16S rRNA amplicon reads for the caecal contents
of 40 broiler chickens on the control and GOS diets recovered from commercial
birds was 1912797 (median: 63456.5, IRQ: 89409.25). These were classified into
4031 OTUs (distance 0.03) that split in to 10 phyla. The coverage was calculated
in mothur (V1.39.5) by Good's coverage at 98% (range = 0.97 - 0.99%).
Rarefaction curves presented in Appendix 4.1B show the proportion of the total
OTUs for each sample. The coverage range was considered an acceptable level of
sequence depth for all samples. Random subsampling was performed using 3511
reads per sample, in order to avoid any bias between communities with different
sampling depths for the bacterial community contents and relative abundance

analyses.

In the commercial birds at phyla level, the dominant phyla were Firmicutes
(Clostridiales_unclassified) and Bacteroidetes with smaller contributions from the
Actinobacteria (Bifidobacterium), Proteobacteria, Bacteria_unclassified (Figure
5.9). While the most abundant bacterial classes were Clostridiales_unclassified

and Bacteroidaceae (Figure 5.10).

The results at phyla level showed that the was no difference between the
caecal contents of birds on the two diets at da 30. However, there was an increase
in the abundance of Bacteroidetes on the GOS diet compared to the control-diet
birds (median of Bacteroidetes: 7.47%, IRQ: 5.92% in the control-30 da compared
to 10.94%, IRQ: 4.65 for the GOS diet), and an increased level of Actinobacteria
in the control compared to the GOS diet (median of Actinobacteria: 7.52%, IRQ:
3.36% for the control compared to 5.28%, IRQ 3.62 for the GOS diet). While at
da 37 there was a significant shift in the abundance of Firmicutes in the GOS
supplemented group (median: 79.27%, IRQ: 9.56, in the control compared to

67.15% IRQ: 5.77% for the GOS diet, p value 0.0011). The proportions of
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Bacteroidetes remained significantly more abundant in broilers given the GOS-
supplemented diet than the control fed birds (median: 3.9%, IRQ:3.37 for the
control diet compared to 7.52%, IRQ: 7.26 for the GOS diet birds at 37 da, p-
value 0.0232). Similarly, the level of Proteobacteria were increased at 37 da in
GOS-fed groups compared to control groups (median: 5%, 11.6% IQR: 3.8, 11.3

for control vs GOS respectively).

At class level, the comparison between control and GOS diets displayed
significant increases in the levels of Firmicutes-unclassified for the GOS diet at 30
da (median: 2.376% vs 3.971%, p-value=0.023). While the abundance of Beta-
proteobacteria were detected in the control group at 30 da (median: 1.21%,
compared to 0.003% for control vs GOS, p-value 0.0014). At 37 da, the only
significant differences in abundance were observed for the Firmicutes-unclassified
(median: 2.68% compared to 3.846 for control vs GOS; p-value 0.001) and
Bacteroides (median: 3.94% to 7.523 for control vs GOS; p-value 0.023) for the
GOS diet barns. While the abundance of Negativicutes was detected only in control
fed birds at 37 da (median: 1.6%, vs 0.0%, IQR: 24.7 to 0.0%; p-value 0.0025
in the control vs GOS diets respectively). Whilst Epsilonproteobacteria were
observed for both diets at 37 da but with higher levels in birds on the GOS diet
compared to the control (median: 2.4%, 5.2%, IQR: 2.95, 13.9% in control vs
GOS respectively, p-value=0.27). There was an intra-group variability in the
caecal microbial communities of commercial birds at phyla level, which was
determined for the Proteobacteria phylum in control diet group at 30 da, (median:
3%, IQR: 1.9%); and Actinobacteria in the GOS barn communities at 37 da,

(median: 3%, IQR: 4.66%).
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Figure 5.5 Comparison of the relative abundance of dominant bacterial phyla among biosecure housed birds gut microbiota
fed control and GOS diets clustered based on Ribosomal Database Project taxonomy (phylum level). The results are presented
as % and at least taxa that include 1% community was presented. For unbiased comparison all reads have been normalised.
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Figure 5.6 Comparison of the relative abundance of dominant bacterial phyla among biosecure housed birds gut microbiota
fed control and GOS diets clustered based on Ribosomal Database Project taxonomy (phylum level). The results are presented

as % and at least taxa that include 1% community was presented. For unbiased comparison all reads have been normalised.
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Figure 5.7 Comparison of the relative abundance of dominant bacterial classes among biosecure housed birds gut microbiota fed

control and GOS diets clustered based on Ribosomal Database Project taxonomy (class level). The results are presented as %.

unbiased comparison all reads have been normalised.

173

For



ctl-nonc-28-da GOS-nonc-28—da

9 100% - . -
AIOOA | . E =R || ’ - I = - F= P merysipelotrichia
X <)
EI 80% 5’3— 80% M Bacteria_unclassified
C Q
© c B Gammaproteobacteria
2 60% S 60%
3 S B Actinobacteria
© o
v 40% ©  40% Bacilli
-g = HN tivicut
E 20% TE 20% egativicutes
o2 B Clostridia
0%
? \—I N m <l’ Lh kD l\ (V] 0%
a0 |—| N m <r m u) l\ g)o
o8 8§ &8 = = 8 ¢§ 2 8 % % 8 8§ g 2
- - - “ - - - z | | I | | I I g
o~ o~ o~ o~ o~ o~ o~ =3
Samples Samples
ctl-nonc-35-da GOS—nonc—35-da
100% E g e e = 100% . . - W Erysipelotrichia
X 5 < W Bacteria_unclassified
g 80% S 80% ,
= Q B Gammaproteobacteria
©
T 60% T 60% B Actinobacteria
>
o) = -
Q Bacilli
o 40% S 40%
2 g B Negativicutes
c 20% E=]
< < 20% W Clostridia
o
0%
\—| N M <f‘ m K.O I\ [ O%
2 8 8 8 & 8 8 £ R e
! ' ' ! ! ' ' $ Q Q tﬁ% @ 2 Q Q 2
o~ o~ o~ o~ o~ o~ o~ I3
Samples Samples

Figure 5.8 Comparison the relative abundance of dominant bacterial classes among biosecure birds gut microbiota fed
control and GOS diets clustered based on Ribosomal Database Project taxonomy (class level). The results are presented as
%. For unbiased comparison all reads have been normalised.
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Figure 5.9 Comparison of the relative abundance of dominant bacterial phyla among commercial chicken gut microbiota fed control
and GOS diets clustered based on Ribosomal Database Project taxonomy (phylum level). The results are presented as % and at least taxa

that include 1% community was presented. For unbiased comparison all reads have been normalised.
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Figure 5.10 Comparison of the relative abundance of dominant bacterial phyla among commercial chicken gut microbiota fed
control and GOS diets clustered based on Ribosomal Database Project taxonomy (class level). The results are presented as %. For
unbiased comparison all reads have been normalised.
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5.2.7 Relative abundance of the Proteobacteria phylum between GOS
and control diets

The abundance of the Proteobacteria phylum between the two diets across
four sampling times for birds in biosecure housing revealed that there was no
significant change (p value > 0.05) in abundance of Proteobacteria in caecal
contents of biosecure housed birds. The median values are presented in Figure
5.11 for control and GOS diets respectively across sampling the points: at 22 da
(median: 3.29% for control and 1.57% for GOS; IRQ: 1.05, 3.13, p-value 0.2593),
at 24 da ( median: 6.34% for control and 2.08% for GOS, IRQ: 3.12, 4.15; p-
value 0.1649) o, at 28 da (median: 3.23% for control and 2.66% for GOS, IRQ:
3.64, 2.28; p-value 0.3829) and at 35 da (median 1.78% for control and 3.71%

for GOS; IRQ: 1.61, 1.66; p-value 0.2593)

Figure 5.11 shows similar results were found when investigating
Proteobacteria abundance at phylum level between caecal samples of commercial
birds in that there were no significant changes observed. The medians of control
and GOS supplemented diets: at 30 da old bird (median: 2.97% for control and
3.41% for the GOS diet, IRQ: 1.91, 9.51; p-value 0.9118) and at 37 da (median:
5% for control and 11.68% for the GOS diet, IRQ: 3.83 and 11.36; p-value 0.123).
No change was detected in control diet between the two sampling times for the
control diet (median: 2.98% in ctl 30 da compared to 5.057% in ctl-37 ;IRQ:
1.9%, to 3.8%; p-value 0.075) but Proteobacteria were significantly more
abundant in broilers fed the GOS-supplemented diet at 37 da compared to 30 da

(median 3.41 compared to 11.68%, IRQ: 9.51 and 11.36; p -value 0.046).

The results of the Shapiro-Wilk test of normality and quantile-quantile plots
indicated that the distribution of the Proteobacteria phyla was not normal for birds
on the control diet at 22 da (p-value = 0.0215), while the other sampling points

of both feeds indicated that the abundance of Proteobacteria was normally
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distributed across cohorts for the biosecure birds (Appendix 4.2A). Similarly, data
of Proteobacteria were not normally distributed (Shapiro-Wilk normality test=
0.0001) for control birds at 30 da, however for the other sampling point the data
were normally distributed across the cohorts in the commercial flocks (p-value >

0.05, Appendix 4.2B).
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Figure 5.11 The relative abundance of the Proteobacteria phylum obtained from
broiler chicken caecal contents fed control and GOS diets reared in biosecure and
commercial conditions. Data are expressed as a bar chart with median for each sampling
point and comparing the abundance of Proteobacteria between the two rearing conditions
given either control or GOS diet. No significant change was detected within each trial. The
Wilcoxon test p-value was used because the data not normally distributed, which shows no
statistical difference in either trial. All orange bars represent control fed birds while tiffany
blue represent GOS fed birds reared in biosecure housing condition (n=7 birds/sampling
point, total /group 28 birds. The blue bars indicate to control fed birds whereas the purple
bars indicate to GOS fed birds reared in commercial condition (n=10 birds/sampling point
total 20 birds / group). The proportion of Proteobacteria was reduced at 22 and 24 da in
GOS-fed birds, however after 28 da (6 days after stopping feeding the GOS-diet) the level
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of Proteobacteria were increased in the biosecure flocks, while commercial birds showed

increases in the Proteobacteria abundance at each of the sampling days in the GOS barns.

5.9 The distribution of resistance GC arrays in Proteobacteria OTUs of
birds in biosecure housing conditions and commercial birds fed control
and GOS diets.

Integron gene cassettes are frequently associated with Proteobacteria.
Phylogenetic trees of the proteobacterial OTUs identified within the chicken caecal
microbiota of the biosecure housed bird and those from commercial are presented
in Figure 5.12. The Proteobacteria population in the commercial birds is clearly
more diverse. The presence of GCs for each bird in which the OTU was observed
are indicated with respect the diets the birds were provided. The results
demonstrate that there were 4 main OTUs present within this phylum that
coincided with the presence of GCs detected for biosecure birds. The most frequent
associations of resistance genes were with Proteobacteria OTUs belonging to
Enterobacteriaceae_unclassified OTUs (OTU0007, OTU0324) with lesser frequency
determined for Gammaproteobacteria (Proteus, OTU0169) and Betaproteobacteria
(OTU0097, Sutterella) regardless of the diet. Using the chi-squared test for all
birds reared under biosecure conditions the proportion with gene cassettes on the
GOS diet was not different to those on the control diet (x%2 (1, N = 55) = 2.3, p =
0.13). However, the chi-squared test for the birds at 22 da when the GOS diet was
first replaced with control indicated the proportion with gene cassettes on the GOS
diet was significantly different to those on the control diet (x? (1, N = 14) = 5.2,
p = 0.02). For the commercial birds Proteobacteria OTUs associated with high GC
frequency were OTU0007, OTU0070, OTU0176, OTU0041 and OTU0276.
Comparing both trials, OTU0007 showed the greatest correlation with the presence
of the GCs regardless of diet with a weaker association for OTU0169. Notably

0OTU0276 and OTU0471 appeared in control feed birds whilst OTU0474 emerged
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only in GOS fed birds from commercial flocks. The chi-squared test for the
proportion of commercial birds with gene cassettes on the GOS diet was not

different to those on the control diet (x? (1, N = 40) = 0.08, p = 0.77).

The diversity of the recovered GCs per sampling point and dietary type are
shown in Appendix 4.3 (1-4) and 4.4 (1-2) for both trials. Results indicated that
three OTUs emerged in biosecure birds at 22 da birds, which remained until the
end of trial 1 (35 da). The majority of resistance genes identified arose at 22 da.
In the commercial birds OTU0169 (Proteus) appears displaced by emerging
0OTU0041 (Campylobacter) and OTU0471 (Alphaproteobacteria_unclassified)
which coincides with a decrease in the distribution of GC-B in the Proteobacteria
OTUs at 37 da but GC-A persists. The association between the gene cassettes
identified and the Proteobacterial phylogenetic trees with respect to the diet and

age of the birds is presented in Figures 5.12.
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Figure 5.12 Phylogenetic tree of Proteobacteria phylum illustrates the OTUs present in broiler chicken microbiota fed control and GOS diets
reared in biosecure and under commercial conditions (constructed with Bootstrap value = 20). (A) biosecure birds at 22 and 24 da have been
presented because applying a cut-off value =20 reads per OTU there was no Proteobacteria OTUs found at 28 and 35 da. (B) commercial birds age matched
30 and 37 da. The scale bar represents a sequence divergence of 3%. The bacterial OTUs are: OTU 0324 is Gamma-proteobacteria
(Enterobacteriaceae_unclassified), OTU0007 is Gamma-proteobacteria (Enterobacteriaceae_unclassified), OTU 0169 is Gamma-proteobacteria (Proteus),
OTU0097 is (Beta-proteobacteria) Sutterella, OTU0041 is Epsilonproteobacteria (Campylobacter), OTU0176 is Alpha-proteobacteria (Aestuariispira),
0TU0474 is Alpha-proteobacteria_unclassified, OTU0471 is Alpha-proteobacteria (Alphaproteobacteria_unclassified), OTU0615 is Enterobacteriaceae

_unclassified, OTU0070 is Beta-proteobacteria (Parasutterella), OTU0276 is Proteobacteria_unclassified.
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5.10 Microbial diversity analysis

The analysis of microbiome composition of caecal contents from controlled
housed and commercial birds was estimated by using Mothur (V1.39.5). Inverse-
Simpson's measure of alpha (a-) diversity and Chao index estimating the number
of species richness. The beta (B-) diversity was also calculated within Mothur
using Bray-Curtis dissimilarity metrics.

By comparing the inverse Simpsons index of both feed types there was no
significant differences in alpha diversity detected between the different time
points of control and GOS diets among biosecure birds. However, birds reared
under biosecure conditions showed a reduction in alpha diversity for the control
at 28 da compared to the control at 24 da (Simpson index, p-value control 24
vs control 28, Mann Whitney test=0.0262), but this was not evident in the GOS-
fed birds (Simpson index, p-value GOS 24 vs GOS 28, Mann Whitney test 0.62
respectively). Overall, with time the trend showed a reduction in alpha diversity,
which slightly lower in the control groups compared to the GOS supplemented
groups.

The inverse Simpsons index of both control and GOS diets were tested via
the Shapiro-Wilk test of normality, which indicated that the inverse Simpson’s
index was not normally distributed in the control diets (control 24 da) of the
biosecure birds (Shapiro-Wilk test, p-value = 0.0279 at control-bio-24 da). The
fit of the data in quantile-quantile plots is represented in Appendix 4.5 A.
However, the normality tests of the other sampling points of both feed types for
the biosecure housed birds indicated that the inverse Simpsons index was
normally distributed across the cohorts for the control and GOS diets (Shapiro-
Wilk test, p-value >0.05).

In contrast, the alpha diversity of the commercial barn reared birds was
significantly different between control and GOS supplemented diets at 37 da,

where the control birds showed a reduction. However, alpha diversity was not
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affected at 30 da for either feed regime (inverse Simpson, p-value 0.8534). The
comparison between two diet and trials for the inverse Simpsons is presented in
Figure 5.13.

For the commercial birds, the inverse Simpsons indices were normally
distributed across cohorts for both feeds. The Shapiro-Wilk test for the inverse
Simpsons indices, p-value = 0.7348, 0.8189 for control and GOS respectively at
30 da birds, while p-value =0.2637, 0.1736 at 37 da. All data of quantile-
quantile plots are shown in Appendix 4.6A.

The Chao index results in Figure 5.14 indicate no differentiation in richness
index within controlled housed birds for the four sampling times with gradual
increasing in richness in GOS diet until 24 da old birds (Chao index, p-value =
0.0728 at 24 da). At 28 da both diets show a decrease in richness (Chao index,
p-value = 0.804 at 28 da). The normality test of the Chao indexes exhibited that
the data was not normally distributed in the control birds at 28 da (Chao index,
p-value = 0.0378), whereas all other sampling points were normally distributed

(p-value >0.05) Appendix 4.5B.

For the commercial birds, no significant difference was determined for
richness between the control and GOS diet at 30 da (Chao index, P-value 0.075)
and no significant change in richness between the diets at 37 da birds (Chao
index, p-value 0.63). Similar results were observed also in Chao index for the
commercial birds, demonstrating that both diets are normally distributed at
sampling times 30 and 37 da (Shapiro-Wilk test, p-value = 0.4431, 0.3884 at da
30; p-value of normality test = 0.3210, 0.7609 at 37 da for the control and GOS
diets respectively). All data of quantile-quantile plots are represented in

Appendix 4.6 B (Figure 5.14).
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Figure 5.13 Comparison of inverse Simpson’s index for alpha diversity of trial 1
and 2 during four samplings time (22, 24, 28 and 35 da) for broiler caecal
communities of biosecure birds and two samplings time (30 and 37) of
commercial birds fed control and GOS diets.

Data are expressed as bar chart with medians. Outliers are represented as dots.
Wilcoxon test p value is used because the Shapiro-Wilk test showed the data were not
normally distributed (Appendix 4.5 A and 4.6 A). There was no significant difference found
in biosecure housed birds, however a significant difference in inverse Simpson index was

found between two diets at 37 da for the commercial birds.
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Figure 5.14 Chao index for richness between two diets through different
sampling points for broilers caecal communities. The Chao indices calculated from
normalised reads data are displayed for each group 22, 24, 28, and 35 for biosecure
housed birds while 30 and 37 da for commercial birds. Data are expressed as described

above bar charts with medians and scatter plots.

Beta diversity analysis was conducted by calculating Bray-Curtis distances
using Mothur (V1.39.5). Bray-Curtis distance quantifies compositional
dissimilarities between the microbiota of the birds fed control and GOS diets.
Dissimilarity ordination plots were generated demonstrating comparison of
dissimilarity between two trials. An AMOVA test of significance was calculated
also using Mothur (V1.39.5) to detect differences between sampling times for
each diet for each trial. The AMOVA test results (Figures 5.15) indicated that
within controlled housed birds there was a significant shift between microbiota
of the two different feeds at 22, 24 and 28 (AMOVA test, p-values: 0.003, 0.001,
0.014) but no significant difference between the two diets at 35 da (AMOVA test,

p-value: 0.242).
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Variation in species composition between the communities representing the
two diets from commercial birds were also visualised using the Bray-Curtis
distances in Figure 5.16. The AMOVA test shows a difference in the microbiota at
30 da between both control and GOS birds (AMOVA test, p-value 0.004) as well

as between control and GOS birds at 37 da (p-value 0.001).

Linear discriminant analysis effect size (LEfSe) was applied to identify
differentially abundant OTUs between control and GOS diets in both trials. Figure
5.17 shows the significant differentially abundant OTUs for the microbiota from
all the birds reared under biosecure conditions across various samplings times.
Differential abundance between the diets was dominated by members of the
Firmicutes phylum in GOS fed birds at 22 da that include Lachnospiraceae ssp
OTU0032 and OTU0030, Enterococcus OTU0078 and members of the
Clostridiales _unclassified class OTU0138. Differences in the abundance of
Lachnospiraceae ssp OTUQ032 and Enterococcus OTUO078 were also found in
GOS-fed birds at 24 da with high abundance of OTU0015_Subdoligranulum and
other Lachnospiraceae spp OTUs. Data collected at 28 and 35 da showed
differences in abundance of Lachnospiraceae spp. While for birds on the control
diet, these were dominated by OTUQO06 Lactobacillus at 22 da, Ruminococcaceae
spp OTUO0020, Clostridiales_unclassified Otu0037, Eggerthella OTU0036 and
OTUO0043_Blautia at 24 da. The abundance of Lachnospiraceae spp was noted at
28 da control-fed birds as well as Ruminococcaceae spp at was observed 28 and

35 da control-fed birds.

For commercial birds, LEfSe highlights the greater differential abundance
of Parasutterella OTU0070, Lachnospiraceae_unclassified OTU0045, Butyricicocs
OTUO0076, Bacteria_unclassified 0OTU0193 and Clostridiales_unclassified
OTUO0136 and Blautia OTU0171 in control birds at 30 da. While the GOS-fed birds
at 30 da display a greater abundance of Aestuariispira 0OTU0176,

Ruminococcaceae_unclassified 0OTU0107 and Firmcutes_unclassified OTUs
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(Figures 5.18 A). At 37 da when both control and GOS diet barns were randomly
colonised by Campylobacter, the most abundant bacterial OTUs for the GOS fed
birds were Alistipes OTU0025 and Bacteroides OTU0028 and for birds on the
control diet Megamonas  OTU0004, Faecalibacterium  OTUO0O0O05,
Lachnospiraceae_unclassified OTU0003 and Bacteroides OTU0115 (Figure 5.18

B).
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Figure 5.15 Comparison of PCoA plots of Beta diversity based on Bray-Curtis dissimilarity between control and GOS supplemented diets fed
birds microbiota of biosecure birds. The comparison of AMOVA test between control and GOS diets fed birds showing that there was a significant
different of clustering microbiota between the two barns at 22, 24 and 28 da birds (AMOVA test, p-values: 0.003, 0.001, 0.014) however there was no a
significant difference AMOVA p-values 0.242 among comparing between control and GOS diets birds at 35 da.
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Figure 5.16 Comparison of PCoA plots of Beta diversity based on Bray-Curtis
dissimilarity of control and GOS diets of commercial birds. The p-values of control
diet birds at 30 da and GOS diet birds at 30 da indicates there is a significant difference
between the two barns (AMOVA test, p-value: 0.004), There was also a significant
difference with a AMOVA test p-value of 0.001 by comparing control diet birds and GOS

diet birds at 37 da.
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Figure 5.17 Histogram of the linear discriminant analysis (LDA) effect size (LEfSe)
of biosecure housed birds fed control and GOS diets during 4 sampling times. LDA
scores computed for express the differentially abundant of bacterial communities of birds
fed control (represented by red bars) and GOS diets (represented by green bars) and reared
in biosecure conditions. LEfSe illustrates which clades amongst detected OTUs that are
statistically explain the greatest differences between bacterial population fed the different
diets and reared in similar conditions. All representative OTUs subject to stringent cut off

p-value 0.01 and LDA> 2.
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Otu0199_Clostridiales_unclassified(100);
Otu0256_Ruminococcaceae_unclassified(100);
Otu0246_Clostridiales_unclassified(100);
Otu0258_Clostridiales_unclassified(99);
Otu0125_Clostridium_IV(100);
Otu0247_Firmicutes_unclassified(99);
Otu0151_Lachnospiraceae_unclassified(100);
Otu0120_Ruminococcaceae_unclassified(100);
Otu0055_Clostridiales_unclassified(100);
Otu0224_Ruminococcaceae_unclassified(100);
Otu0205_Firmicutes_unclassified(100);
Otu0197_Firmicutes_unclassified(100);
Otu0107_Ruminococcaceae_unclassified(99);
Otu0176_Aestuariispira(99);

Otu0277_Clostridiales_unclassified(100); :
0tu0328_Clostridiales_unclassified(94); : : : 30 da
Otu0333_Bacteria_unclassified(99); : : :
Otu0433_Bacteria_unclassified(100);
Otu0516_Bacteria_unclassified(100);
Otu0375_Firmicutes_unclassified(100);
Otu0239_Blautia(99);
Otu0021_Romboutsia(100);
Otu0276_Bacteria_unclassified(100);
Otu0316_Bacteria_unclassified(100);
Otu0167_Lachnospiraceae_unclassified(100);
Otu0153_Lachnospiraceae_unclassified(100);
Otu0274_Clostridiales_unclassified(100);
Otu0127_Clostridiales_unclassified(100);
Otu0259_Clostridiales_unclassified(100);
Otu0111_Butyricicoccus(100);
Otu0130_Bacteria_unclassified(100);
Otu0131_Ruminococcaceae_unclassified(100);
Otu0222_Clostridiales_unclassified(100);
Otu0172_Bacteria_unclassified(85);
Otu0191_Ruminococcaceae_unclassified(100);

OTUs

Otu0071_Ruminococcaceae_unclassified(100);
Otu0171_Blautia(98);
0Otu0136_Clostridiales_unclassified(100);
Otu0193_Bacteria_unclassified(96);
Otu0217_Bacteria_unclassified(100);
Otu0076_Butyricicoccus(100);
Otu0045_Lachnospiraceae_unclassified(100);
Otu0070_Parasutterella(100);
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Figure 5.18 A Histogram of the linear discriminant analysis (LDA) effect size
(LEfSe) of commercial birds at 30 da. LDA scores computed for express the differentially
abundant between commercial broiler chickens at 30 da fed control diets (control
represented by Peachy bars) and GOS diets (GOS represented as Tiffany blue bars). LEfSe
illustrates which clades amongst detected OTUs that are statistically explain the greatest
differences between bacterial population fed the different diets and reared in similar

conditions. All representative OTUs subject to stringent cut off p-value 0.01 and LDA> 2.
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Otu0454_Clostridiales_unclassified(98);
Otu0420_Bacteria_unclassified(98);
Otu0258_Clostridiales_unclassified(99)
Otu0261_Ruminococcaceae_unclassified(100);
Otu0144_Ruminococcaceae_unclassified(100);
Otu0335_Ruminococcaceae_unclassified(100);
Otu0474_Alphaproteobacteria_unclassified(100);
Otu0155_Lachnospiraceae_unclassified(100);
Otu0192_Ruminococcaceae_unclassified(100);
Otu0178_Firmicutes_unclassified(99);
Otu0165_Ruminococcaceae_unclassified(100);
Otu0047_Clostridiales_unclassified(100);
0tu0068_Oscillibacter(100): 37da

Otu0107_Ruminococcaceae_unclassified(99);

OTUs

Otu0029_Ruminococcaceae_unclassified(100);
Otu0037_Clostridiales_unclassified(100);
Otu0042_Lachnospiraceae_unclassified(100);
Otu0124_Ruminococcaceae_unclassified(100)
Otu0052_Clostridiales_unclassified(100);
Otu0028_Bacteroides(100);
Otu0025_Alistipes(100);

Otu0276_Proteobacteria_unclassified(100);
Otu0066_Lactobacillus(100);
Otu0115_Bacteroides(100);
Otu0003_Lachnospiraceae_unclassified(100);
Otu0005_Faecalibacterium(100);
Otu0004_Megamonas(100);
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Figure 5.18 B Histogram of the linear discriminant analysis (LDA) effect size
(LEfSe) of commercial birds at 37 da. LDA scores computed for express the differentially
abundant between GOS and control diets in commercial broiler chickens at 37 da (control
represented as orange/Peach bars) and control birds (GOS represented by tiffany blue
bars). LEfSe illustrates which clades amongst detected OTUs that are statistically explain
the greatest differences between bacterial population fed the different diets and reared in
similar conditions. All representative OTUs subject to stringent cut off p-value 0.01 and

LDA= 2.
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5.3 Discussion

One of the most important medical issues of the twenty-first century is the
problem of antibiotic resistance. Increased understanding through environmental
and evolutionary studies are considered as essential to recognize the origins and
destinations of resistance determinants (Wellington et al., 2013;Gillings, 2018).
Most of the research on resistance has focused on diagnostics and infection
control. At the same time many studies on animal feed additives have highlighted
the potential for prebiotics to promote growth and immunological responses in the
host. However, the influence of GOS feed on the modulation of gut bacterial
populations to potentially mitigate antibiotic resistance carriage in the chicken gut
microbiome has not been investigated. This Chapter attempts to address the issue
of continuously emerging antibiotic resistance by maintaining a broiler microbiome
that is less hospitable to the bacteria carrying resistance genes through the use of
dietary GOS supplementation. Therefore, it focusses on studying the influence of
GOS dietary inclusion on broiler microbiota supplied from commercial hatcheries
and reared in either biosecure conditions or in a commercial environment with all
the incumbent challenges that brings. To gain a greater understanding of the
microbiota in which the carriers of AMR are embedded, next generation sequencing
of 16S rRNA amplicons was employed and analysed with regard to the total
carriage of antibiotic resistance genes (reviewed in Chapter 3) for two different

diets and rearing conditions.

A recent study by Braykov et al. (2016) aimed to evaluate phenotypic
patterns of antibiotic resistance between commercial (broilers and laying hens)
and household birds, and the study also extended to the collection of
environmental samples from the corresponding sites. They observed high levels
of ARGs in both rearing conditions with a distinctive phenotypic pattern of
antibiotic resistance in production birds compared to what was observed from

backyard birds, and from this described a typical signature pattern of production
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birds. The signature pattern was prevalent in poultry coops of production birds,
but not observed in domestic environments. Similarly, to the current study, they
found GCs in commercial birds are higher than birds reared in domestic locations.
This may of course change as antibiotics are marketed in various countries to

smallholders based on improved production without any control.

In this study approximately 37% (10/27) of the representative GCs were
obtained from broiler caecal microbiota of the control diet group birds housed in
biosecure conditions which were dominated by one type of antibiotic resistance
configuration (GCs-B-2 containing the genes dfrAl and aadAl that confer
resistance to trimethoprim and streptomycin respectively). Half of them were
collected at da 22 after which the number decreased with increasing age (Table
3.4A, Chapter 3). However, only four of 28 samples (14.2%) contained the GCs
from GOS-fed birds, two of them obtained at 24 da showing similar pattern of
ARGs detected in the control feed birds (GCs-B-2), while the other two GCs were
recovered at 35 da and belong to GCs C-1 (aadA1), which is considered a deletion

of GCs-B (Table 3.4A, Chapter 3).

The microbiota of all the commercial birds fed control and GOS diets
contained GCs (20/20) with 75% (15/20) of the ctl birds containing GC-A, 20%
(4/20) containing GCs-B-2 and 5% (1/20) containing GCs-C-2. Similarly, 75%
(15/20) of the GOS fed birds carried GCs-A, and 25% (5/20) carried GCs-B-2
(Table 3.6, Chapter 3). These findings indicate that the environment in which the
birds are reared plays an important role in determining the ARG load and
dissemination in poultry. Although two trials birds were given similar diets the
level of resistance was higher in commercial birds than those reared in biosecure
conditions. As Connerton et al. (2018) justified high densities of birds in
commercial production facilitate the dispersion of microorganisms throughout the
flock and creating a source of microbiota for other flocks on the farm. Hence, in

commercial production, young chicks are exposed to several exogenous sources
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of bacteria that can readily colonise the immature gut of young chicks such as
litter materials, feed, water, and ambient air shaping the composition of gut
microbiota (Wang et al., 2016). Thereby, the association of antibiotic resistant
strains with poultry production is likely to be originated post hatch through
environmental sources, suggesting that it might be better to control widespread
AR from rearing environments. Furthermore, it is noted that the GOS feed showed
an impact on the GCs present from biosecure birds denoting both factors (GOS

and biosecure rearing conditions) reduce the carriage of AR genes.

In order to confirm the effect of GOS diet in reducing the ARG load, first the
total coliform counts and trimethoprim resistance strains were enumerated to
emphasise if the GOS diet has influence on trimethoprim resistance or not as
trimethoprim resistance was more prevalent in biosecure housed birds. The
experimental findings indicated that the total coliform counts were reduced with
time, and this reduction was higher in the GOS diet birds than those fed the control
diet. Over the rearing period the recovery of trimethoprim resistance isolates was
lower from the GOS diet groups than the control diet. However, the ratio of
trimethoprim resistance was shown to increase over time, suggesting that the
trimethoprim resistant coliform bacteria were not displaced to the same extent as
the general coliform population.

Erdogan et al. (2010) reported dietary supplements of synbiotic and
phytobiotic either alone or in combination significantly decreased the caecal
coliform count (p < 0.01) in broiler chicken caecal samples. They postulated that
this effect was due to probiotics and prebiotics providing a balance on the
microecosystem of the GI by controlling pathogenic bacterial populations via
competitive exclusion. Furthermore, studies have reported that the administration
of dietary prebiotics might support the intestinal microbiota of young broiler chicks
by boosting the abundance of Lactobacilli and Bifidobacteria and reducing the

counts of coliforms (Yang et al., 2008;Chee et al., 2010a;Shang et al., 2018b).
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Braykov et al. (2016) reported that the prevalence of resistant phenotypes tended
to decrease with bird age for all antibiotics tested in the study except for the
highest resistance levels to the drugs sulfisoxazole, trimethoprim-
sulfamethoxazole, and tetracycline. They suggest that since birds are purchased
from commercial hatcheries, and resistant strains to some drugs are already in
the systems of these birds, which may explain why they observe resistance
carriage to decline with age. Consequently, it suggested that feeding broiler chicks
GOS could reduce coliform numbers, which will simultaneously reduce the load of

antibiotic resistance genes carried by Gram-negative bacteria.

Additional information was sought in support of the suppressive role of
dietary GOS under biosecure conditions in reducing the spread of ARGs by
determining the copy numbers of class 1 integrase using gq-PCR (Figure 5.4A).
Interestingly, a significant reduction was found (p-value, 0.015) for the integrase
copy number at 22 da in the GOS supplemented diet compared to the control diet,
proposing that GOS can restrict ARGs, and that this effect is eroded in the absence
of the GOS diet. Generally, the integrase copy number decreased with time in the
control diet. This finding is consistent with study conducted by Diarra et al. (2007),
which demonstrated that the prevalence of AR obtained from 197 broilers isolates
exposed to different antibiotic regimens in a large case-control study in Canada
showed decreasing resistance levels between 7 and 35 da that correlated with a
decrease in the carriage of class 1 integrons and the tet resistance gene. Thus,
the level of AR was higher among younger birds and was associated with the
conditions of rearing and source of the chicks. Commercial considerations mean
that GOS is likely to be used in young birds to establish a productive juvenile
microbiota whist avoiding the increased cost of feeding mature birds (Richards et
al., 2020). In this context the suppressive role of GOS was at an early stage of
chick’s life that is more likely to be enriched in bacteria carrying antibiotic

resistance. The collective effect of the hatch and rearing environments with early
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GOS feed could potentially reduce the dissemination of antibiotic resistance and
reduce the health risk of chickens to be reservoirs for resistance genes. Apajalahti
et al. (2004) pointed out that both the diet and the environments can manipulate
the microbial status of the gastrointestinal tract of chickens, which may explain
why effect of GOS supplemented diets was absent in commercial birds compared
to the biosecure housed birds. Although the study design differed in both
experiments, bird to bird variation in integrase copy number even in GOS
supplemented birds was evident. Several studies have reported that the small
intestine of chickens can be effected by many factors including the age of the
birds, the diet and the surrounding environment (Knarreborg et al., 2002;Lu et
al., 2003a;Apajalahti et al., 2004;Rehman et al., 2007;Danzeisen et al.,
2011;Torok et al., 2011;Yeoman et al., 2012;Ballou et al., 2016;Shang et al.,

2018b).

Analysis of 16S rRNA gene sequences at phyla level indicated that Firmicutes
remained the most predominant phylum in the caecum for all sampling points for
both diets in the biosecure and commercial birds. The mean abundance data for
this phylum was similar for the GOS diet compared to the control diet in biosecure
housed (mean: 92.5% in control vs 92.9% in GOS diets), whereas the control diet
for the commercial birds recorded a higher percentage than the GOS diet (mean:
76.92% in control; 70.53% in GOS diets). At phyla level there was variation in the
abundance of Proteobacteria between two diets for biosecure housed birds (mean:
3.66% in control compared to 2.46% in GOS), Actinobacteria 0.84% compared to
3.28% and Bacteria_unclassified 1.3% compared to 1.27%. The second most
abundant phylum for the commerical birds was the Bacteroidetes, with a mean of
6.89% in the control birds and 9.98% in the birds given the GOS supplemented
diet. The Bacteroidetes were followed by Proteobacteria (mean: 5.31% in the
control and 8.23% in the GOS diet); Actinobacteria (mean: 7.22% in control;

5.89% in GOS) and Bacteria_unclassified (mean: 3.64% in control, 5.29% in
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GOS). This agrees with previous reports that Firmicutes, Proteobacteria
and Bacteroidetes from the dominant phyla of the chicken caecal microbiota (Wei
etal., 2013;Yan etal., 2017;Shang et al., 2018c). Furthermore, Mesa et al. (2017)
found similar results in their study of broiler chicken caecal microbiota in birds fed
either a control diet or supplemented with prebiotics (MOS) and nucleotides, and
notably only detected the Bacteroidetes phylum at 35 da. However, the current
study on biosecure housed birds ended by day 35 with less than 1% of
Bacteroidetes present. Polansky et al. (2016) proposed a role for Bacteroides in
the metabolism of oligosaccharides and formation of short-chain fatty acids in that
they expressed xylose isomerase required for polysaccharide degradation and the
enzymes leading to propionate and butyrate production. However, Jumpertz et al.
(2011) stated that Bacteroidetes were linked to a decrease in nutrient absorption.
Kers et al. (2018), proposed that the presence or absence of Bacteroidetes in
various studies is likely to be caused by differences in diet, experimental
conditions, age or sampling time, variation in sequencing technology and the
differences in the primers used.

Analysis at class level of the control and GOS diets from commercial birds
indicated an increase in abundance of Epsilonproteobacteria (Campylobacter
OTUs) that seems to have emerged post 30 da and which coincides with increase
the abundance of Negativecutes in control fed birds only. This suggests
contamination of both barns followed thinning, and it highlights a possible role for
humans influencing the composition of the microbiota (discussed in Chapter 4).

Wielen et al. (2002) stated that each bird has variations in the relative
abundance of members of the intestinal bacterial community. Previous studies
have indicated that successional changes within the intestinal microbiota at 5 to
20 days post hatch can be amended by the provision of exogenous microbial
communities and suppressed by antimicrobial dietary additives (Hume et al.,
2003;Yin et al., 2010;Torok et al., 2011). Hume et al. (2003) showed shifts in the

caecal microbiota at 2 days and 5 to 20 days of age. The change in composition
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of the broiler caecal microbiota was reported with age as well as the complexities
of bacterial communities in microbiome (Wielen et al., 2002;Hume et al.,,
2003;Gong et al., 2008). These age-related alterations in the gut microbiota tend
to be partially associated to the physiological changes that occur in the chick’s GI
tract post hatch. The GI tract exhibits a rapid increase in the size in early
development and is reported to reach maximal relative size of the digestive organs
at 3 to 8 days post hatch with the intestine continuing to increase in the length
and diameter until 14 days post hatch (Noy and Sklan, 1997). Therefore, different
environments settings that bird’s early exposure to with the host’s physiology have
a direct influence on the development of the gut microbiota in the newly hatched
chick.

Analysis of alpha diversity of the inverse Simpson index for biosecure housed
birds showed a reduction at 28 da old in both diets. This decrease in alpha diversity
was lower in GOS-fed birds. In the commercial birds a significant decrease was
observed in the control diet (discussed in Chapter 4) compared to the GOS diet.
This could be a residual consequence of the GOS supplemented diet to retain
microbial diversity. This finding suggests that GOS promotes diversity in the
intestinal microbiota. Gao et al. (2017) studied the influence of feed additives
including probiotics and antibiotics on the maturation of the intestinal microbiota
in broiler chickens to conclude that probiotic feed provides a great acceleration in
the maturation of the intestinal microbiota by 15 days. Contrary, they revealed a
significant retardation with eventual delay (10 day) on intestinal maturation of the
broiler chicken microbiota using antibiotic supplemented feed. Therefore, it is
possible that the structural and functional dynamics of intestinal microbiota can
be used as a signature to characterize, compare, and evaluate the feeding
regimens in the poultry industry.

Estimates of beta diversity using Bray-Curtis dissimilarity indicates that
significant differences exist between the control and GOS supplemented diet in

biosecure housed birds at 22, 24 and 28 da but losing this significance at 35 da.
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Additionally, significant differences in beta diversity were found between control
and GOS birds at 30 and 37 da in commercial birds with increasing age. Moreover,
it is illustrated that despite the halting the provision of GOS at day 20, the effect
of the prebiotic feed persists in the gut microbiota since elements of the microbiota
become established. Thus, it seems to be GOS retain diversity of gut population
even though the absence of GOS feeding, which may explain the reason why a-

diversity not affected in GOS 37 da diet.

The phylum of Proteobacteria have been documented as a reservoir of class
1 integrons. The association of class 1 integrons with Enterobacteriaceae has been
extensively reported since 1973 in various geographical locations of the globe
(Kaushik et al., 2018). This includes the intestinal microbiota of farm animals such
as poultry, swine, cattle, and aquatic animals that have been widely associated
with various classes of integrons (Cocchi et al., 2007;Zhang et al., 2009).
Especially, when animals are reared for commercial purposes are they frequently
associated with class 1 integrons, likely due to their exposure to antimicrobial
agents more frequently than other animals (Cocchi et al., 2007). Primary analysis
by the phylogenetic tree highlights the distribution of embedded GCs in the
Proteobacteria of the two rearing environments and the diets provided. The most
prevalent GCs (GC-B2 and GC-A) in birds from the biosecure and commercial
housing show higher abundance in the control feed birds over the GOS-fed birds
(Appendix 3.3 A and B). Resistance to trimethoprim by the dfrA gene (GC-B2) was
observed to reduce in the biosecure birds with time through the loss of the specific
gene cassette to form GC-C1 (aadA1l). Although, resistance load of commercial
birds did not decrease with time, it showed an increase in GC diversity. A study
by Braykov et al. (2016) reported similar observation compatible with findings for
the biosecure birds. They proposed that control should be exerted in poultry
hatcheries and sources along the distribution chain because young birds have

potential to act as reservoirs of AR bacteria. They also called for monitoring to

200



control the dissemination of AR bacteria in poultry production and to assess AR
bacteria emerging from external sources. The rearing environment has a role in
the acquisition and dissemination of ARGs. Wellington et al. (2013) pointed out
the role of the natural environment in the mobilization of genetic elements from
environmental bacteria to Gram-negative bacteria, as well as the mobility of these
elements being associated with responses to selective pressures, induced by

exposure to antibiotics and pollutants in the environment.

The distribution of GCs among Proteobacteria OTUs demonstrates high
frequency of recovered resistance load (GCs) in Gamma-proteobacteria
(OTU0007) in both trials. Zhang et al. (2018) investigated the phylogenetic
distribution of integrons using the bacterial whole genome database (WGD) and
plasmid database to demonstrate out of 2440 integrons, 2295 were identified as
harboured by the phylum Proteobacteria, mainly by Gamma-proteobacteria
(93%). They also detected a few examples of integrons in Alpha-proteobacteria
(5 in 2879 of the available genomes) and Beta-proteobacteria (109 in 3401
genomes). Several studies have reported that the most frequently identified
integrons (90%) were obtained from Gamma-Proteobacteria (Schmitz et al.
(1999);Zhao et al. (2001);Moura et al. (2009). Similarly, the current study
findings also highlight high contributions of GCs in Beta-Proteobacteria OTUs in
both trials, while alpha-Proteobacteria OTUs were only observed in the commercial
birds. The results show high frequency of GCs-A was found to coincide with a-
Proteobacteria OTU0176 with fewer dissemination was detected in both OTU0474
and in the two feed of commercial birds (Appendix 4.4, Figures 1 and 2). Cury et
al. (2016) studied the taxonomic distribution of integrons in 243 bacterial genomes
to find that GCs were absent in a-Proteobacteria if they encoded tyrosine
recombinases that contributed to the integration of GCs, however they detected

20% GCs in gamma-proteobacterial and 10 % in beta-proteobacteria.
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LEfSe identified a relative increase in the abundance of Lachnospiraceae ssp
(OTU0032 and OTUO0030) and Clostridiales unclassified (0OTU0138) as
differentially abundant OTUs for GOS fed birds compared to those on the control
diet at 22 da, which could be acting as competitors to decrease the expansion of
GCs in the GOS fed birds. LEfSe analysis also shows that although commercial
birds fed control and GOS diets became colonised by Campylobacter at 37 da, the
abundance of Megamonas coincides with Campylobacter colonisation in control-
fed birds but not in the GOS-fed birds. This may be an indicative of the suppressive
role of the GOS established microbiota (it could be attributed to Alistipes OTU0025
and Bacteroides OTU0028) that are competing with the growth of Megamonas.
Duggett (2016) showed that the abundance of Megamonas was determined in
chicken’s microbiome by feeding a wheat rich diet as the most responsive genus

with over five times in the number of 16S rRNA gene sequences.

5.4 Conclusion

To summarise the previous findings, the involvement of a prebiotic GOS has
been investigated by modulating the broiler caecal microbiota using prebiotic
dietary intervention. This study used class 1 integrons as an indicator of the
distribution of antibiotic resistance in the caecal microbiota of broiler chickens
reared under biosecure or commercial conditions and fed either a control or GOS
supplemented diet. Based on the study findings, at 22 da when the birds were on
GOS feed there was a significant decrease in the integrase copy number, a low
percentage of recovered GCs, and a reduction in trimethoprim resistance
compared to the control diet. GOS feed shows promise in mitigating the resistance
load in juvenile chickens. At this age the microbiota of the bird shows a
dependence on the major Proteobacterial oTuo07

(Enterobacteriaceae_unclassified).
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The resistance load was high in young birds independent of the rearing
regime; hence they have the potential to act as reservoirs of AR bacteria.
Therefore, management practice should focus on first forms of contact with birds
(hatcheries and the distribution chain) responsible for spreading AR genes in
poultry production. Hence, GOS not only can positively prevent pathogen
colonization but also has the potential to mitigate AR containing OTUs. This
suggests that dietary GOS supplementation combined with biosecurity can restrict
the expansion ARGs in the early rearing period, where control could reduce the
dissemination of these genes. However, this restriction is eroded in the absence

of the GOS diet.
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CHAPTER 6

IMPACT OF DIETARY GALACTO-OLIGOSACCHARIDE (GOS) ON
ANTIBIOTIC RESISTANCE IN BROILER CHICKEN CAECAL

MICROBIOTA COLONISED BY SALMONELLA ENTERITIDIS
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6.1 Introduction

As reviewed in Chapter 1, Salmonella represents one of the leading causes
of foodborne illness that is often associated with poultry and poultry products,
which are considered as a major source of human infection (Hughes et al., 2017).
Therefore, it is important to control Salmonella within poultry production (meat
and eggs) to reduce the risk of human consumption. Poultry are a frequently
symptomatic carriers of Salmonella infection (Kogut and Arsenault, 2017), and are
therefore a target for research to understand how birds respond to Salmonella
colonisation and how interventions can reduce Salmonella carriage without
compromising bird health or production (Hughes et al., 2017). Research in this
chapter investigates the impact of dietary GOS supplementation to prevent or
support the removal of Salmonella from broiler chickens and how intervention

could reduce the dissemination of ARGs.

The two most common serotypes responsible for approximately 40 to 60%
of all Salmonella infections associated with foodborne disease emanating from
poultry are: S. enterica serovar Typhimurium and S. enterica serovar Enteritidis
(Altekruse et al., 2006;Boore et al., 2015;Azcarate-Peril et al., 2018). Salmonella
can be detected in various concentrations in all regions of the gastrointestinal tract
(GIT) of challenged chickens (Fanelli et al., 1971;Snoeyenbos et al.,
1982;Micciche et al., 2018). However, the caecum remains the most frequently
investigated part of GIT of poultry for Salmonella (Soerjadi et al., 1981;Hargis et
al., 1995;Heres et al., 2003;Huang et al., 2006). The caecum, as the favoured
environment for colonisation, harbours relatively high densities of bacterial counts
with up to 10! cells/g of digesta at three days post-hatching (Apajalahti et al.,
2004;Stanley et al., 2014). Salmonella could be detected by culture, in the
duodenum and the small intestines of 5-45% of young birds, 1 day post-infection,
when challenged with high levels of Saimonella (Fanelli et al., 1971) but not with

lower levels (Micciche et al., 2018).

205



Recent data propose that Salmonella colonisation factors promote horizontal
gene transfer of antimicrobial resistance genes by increasing the local density of
Salmonella in colonised intestines (Yue and Schifferli, 2014). It is proposed there
is a link between the acquisition of adhesins of Salmonella and AMR as HGT drives
the acquisition of the elements. This is because ARGs in enterobacteria including
Salmonella, are frequently harboured on mobile genetic elements such as
integrons, transposons, plasmids, and integrative conjugative elements (Vo et al.,
2007;Su et al., 2008;Ajiboye et al., 2009;Call et al., 2010;Yue and Schifferli,
2014). Mobilisation of these DNA elements by HGT occurs in the favourable
environment of the intestines (Nijsten et al., 1995;Lester et al., 2004;Rowe-
Magnus and Mazel, 2006;Schjgrring et al., 2008;Trobos et al., 2009;Faure et al.,
2010). The local inflammatory response of the intestinal mucosa caused by
Salmonella adhesion and invasion can provoke HGT events and is illustrated in
Figure 6.1 (Stecher et al., 2012). The cyclical colonisation process in the intestines
leads to intestinal persistence (Figure 6.1 B) that create favourable conditions for
HGT events (Figure 6.1 C). This enhances the antibiotic resistance gene pool which
is further stabilised by clonal expansion and selection if antibiotics are
administered. Moreover, specific ileum colonisation can increase the rate of intra-
intestinal conjugation (Garcia-Quintanilla et al., 2008). HGT of antibiotic resistance
genes can promote expression of some adhesins (Sahly et al., 2008), which
suggests a positive mechanism between intestinal colonisation and HGT leading to

the accumulation of antimicrobial resistance genes in such strains.
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Figure 6.1 Intestinal surface colonisation and HGT model (Yue and Schifferli,
2014). (A) Wide adaptation of Salmonella to multitude of environments and hosts with
distinctly different anatomies. (B) S. enterica possessing specific adhesins for recognising
the cognate host intestinal receptors and cellular targets to initiate successful
colonisation.(C) During intestinal colonisation, Salmonella (red ovals) optimises contact
(event numbers and time span) with a constant flow of new bacteria (blue ovals) via specific
allelic adhesins, some encoding ARGs on conjugative or mobilizable elements (small circles

in ovals), leading to an increase in HGT efficiency and antibiotic resistant.

Farm environments can serve as reservoirs of pathogens that carry
antibiotic-resistant genes (Kelley et al., 1998;Chen and Jiang, 2014). Recently,
MDR Salmonella isolates resistant to streptomycin (30.9%), gentamicin (12.6%),
sulfadimethoxine  (20.9%), tetracycline (13.9%), and trimethoprim-
sulfamethoxazole combination (8.6%) were recovered from broiler farms (Nair et
al., 2018). High prevalence rates of S. Enteritidis were observed in feed, hatching
eggs, litter, drinkers, bird rinse, and caeca, with 88% of S. Enteritidis found to be
resistant to multiple antimicrobials including ampicillin, nalidixic acid, and
tetracycline (Al-Zenki et al., 2007). AMR strains of Salmonella serovars are
frequently isolated from broiler carcasses including S. Enteritidis, S. Infantis, S.
Typhimurium, and S. Heidelberg (Medeiros et al., 2011).
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Sustainable intervention strategies are in development to control antibiotic-
resistant Salmonella in poultry at the farm level and its dissemination to carcasses
during processing but progress is slow. Prebiotic applications are a potential
control strategy for controlling intestinal Salmonella infection. These may be added
to feed and/or water without any modification required from current production
procedures (Hughes et al., 2017). Prebiotic diets have been shown to modulate
the intestinal microbiota, modify transit time, Iluminal pH, and microbial
metabolites products in humans and in animal models (Chambers and Lu,
2002;Kogut et al., 2012;Park et al., 2017b). Prebiotics are proposed to act as
soluble decoy receptors to prevent the attachment of pathogens to mucosal
surfaces (Shoaf et al., 2006;Quintero et al., 2011;Azcarate-Peril et al., 2018).

The prebiotics inulin, fructo-oligosaccharides (FOS), and mannan-
oligosaccharides (MOS) have been ascribed protective roles in chicks during the
first few days post-Sa/lmonella infection, with a reduction in shedding of the
colonising pathogen (Fukata et al., 1999;Patterson and Burkholder, 2003;Baurhoo
et al., 2007). Prebiotic GOS fed to chickens resulted in an increase in the
abundance of beneficial Bifidobacteria and Lactobacillus (Jung et al., 2008). GOS
is also reported to reduce the adherence and invasion of Salmonella in human
enterocytes (Searle et al., 2010). Inclusion of prebiotics in broiler diets therefore
offer the prospect of reducing Salmonella colonisation through modification of the
hosts’ immune response and the gut microbiome. It may also reduce the
expansion of ARGs in co-affected Enterobacteriaceae.

The work described in this chapter aimed to understand the effectiveness of
dietary GOS supplementation on the elimination of Salmonella enterica serovar
Enteritidis 125109 colonising broiler chickens. These studies were also planned to
determine the effect of GOS on the carriage of AR genes in the presence of
Salmonella by monitoring the ARG load embedded in class 1 integrons within the

caecal microbiota. An attempt was also made to detect a colonising Salmonella
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that might have acquired a trimethoprim gene cassette (dfrA) to assess the

mobility of AR genes in the microbiome of the chicken caecum.

6.2 Results

6.2.1 Enumeration of Salmonella in the caecal contents of challenged
birds fed control and GOS diets

The enumeration of Salmonella (the strain is trimethoprim sensitive, and it
does not carry a class 1 integron) from the caecal contents of challenged birds fed
control diet (G3, named ctl-sal) and GOS diet (G4, named gos-sal) were carried
out at 2, 4, 8, 15 da post infection (dpi) and the results are presented in Figure
6.2. Birds infected with Salmonella enterica serovar Enteritidis 125109 at 20 days
became caecal colonised within 2 days of exposure with median counts of 3.43
(SD + 0.66) and 3.51 (SD + 0.84) logio CFU/g for control and GOS fed birds. The
level of detection for these experiments was 1.8 logio CFU/g and by 4 dpi
Salmonella were only detectable by enrichment from the caeca of specific birds
<1.8>1.0 logio CFU/g, and not at all for two members of the GOS-fed group. For
this reason, the colonisation data for each group were ranked and analysed using
the Wilcoxon sighed-rank test as a non-parametric statistical test. The Wilcoxon
test revealed that Salmonella counts significantly reduced by 8 dpi in GOS fed
birds compared to the control diet (p-value = 0.0476). The significance level
increased by 15 dpi (p = 0.0075). No Salmonella were isolated from the mock

infected birds (Groups 1 and 2).
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Figure 6.2 Comparison of Salmonella Enteritidis 125109 numbers recovered from
the caecal contents of birds fed control diet or GOS diet. Dietary GOS reduced the
level of Salmonella at 8 days post infection. At 2 dpi GOS feeding was stopped. Bars indicate
median Salmonella concentration. Each individual bird is marked with corresponding ID. A
non-parametric Wilcoxon test was used to determine significant differences for each

sampling time with the level of significance p<0.05.

6.2.2 Screening for Salmonelia in the livers and spleens of challenged
birds fed control and GOS diets

Detection of Salmonella in the liver and spleen of the challenged groups
(G3 and G4) was carried out at 2, 4, 8, 15 dpi by direct plating of homogenised
tissue on selective agar out of 7 birds per treatment and by enrichment. The
results showed that Salmonella was detected in the livers of three birds in ctl-sal
group at 2 dpi whereas all seven birds were positive in the gos-sal group. At 4 dpi,
all livers sampled from both diets were positive. While at 8 dpi, both diets
displaying a decrease in Salmonella detection (6/7). At the last sampling day (15
dpi) both control and GOS diet birds recorded a lower number of Salmonella

positive livers (28.5%). The results are presented in Figure 6.3.
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Figure 6.3 The comparison of livers Salmonella Enteritidis 125109 positive birds
fed the control diet or the GOS diet. Percentage indicating that no significant difference
was found among two diets. Data expresed as bar charts with red bars represented ctl-sal

groups and gray bars represented gos-sal groups.

Salmonella was recovered from the spleens of the infected birds with five
samples positive in the ctl-sal group compared to 6 positive samples in the gos-
sal group at 2 dpi. All spleen samples were positive at 4 dpi from both groups and
6/7 for the ctl-sal birds compared to 7/7 samples for gos-sal at 8 dpi. However, a
15 dpi the number of positive spleen samples in both diets declined (three positive
samples in ctl and two positives in GOS diets). The results are displayed in Figure
6.4. No Salmonella were detected in the liver and spleen of birds from Groups 1

and 2 (non-infected controls).
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Figure 6.4 Comparison of Salmonella positive spleen samples of birds fed control
diet and the GOS diet (Late challenge). Showing no significant difference in positive
samples number between two diets colonised by Salmonella (G3 and G4). However, the

percentage decreased with age in both feeds.

6.2.3 Enumeration of coliform bacteria recovered from the caecal
contents of Salmonella challenged groups fed control and GOS diets
Experiments were carried out to investigate the influence of GOS
supplemented diet on the reduction of coliform total counts and trimethoprim
resistant bacteria. In this set of experiments, the normal broiler chicken gut
microbiota was disrupted by Sa/monella Enteritidis infection to analyse the effect
if any on coliform numbers and persistence. As described previously the challenge
with Salmonella was carried out at 20 da while feeding with GOS was halted at 22

da (2 dpi).

The results presented in Figure 6.5 show the total coliform viable count from
caecal contents of birds sacrificed fed control and GOS diets, infected and non-

infected by Salmonella at 4 sampling ages. A trend of declining coliform counts
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with age was observed for all groups. The decline in coliform count was greater in
the GOS-fed birds independent of Salmonella infection but only reached
significance (p>0.017) at 4 dpi (24 da) comparing the two diets for the Salmonella
infected birds (G3 and G4). The general observation of reduced coliform counts in
the GOS-fed birds supports the hypothesis that prebiotic GOS has an impact on
total coliform counts that could reduce the load of ARGs. Thereby GOS
supplemented diet retained its ability to reduce total coliform number even when

challenged with Salmonella Enteritidis.

The total number of coliform in control diet fed non-colonised birds ranged
from 7.5 to 8.3 logi0 CFU/g (G1), whilst the Salmonella challenged fed control diet
ranged from 6.5 to 8 log:io CFU/g (G3) with no significant difference was detected
p value> 0.05. The GOS-diet cohort colonised with Salmonella (G4) ranging from
5.8 to 8 logi0 CFU/g and non-colonised birds ranged between 6.2 and 8.4 logio

CFU/g (G2) with no significant difference was detected p value> 0.05.
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Figure 6.5 Comparison of coliform numbers recovered from the caecal contents at 22, 24, 28 and 35 da of birds non-infected and

infected by Salmonella Enteritidis 125109, fed control diet (G1) or GOS supplemented diet (G2) or control diet colonised with

Salmonella (G3) or GOS diet challenged with Salmonella (G4). Data are expressed as standard boxplots with medians (solid black line),

where n=7.
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6.2.4 Enumeration of trimethoprim resistant coliforms from caecal

contents of control and GOS fed birds challenged with Salmonella.

The viable counts of trimethoprim resistant bacteria were enumerated on
MacConkey agar containing trimethoprim (20 pg /ml). Figure 6.6 shows the counts
for the various groups ranging from logio 4-7 CFU/g. The results indicate that
viable counts of trimethoprim resistance coliforms were significantly reduced at 2
and 4 dpi (p-value = 0.04 and 0.0009 respectively) in the GOS supplemented diet
birds challenged with Salmonella (G4) compared to control diet fed Salmonella
infected birds. Although, this significance disappeared at 8 dpi the counts of
trimethoprim resistance coliforms were still lower in Salmonella-colonised GOS
diet birds than Sa/monella-colonised control diet birds. At 4 dpi the trimethoprim
resistance counts were reduced in the presence of Salmonella for birds fed GOS
diet (p-value = 0.045). Generally, the counts of trimethoprim resistant bacteria

were lower in the GOS groups throughout.
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Figure 6.6 Comparison of trimethoprim resistance bacteria collected from the caecal contents at 22, 24, 28 and 35 da of birds
non-infected and infected by Salmonella Enteritidis 125109, fed control diet (G1) or GOS supplemented diet (G2) or control diet
colonised with Salmonella (G3) or GOS diet challenged with Salmonella. Data are expressed as standard boxplots with medians (solid

black line), where n=7. The general trend shows trimethoprim resistant bacteria were lower in G4 than G3 and it seems to be restricted in GOS

diet.
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6.2.5 Ratio of coliform trimethoprim resistance bacteria obtained from
the caecal contents of birds reared in biosecure conditions fed control
and GOS diets, challenged by Salmonella

The proportion of trimethoprim resistant coliforms was calculated by dividing
total number of trimethoprim resistant coliform bacteria by the total number of
coliforms. Figure 6.7 shows that the proportion of the trimethoprim resistant
bacteria in the total population increases with age. Consistent with the observation
that the trimethoprim resistant coliforms were reduced in birds fed GOS diet
(Figure 6.6), a reduced proportion of trimethoprim resistant bacteria at 2 and 4
dpi in birds fed GOS diet was observed. At 8 dpi the proportion of trimethoprim
resistant bacteria increased in both GOS diet groups. The ratio of trimethoprim
resistant bacteria reduced at 22 and 24 da after withdrawing GOS at 22 da but
this effect did not persist at 28 and 35 da and that may relate to changes in
abundance of specific members of the microbiota supported by GOS

supplementation.
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Figure 6.7 Ratios of trimethoprim resistant coliform population in birds fed control and GOS diets, challenged and non-
challenged by Salmonella. Data are expressed as standard boxplots with medians (solid black line), where n=7. The orange boxes indicate
to control-non colonised birds, tiffany blue boxes represent GOS non-colonised birds, dark red boxes represent control Salmonella colonised

birds and grey boxes represent GOS Salmonella colonised birds. Outliers are expressed as dots. The top and bottom Whiskers indicate

maximum and minimum values, unless these values exceed 1.5x the interquartile range.
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6.2.6 Evaluation of class 1 integron integrase copy number of
Salmonella colonised birds fed control and GOS diets reared in

biosecure conditions.

To extend the observations regarding the enumeration the total coliform
counts and trimethoprim resistant coliform population for the Salmonella colonised
birds (G3 and G4) and to enable comparison with the non-colonised groups (G1
and G2, Chapter 4) fed either control or GOS diets, q-PCR experiments was
preformed to determine the class 1 integron copy number using the integrase gene
primer described in Chapter4 (Section 4.2.5). The S.Typhimurium U288 was used
as positive control to quantify the absolute quantification of integrase gene copy
number per gram of intestinal contents. The results presented in Figure 6.8 show
at 2 dpi the birds on the GOS diet had significantly less class 1 integrase that the
control diet with Salmonella colonisation (p-value = 0.004) or without (p-value =
0.015). Therefore, this finding supports the hypothesis that the GOS
supplemented diet leads to a class 1 integron population and the incumbent ARGs

but this effect is lost once the GOS supplementation is halted.

6.2.7 Comparison of the antimicrobial gene cassettes in the caecal

microbiota of birds with and without Salmonelia.

Table 6.1 shows the class 1 integron GC types present in the caecal
microbiota of the birds fed control and GOS diets with and without Sa/lmonella
colonisation across all sampling points. Notably the challenge strain Salmonella
Enteritidis P125109 does not contain a PCR amplifiable class 1 integron. The total
representative GC types from broiler caecal microbiota of birds on the control diet
colonised by Salmonella was 37 from 28 birds (G3), such that all birds contained
at least one GC. Almost all (27/28) carried the GC with the antibiotic resistance

type GCs-B-2 (containing the resistance genes dfrA1 and aadA1), followed by GCs-
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C-2 (3/28; characterised by the insertion of the trinucleotide GGG in the integrase
gene), and 2/28 for GCs-B-1, GCs-F and 1/28 GCs-C-1. Whereas 26 of 28 birds
carried class 1 integron GCs for the GOS supplemented diet challenged by
Salmonella (G4). The most frequent GC type detected was GCs-B-2 (17/28), with
lesser contributions from GCs-C-1 (4/28), GCs-B-1 (2/28) and GCs-F (3/28).
Using the chi-squared test for all birds colonised by Salmonella the proportion
exhibiting gene cassettes on the GOS diet was significantly different to those on
the control diet (x? (1, N = 56) = 8.00, p = 0.004). For the non-colonised groups,
the proportion exhibiting gene cassettes on the GOS diet (G2) compared to those
on the control diet (G1) marginally failed to meet significance (x? (1, N = 55) =
2.3, p = 0.13). Comparison for all birds exhibiting gene cassettes on the GOS diet
with control shows a significant difference (x? (1, N = 111) = 6.75, p = 0.009).
Comparison of the proportion of all birds exhibiting gene cassettes with or without

Salmonella shows a significant difference (x2 (1, N = 111) = 43.52, p = 0.001).
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Table 6.1 Gene cassettes present in the caecal microbiota of chickens

reared under biosecure conditions.

Type of Control diet non-colonised (G1) GOS diet non-colonised (G2)
< [ZTZ]E[E] wa [Z]R]E][m] w
B-1 - - - - - - - - - 0
B-2 5 3 1 1 10/27=37% - 2 - - 2/28=7.14
C-1 - - - - - - - - 2 2/28=7.14
C-2 - - - - - - - - - 0
F - - - - - - - - - 0
ND 2 4 6 5 17 5 24
Total 5 3 1 1 10/27=37% 0 2 0 2 4/28=14.28
Control diet with Salmonella (G3) GOS diets with Salmonella (G4)
B-1 1 - 1 - 2/28=7.14% - - 2/28=7.14
B-2 7 7 7 6 27/28=96.4% 6 5 2 4 17/28=60.71
C-1 - - - 1 1/28=3.57% - 1 2 4/28=14.2%
C-2 1 - - 2 3/28=10.71% - - - - 2/28=7.14%
F - - 1 1 2/28=7.14% - - 1 2 3/28=10.71%
ND = = = = 0 = 2 7
Total 9 7 9 10 35/28=125% 8 4 8 26/28=92.85

6.2.8 Salmonella Enteritidis antimicrobial resistance mobility test

An attempt was made to detect if the colonising Salmonella strain had

acquired resistance to trimethoprim (dfrA) during the experiment. Caecal contents

of Salmonella colonised groups were serially decimally diluted and plated on

trimethoprim XLD plates. No Salmonella isolates resistant to trimethoprim were

recovered for any of the sampling days.
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Figure 6.8 Comparison of class 1 integrase copy number quantified by qPCR per gram of caecal contents of birds fed both diets
challenged and nonchallenged by Salmonella. Data are expressed as standard boxplots with medians (solid black line), where n=7. The
orange boxes indicate to control-non colonised birds, tiffany blue boxes represent GOS non-colonised birds, dark red boxes represent control
Salmonella colonised birds and grey boxes represent GOS Salmonella colonised birds. Outliers are expressed as dots. The top and bottom

Whiskers indicate maximum and minimum values, unless these values exceed 1.5x the interquartile range.
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6.2.9 Development of the caecal microbiota composition fed control

diets and GOS supplemented diets colonised by Salmonella

A similar approach to that described earlier was adopted to profile the caecal
bacterial community by PCR-amplifying the V4 regions of the bacterial 16S rRNA
genes. All sequences data of the 16S rRNA gene were quality filtered and then
clustered into operational taxonomic units (OTUs) by Mothur (Schloss et al., 2009)
using the Schloss lab. MiSeq SOP2 (Kozich et al., 2013). Rarefaction curves were
plotted to evaluate sampling effort covered sufficient depth (Appendix 5.1 for ctl-

sal and gos-sal birds, for non-colonised 3.1 A).

A taxonomy-based comparison was performed to determine the differences
between the microbiota of control fed and GOS supplemented given birds. Figure
6.9 A and B shows that the dominant phyla, at 2 dpi (22 da) were Firmicutes
(Clostridiales_unclassified) with similar medians of 89.97% for G3 and 89.73% for
G4 and an inter quartile range (IQR) of 4.81, 6.43 respectively (Wilcoxon p-value
=0.7104). The second most numerous phyla were Proteobacteria for both diets
with a median of 3.90% for G3 and 2.20% for G4 (IQR, 2.61, 0.44; Wilcoxon p-
value= 0.3829). The abundance of the group described as Bacteria_unclassified
was higher in G3 than G4 with a median of 3.28% and 1.44% respectively (IQR,
2.23%, 2.63%, Wilcoxon p-value = 0.3829). The abundance of Actinobacteria was
less than 1% in G3 (median: 0.994%; IQR, 3.18), the abundance for G4 was
approximately 2% (median: 1.9%; IQR, 3.78). The abundance of Bacteroidetes
was noted at 22 da olds birds in both diets as variable between individual samples
with a mean of 3.23% for G3 and 3.85% for G4. Figure 6.9 C and D shows that at
4 days post-infection (24 da birds), the phyla observed were similar with no
significant differences between the phyla abundances for G3 and G4. Bird to bird

variation in the abundance of Bacteroidetes remained a feature of the data.
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Figure 6.10 A and B show the abundances of phyla at 8 da post Salmonella
colonisation (28 da old birds), with the control-sal group (G3) displaying an
increase in abundance of Firmicutes (median: 93.44%, IQR, 8.0) while for the
GOS diet (G4) caecal abundance of Firmicutes was reduced (83.29%, IQR, 11.24;
Wilcoxon p-value =0.0973). In contrast, there was a significant increase in the
abundance of Actinobacteria in gos-sal group (G4) with a median of 10.76% and
IQR of 9.28, whereas the abundance of Actinobacteria was deceased in control-
sal birds with a median of 0.37% and an IQR of 2.94 (Wilcoxon p-value =0.0262).
The abundance of Proteobacteria was similar between the two diet groups with
medians of 3.05%, and 3.22% for G3 and G4 respectively (IQR of 3.88 and 2.79;
Wilcoxon p-value =0.9015). Figure 6.10 C and D show that at 15 dpi (35 da) the
abundance of the Firmicutes was reduced in the control-sal (G3) with a median of
88.38% and IQR of 11.40% but was not significantly different to that recorded for
the gos-sal group (G4) with a median of 90.14% and an IQR of 3.11% (Wilcoxon
p-value =0.4557). The proportion of Proteobacteria was reduced in caecal
contents from birds fed either diet, however its abundance was lower in G3 with a
median of 0.98% and IQR of 0.52, compared to a median of 2.25% in G4 with and

IQR of 1.35 (Wilcoxon p-value= 0.0728).

Figures 6.11 A and B show the class level abundance at 2 dpi where there
was one significant difference detected between the two diets in conjunction with
Salmonella colonisation. This was the OTU corresponding to Erysipelotrichia with
a median of 1.76% and 0.398%, for G3 and G4 respectively (Wilcoxon p-value
0.0111). There was no significant change detected at 4 dpi (Figure 6.11 C and D).
At 8 dpi (Figure 6.12 A and B) significant differences were found in the class level
abundance of Clostridia with a median of 78.07% for G3 and 51.94% for G4 (IQR,
9.78 and 13.95; Wilcoxon p-value= 0.0262). The abundance of Negativicutes,
were found to be greater in G4 with a median of 34.33% compared to 9.55% for

G3 and IQR values of 29.09%, 2.19%, respectively (p-value Wilcoxon
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test=0.0973). Actinobacteria also showed a significantly greater class level
abundance in the GOS diet (G4) with a median of 10.76% and IQR of 9.29
compared to control diet (G3) with a median of 0.37% and IQR of 2.94 (p-value=
0.0262). At 15 dpi (Figure 6.12 C and D) the abundance of Clostridia was reduced
in G4 with a median of 27.52% and IQR of 5.61 compared to G3 with a median of
67.09% and IQR of 11.70 (p-value 0.0012). Negativicutes OTUs displayed a
significantly greater class level abundance at 15 dpi for the GOS diet (G4) with a
median of 61.87% and IQR of 17.17 compared to control diet (G3) with a median

0of 9.11% and IQR of 12.30 (p-value Wilcoxon test = 0.0012).

A group-wise class level comparison combining the individual bird data and
showing the effects of diet and Salmonella colonisation is shown in Figure 6.13 for
each sample day. This indicated a significantly lower relative abundance of
Clostridia in the Salmonella colonised control diet group (G3) compared to non-
colonised control diet (G1) with Wilcoxon p-values of 0.0070, 0.0070, 0.0262,
0.0023 for 2dpi, 4dpi, 8dpi and 15 dpi respectively. Negativicutes emerged in the
microbiota of birds fed control diet colonised by Salmonella (G3) at 2 dpi (22 da).
With a median abundance of 17.81% and IQR of 16.45. In contrast, Negativicutes
which were all but absent in the non-infected control diet (G1) with a median of
0.0016% for G1 and IQR of 0.001 (p-value = 0.0006). The difference in
Negativicutes persisted until the end of the study at 15 dpi with a median of 0.00%
and IQR of 0.0 compared to a median of 9.118% and IQR of 12.3 for G3, (p-value
= 0.0006). The relative abundance of the OTU corresponding to Bacilli at 2 dpi
was significantly higher in G1 with a median of 7.311% and IQR of 3.33 compared
to G3 with a median of 3.597% and IQR of 2.57 (p-value = 0.0041). The relative
abundance of Actinobacteria was significantly greater in G3 than G1 at 15 dpi
(median for Actinobacteria 0.905% for G1 and 7.197% for G3; IQR: 0.57, 5.03;
p-value = 0.0175) and for Bacteroidia (median for Bacteroidia 0.00% for G1 and

3.85% for G3; IQR: 0.0, 7.11;p-value = 0.0373).
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Comparison between the non-Salmonella colonised birds on the GOS diet
(gos-nonc, G2) and Sa/lmonella colonised birds (gos-sal, G4) at class level (Figure
6.13) demonstrated a significant shift (decrease) in the relative abundance of the
Clostridia recorded at 22 da in GOS-Salmonella cohorts with a median of 87.88%
and IQR of 4.93 for G2 and a median of 66.67% and IQR of 17.75 for G4 (p-value
= 0.0175). Negativicutes emerged in the microbiota of birds fed GOS and
colonised by Salmonella (G4) with a median of 12.35% and IQR of 21.12. In
contrast, Negativicutes had a low abundance in the microbiota of non-colonised
GOS diet birds (G2) with a median of 0.002% and IQR of 0.0 (p-value = 0.0012).
These differences also persisted until the end of the trial at 35 da but with the
abundance of Negativicutes significantly greater in Salmonella colonised birds with
a median 61.87% and IQR of 17.1 for G4 compared to a median of 0.04% and
IQR of 0.02 (p-value = 0.0006). This difference appeared to be largely at the
expense of Clostridia (median: 78.44% for G2 and 27.53% for G4; IQR: 7.63 and
11.70; p-value = 0.0006) and Bacilli (median: 13.86% for G2 and 3.63% for G4;
IQR: 5.81 and 1.7; p-value = 0.0023). Actinobacteria showed significant increases
in the relative abundance observed for the GOS-challenged birds from 28 da

(median: 0.72% for G2 and 10.77% for G4; IQR: 0.60 and 9.29; p-value 0.0006).

No significant change was detected in the proportion of
Gammaproteobacteria for the GOS diet groups in the presence or absence of
Salmonella until 15 dpi when Gammaproteobacteria reduced in G4 compared to
G2 (median: 3.71% for G2 and 0.68 % for G4; IQR: 1.67 and 0.5; p-value =
0.0530). Similarly, no significant  difference was found among
Gammaproteobacteria in birds fed standard diet colonised or non-colonised by
Salmonella until 15 dpi (median:1.78% for G1 and 0.98% % for G3;IRQ: 1.6 and

0.5; p-value =0.12).
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Figure 6.9. Comparison of the relative abundance of dominant bacterial phyla of gut microbiota of birds fed control and
GOS diets challenged with Salmonella. The data were clustered based on Ribosomal Database Project taxonomy (phylum level).

The results are presented as a normalised percentage of the total abundance where the taxa representing at least 1% of the caecal

community. A) 22 da control diet; B) 22 da GOS diet; C) 24 da control diet; D) 24 da GOS diet
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Figure 6.10 Comparison of the relative abundance of dominant bacterial phyla of gut microbiota of CH birds fed control
and GOS diets challenged with Salmonella. The data were clustered based on Ribosomal Database Project taxonomy (phylum
level). The results are presented as a normalised percentage of the total abundance where the taxa represent at least 1% of the

caecal community. A) 28 da control diet; B) 28 da GOS diet; C) 35 da control diet; D) 35 da GOS diet.
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Figure 6.11 Comparison of the relative abundance of dominant bacterial classes among CH chicken gut microbiota fed control
and GOS diets challenged with Salmonella. The data were clustered based on Ribosomal Database Project taxonomy (class level). The
results are presented as a normalised percentage of the total abundance where the taxa represent at least 1% of the caecal community. A)

22 da control diet; B) 22 da GOS diet; C) 24 da control diet; D) 24 da GOS diet.
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Figure 6.12 Comparison of the relative abundance of dominant bacterial classes among CH chicken gut microbiota fed control
and GOS diets challenged with Salmonella. The data were clustered based on Ribosomal Database Project taxonomy (class level). The
results are presented as a percentage of the normalised total abundance where the taxa represent at least 1% of the caecal community. A)

28 da control diet; B) 28 da GOS diet; C) 35 da control diet; D) 35 da GOS diet.
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Figure 6.13 Summary of the relative abundance of dominant bacterial classes for
chicken caecal microbiota challenged with Salmonella comparing control and GOS
diets. The data were clustered based on Ribosomal Database Project taxonomy (class
level). The results are mean values for each OTU presented as normalised % abundance
for control and GOS feeds with and without Salmonella challenge. A) 22 da; B) 24 da; C)

28 da; D) 35 da.

231



6.2.10 Relative abundance of Proteobacteria among Salmonella

challenged and non-challenged birds fed control and GOS diets

The relative abundance of Proteobacteria was investigated at phylum level
to evaluate if there is any difference between the four groups fed control or GOS
diets and colonised or non-colonised by Sa/monella. The abundance of each group
was tested by Shapiro-Wilk test for normality indicating that the relative
abundance of Proteobacteria was not normally distributed at 4 dpi in gos-sal birds
(Shapiro-Wilk test, p-value= 0.035) as well as for ctl-sal at 15 dpi old birds
(Shapiro—Wilk test, p-value = 0.030). The relative abundance of Proteobacteria
was otherwise normally distributed across various sampling days in both groups
(Appendix 5.2). Therefore, the Mann-Whitney-Wilcoxon test for unpaired data was
used for determining the significance between groups. Results in Figure 6.14 show
no significant change was detected between the non-infected control (ctl-nonc)
and GOS feed groups (gos-nonc) or between the Salmonella colonised groups (ctl-
sal vs gos-sal) across Proteobacteria cohorts through all sampling points (p-
value > 0.05). Moreover, comparison between control diets with and without
pathogen (G1 vs G3) at 22, 28 and 35 showed no difference (p> 0.05). However,
a significant difference was indicated at 24 da (median: 6.34% for G1 and 2.98%
for G3; p-value = 0.053). No difference was observed between the GOS feed

groups (G2 vs G4) for the abundance of Proteobacteria at any sampling time.

An attempt was made to investigate the correlation between the relative
abundance of the Proteobacteria present and the ratio of trimethoprim
resistant/sensitive coliform populations through four sampling points for G1-G4
(ctl-nonc, gos-nonc, ctl-sal and gos-sal). The results presented in Appendix 5.3
indicate a significant negative correlation between the Proteobacteria abundance
and the proportion of trimethoprim resistant coliforms for the control diet
Salmonella colonised group (G2) at 22 da (r= -0.78, p = 0.038) and the GOS diet

Salmonella colonised group (G4) at 28 da (r= -0.83, p = 0.020).
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Figure 6.14 Comparison of the relative abundance median of the
Gammaproteobacteria from 4 sampling points for non-infected control and GOS
diet birds (G1 and G2) and infected control and GOS diets groups (G3 and G4).
Wilcoxon test p value was used as all Proteobacteria phylum not normally distributed across
cohorts: ctl-nonc at 22 da, gos-sal at 24 da and ctl-sal at 35 da (Normality test, Appendix

5.2 and 4.2A) otherwise all data normally distributed p>0.05.
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6.2.11 The distribution of resistance GC arrays within the gut
microbiota of birds fed control and GOS diets colonised and non-

colonised by Salmonelia

Correlations between integron gene cassettes within broiler caecal
microbiota was examined with respect to Proteobacteria OTUs. The phylogenetic
trees presented in Figures 6.15 A, B, C and D show the distribution of different
type GCs among birds carrying the Proteobacteria OTUs indicated. The results
demonstrated that at the first sampling point (2 dpi) in control fed birds there
were 4 main OTUs detected within the phylum whether they were Salmonella
challenged or not. Birds featuring Enterobacteriaceae_unclassified (OTU007 and
0TU0324) also frequently feature GCs-B2. Proteobacterial OTUs corresponding to
Betaproteobacteria_Sutterella (OTU0097) and Gammaproteobacteria_Proteus
(OTU0169) are less frequently associated with the presence of GCs. Fewer of the
GOS fed birds contained GCs in their caecal microbiota throughout the rearing
period but those that did, possessed the most common OTU corresponding to
Enterobacteriaceae_unclassified (OTU007). At 4 dpi the birds fed the control diet
displayed a similar pattern of resistance dominated only by GCs-B2 associated
with OTUO007 and OTU0324. The Betaproteobacteria_Sutterella OTU0097 is lost
from the control diet birds at 4 dpi and does not feature thereafter, but was present
throughout for the GOS-fed birds. At 8 dpi (28 da) fewer control birds contained
GCs, which included those featuring OTUO0O7. A new GC designated GCs-F
containing the aadA gene appeared at 8 dpi, and at 15 dpi (35da). The expansion
of GCs may be correlated with the mechanism of excising dfrA1 to create the GCs-
B2C1 and B2F types that are deletions of GCs-B2. The diversity of recovered GCs

per sampling point and diets type are shown in Appendix 5.4 (A-H) for either feed.
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Figure 6.15 Phylogenetic tree of Proteobacteria phylum illustrates the OTUs associated with the distribution of GC groups in broiler chicken
microbiota fed control and GOS diets challenged and non-challenged by Salmonella. All birds were reared under biosecure conditions. The
phylogenetic tree was constructed with Bootstrap value > 20 reads. (A) Control fed birds at 22 da Salmonella colonised and non-colonised (B) GOS fed
birds at 22 da Salmonella colonised and non-colonised. The bacterial OTUs are: OTU 0324 is Gamma-proteobacteria (Enterobacteriaceae_unclassified),
OTU0007 is Gamma-proteobacteria (Enterobacteriaceae_unclassified), OTU 0169 is Gamma-proteobacteria (Proteus), OTU0097 is (Beta-proteobacteria)

Sutterella. The GCs are named as in Chapter 3 where ND is none detected.
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Figure 6.16 Phylogenetic tree of Proteobacteria phylum illustrates the OTUs associated with the distribution of GC groups in broiler chicken
microbiota fed control or GOS diets challenged and non-challenged by Salmonella. All birds were reared under biosecure conditions. The
phylogenetic tree was constructed with Bootstrap value > 20 reads. (A) Control fed birds at 24 da Sa/lmonella colonised and non-colonised (B) GOS fed
birds at 24 da Salmonella colonised and non-colonised. The bacterial OTUs are: OTU 0324 is Gamma-proteobacteria (Enterobacteriaceae_unclassified),
OTU0007 is Gamma-proteobacteria (Enterobacteriaceae_unclassified), OTU 0169 is Gamma-proteobacteria (Proteus), OTU0097 is (Beta-proteobacteria)

Sutterella. The GCs are named as in Chapter 3 where ND is none detected.
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Figure 6.17 Phylogenetic tree of Proteobacteria phylum illustrates the OTUs associated with the distribution of GC groups in broiler
chicken microbiota fed control or GOS diets challenged and non-challenged by Salmonella. All birds were reared under biosecure conditions.
The phylogenetic tree constructed with Bootstrap value > 20 reads. (A) Control fed birds at 28 da Salmonella colonised and non-colonised (B) GOS fed
birds at 28 da Salmonella colonised and non-colonised. The bacterial OTUs are: OTU 0324 is Gamma-proteobacteria (Enterobacteriaceae_unclassified),
OTU0007 is Gamma-proteobacteria (Enterobacteriaceae_unclassified), OTU 0169 is Gamma-proteobacteria (Proteus), OTU0097 is (Beta-proteobacteria)

Sutterella. The GCs are named as in Chapter 3 where ND is none detected.
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Figure 6.18 The phylogenetic tree of Proteobacteria phylum illustrates the OTUs associated with the distribution of GC groups in broiler
chicken microbiota fed control or GOS diets challenged and non-challenged by Salmonelia. All birds were reared under biosecure conditions. The
phylogenetic tree constructed with Bootstrap value = 20. (A) Control fed birds at 35 da Salmonella colonised and non-colonised (B) GOS fed birds at 35
da Salmonella colonised and non-colonised ones. The bacterial OTUs are: OTU 0324 is Gamma-proteobacteria (Enterobacteriaceae_unclassified), OTU0007

is Gamma-proteobacteria (Enterobacteriaceae_unclassified), OTU 0169 is Gamma-proteobacteria (Proteus), OTU0097 is (Beta-proteobacteria) Sutterella.

The GCs are named as in Chapter 3 where ND is none detected.
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6.2.12 Microbial diversity analysis

Analysis of the composition of caecal microbiome contents was performed
by using Mothur (V1.39.5) and for comparison of the diversity indices (alpha and
beta diversity). As noted previously, the inverse Simpson's index is used for the
a-diversity or the overall diversity (evenness), whereas the observed OTUs or the
OTUs richness was calculated using the Chao index. The complete comparison of
the medians for both indices are presented in Figure 6.19 (A) for inverse Simpson's
index and (B) for Chao index.

Normality tests were performed using the Shapiro-Wilks test for all groups
(ctl-nonc G1, ctl-sal G3, gos-nonc G2, and gos-sal G4) indicating that the inverse
Simpsons indices was not normally distributed at 24 da for the ctl-nonc group
(Shapiro-Wilk test, p-value = 0.0279, Appendix 4.5A, Chapter 5) and 15 dpi in
gos-sal birds (Shapiro-Wilk test, p-value = 0.0064), while all other sampling times
show normal distributions for the Simpsons indices (p-value >0.05). The fit of the
data in quantile-quantile plots is represented in Appendix 5.5A for only ctl-sal and
gos-sal.

The majority of Chao indices calculated were normally distributed among
various sampling times for both control and GOS diet cohorts either Salmonella
challenged or not. The exceptions were gos-sal at 22 da (Shapiro-Wilk test, p-
value = 0.0116), ctl-nonc at 28 da (Shapiro-Wilk test, p-value = 0.0378, Appendix
4.5B ), and ctl-sal birds at 28 da (Shapiro-Wilk test, p-value = 0.0163). The fit of
the data in quantile-quantile plots are illustrated in Appendix 5.5 B.

Based on calculations of alpha diversity and Wilcoxon tests for unpaired data
there was no significant difference observed between the microbiome in caecal
contents from birds fed control and GOS diets following Salmonella colonisation
(G3 and G4) on the overall diversity (evenness) after 2, 4 and 8 dpi (p-value>
0.05). However, a significant change was noted in alpha diversity at 15 dpi
between G3 and G4 (p-value = 0.0023). In addition, comparison between ctl-nonc

birds and control-sal groups (G1 and G3) during four sampling times revealed that
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no significant difference was evident in the evenness of the OTUs whether these
groups were colonised or not by Salmonella (p> 0.05). However, there were
statistically significant differences detected at 2 and 15 dpi in the Salmonella
colonisation in gos-sal birds (G4) compared to gos-nonc G2 (inverse Simpson, p-
value= 0.026 at 2 dpi, p-value= 0.001 at 15 dpi). These results are presented in

Figure 6.19 A.

There was no significant difference in Chao richness of the two diets (G3 and
G4) at 2,4, and 8 dpi of Salmonella infection, however at 15 dpi, a significant
reduction in the Chao index was observed for G4 compared to G3 (p-value =
0.011). Comparison between the caecal microbiota of control diet groups with and
without Salmonella colonisation (G1 and G3) indicated that the only significant
change was detected at the first sampling day (p-value = 0.016) in G1 compared
to G3, whilst no differences were observed for other sampling points (p >0.05).
Likewise, no significant changes in richness were determined by comparing G2

with G4 (p>0.05). All results are presented in Figure 6.19 B.
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Figure 6.19 (A) Inverse Simpson indices, (B) Chao indices of caecal microbiota for control and GOS diets with or without Salmonella
colonisation. Wilcoxon rank significance tests were used to calculate p-values used for identifying significant differences because the inverse Simpson
indices were not normally distributed at ctl-nonc at 24 da and gos-sal al 35 da (Appendix 5.5A and 3.5A). Whilst for the Chao index data the indices were

not normally distributed at 22 da for gos-sal and at 28 in ctl-sal groups (Appendix 5.5 B)
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In order to examine the effect of diet and infection interactions, the
relationship between the compositions of the bacterial communities were analysed
by calculating Bray-Curtis dissimilarity. Ordination plots were generated that
included comparisons of dissimilarity between the caecal microbiota for the two
diets for birds infected or non-infected by Salmonella (Figure 6.20). AMOVA tests
were also calculated using Mothur (V1.39.5) to detect significant differences
between groups for the four sampling times. AMOVA test results denoted that no
significant shift was detected between G3 and G4 at 2 and 4 dpi following
Salmonella colonisation, however, significant shifts in microbiota composition were
observed at 8 and 15 dpi between G3 and G4 (AMOVA test, p-value = 0.004 and
0.001 respectively). However, by comparing microbial composition of the control
diet cohorts with and without pathogen colonisation (G1 and G3), the AMOVA test
showed significant changes between bacterial communities at all sampling points
(AMOVA test, at 22 da p-value = 0.004, while at 24, 28 and 35 da p-value =
0.001). Similarly, the GOS supplemented diet cohorts displayed significant shifts
across the sampling times whether they were challenged or not (AMOVA test, at
22 da p-value = 0.004, at 24 da p-value = 0.002 while at 28 and 35 da p-value =

0.001).
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Figure 6.20 Relationship between bacterial communities’ composition is affected by diet/infection interaction. Communities
subset by age. R2= 0.56. AMOVA test results showed that no significant shift was detected between G3 and G4 at 2 and 4 dpi following

Salmonella colonisation, however, significant shifts in microbiota composition were observed at 8 and 15 dpi between G3 and G4 (AMOVA
test, p-value = 0.004 and 0.001 respectively).
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LEfSe identified the most differentially abundant taxons between control and
GOS diets for Salmonella colonised or non-colonised caecal microbiota. The results
are shown in Figures 6.21 (22 and 24 da) and 6.22 (28 and 35 da). At 22 da the
non-colonised control diet birds (G1) were enriched with a high abundance of
Lactobacillus (OTU0006, data not shown due to cut-off p-value <0.01 applied) and
Lachnospiraceae_unclassified (mainly OTU0168). While ctl-sal groups were
significantly  enriched by Acidaminococcaceae_unclassified  (OTU0009),
Clostridiales_unclassified (OTU0081), Oscillibacter (OTU0068)
Ruminococcaceae_unclassified (OTU0126), Megamonas (OTU0004),
Lachnospiraceae_unclassified (OTU0230), Olsenella (OTU0109) and
Bifidobacterium (Otu0010).

Similarly, GOS diet (nonc) was dominated by a high abundance of
Lachnospiraceae_unclassified (0OTU0012, OTUO0030, OTUO0031), Eggerthella
(Otu0036) and Clostridiales_unclassified (Otu0054). However, gos-sal birds were
dominated by abundance of Acidaminococcaceae_unclassified (OTU0009) and
Lactobacillus (OTU0039).

At 24 da old, non-colonised birds fed control diet (nonc) displayed high
abundance of Lachnospiraceae_unclassified (OTU0042), Clostridiales_unclassified
(OTU0037) and Blautia (OTU0043), whereas for Salmonella colonised birds fed
control diet Acidaminococcaceae_unclassified (OTUO009) still remained dominant
with the emergence of Bacteroides (OTU0033), Ruminococcaceae unclassified
(OTUO0038, OTU0126) and Clostridiales_unclassified (OTU0047, OTU0267). The
GOS fed birds (nonc) were dominated by Subdoligranulum (OTU0OO0L15);
Lachnospiraceae_unclassified (OTU0059, OTU0225), while the gos-sal birds were
enriched by Acidaminococcaceae_unclassified (OTU0009),
Ruminococcaceae_unclassified (OTU0038), Oscillibacter (OTUQ035); Lactobacillus

(OTU0039) and Lachnospiraceae_unclassified (OTU0102).
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At 28 da the microbiota of non-colonised control diet (ctl-nonc) birds showed
a high abundance of Lachnospiraceae unclassified (OTU0080) whilst the
microbiota of Salmonella colonised birds fed control diet (ctl-sal) was dominated
by Acidaminococcaceae_unclassified (OTU0009), Clostridiales_unclassified
(OTU0054), Ruminococcaceae_unclassified (0TU0126) and Clostridium_XIVb
(OTU0252). The microbiota of birds fed GOS diet exhibited a high abundance of
Lactobacillus  (OTU0022 not shown due to p-value >0.01) and
Lachnospiraceae_unclassified (OTU0002) while Salmonella colonised GOS diet
birds (gos-sal) groups recorded a higher abundance of Megamonas (OTU0004)
Acidaminococcaceae_unclassified (OTU0009), Bifidobacterium (OTU0010),
Bacteroids (OTU0033) and Faecalicoccus (OTUQ0141).

At 35 da the caecal microbiota of non-colonised control diet (ctl-nonc) birds
was dominated by Lachnospiraceae_unclassified (OTU0002, OTU0230, OTU0243),
Clostridiales_unclassified  (0OTU0024), Clostridium_XIVb  (OTU0067) and
Clostridium_IV (OTUO0181), whilst the microbiota of Salmonella colonised birds fed
control diet (ctl-sal) demonstrated a high abundance of
Acidaminococcaceae_unclassified (OTU0009) and Bacteroides (OTU0033). Several
OTUs showed increases in abundance in the caecal microbiota among the non-
colonised GOS fed birds (nonc), including Anaerostipes (OTU0011),
Clostridiales_unclassified (OTU0024) and Blautia (OTU0034), while the caecal
microbiota of Salmonella challenged birds fed GOS diet showed persistence of the
OTUs detected at 28 da noted above in addition to Sutterella (OTU0097) and

Eubacteriaceae_unclassified (0TUQ444).
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Figure 6.21 Comparison of microbial variations at the genus level, using the LEfSe
for CH birds fed ctl and GOS diets Salmonella challenged and non-challenged birds
at 22 and 24 da. LDA scores computed for express the differentially abundant of bacterial
communities of birds fed ctl-nonc (orange bars), ctl-sal (red bars), GOS-nonc (green bars)
and GOS-sal (grey bars). LEfSe illustrates which clades amongst detected OTUs that are
statistically explain the greatest differences between bacterial population fed the different
diets and reared in similar conditions. All representative OTUs subject to stringent cut off

p-value 0.01 and LDA> 2.
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Figure 6.22 Comparison of microbial variation at the genus level, using the LEfSe
for CH birds fed ctl and GOS diets Salmonella challenged and non-challenged birds
at 28 and 35 da. LDA scores computed for express the differentially abundant of bacterial
communities of birds fed ctl-nonc (orange bars), ctl-sal (red bars), GOS-nonc (green bars)
and GOS-sal (grey bars). LEfSe illustrates which clades amongst detected OTUs that are
statistically explain the greatest differences between bacterial population fed the different
diets and reared in similar conditions. All representative OTUs subject to stringent cut off
p-value 0.01 and LDA> 2.
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6.3 Discussion

The prevalence of antibiotic resistance in foodborne pathogens like
Salmonella is a major concern for public health (Nair et al., 2018). Therefore, more
attention is required to control this pathogen in the animal food chain. The
elimination of Salmonella from its hosts and food animals is difficult because they
often serve as reservoirs of the pathogen, frequently without obvious pathogenic
effects on the animal (Nair et al., 2018). Thus, preventing early colonisation of
chicks by Salmonella is a key factor for reducing the incidence of Salmonellosis
acquired from poultry (Hughes et al., 2017).

This Chapter aimed to investigate the response of the caecal microbiota of
birds fed prebiotic GOS to the carriage of Salmonella and antibiotic resistance
cassettes embedded in class 1 integrons. This study may provide insights into
using GOS for controlling Sa/monella infection by modifying the structure of the
gut microbiome of the bird and thereby the innate immune response which
collectively could reduce the load of antibiotic resistance genes.

It has been demonstrated that the GOS supplemented diet accelerates the
clearance rate of Salmonella recovered from the caecal contents of birds at 8 days
post colonisation compared to birds on a matched control diet that had not cleared
(Figure 6.2). Azcarate-Peril et al. (2018) found that GOS can promote host
resistance to Salmonella colonisation by promoting an advantageous microbiome
structure by increasing the abundance of beneficial bacteria that accelerate
clearance. Pourabedin et al. (2017) reported that diets supplemented with
prebiotics like mannan-oligosaccharides (MOSs) and xylo-oligosaccharides (XOSs)
significantly reduced (1.6 and 1.0 logio CFU/g, respectively) chicken caecal
colonisation by S. Enteritidis. Another study by Tanner et al. (2014) also found
that GOS and fructo-oligosaccharides (FOS) reduced S. Typhimurium numbers in

vitro when cultured in proximal colon conditions of pigs (38 C, pH 6.0, retention
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time 9 h, and anaerobiosis) in combination with the probiotic Bifidobacterium
thermophilum RBL67.

Translocation of Salmonella from the intestine to the liver and spleen is an
established occurrence in chickens (Turnbull and Snoeyenbos, 1974). The results
show translocation of Salmonella started by 2 dpi for both diets and its level was
reduced by 8 dpi in liver and spleen samples with a greater percentage in spleen
compared to liver. Hughes et al. (2017) demonstrated that S. Typhimurium (S.T)
was present in chicken liver of a few chickens sampled at 4 and 12 dpi on a GOS
supplemented diet, with no significant difference (p= 0.05) in the counts of S.T
positive liver samples between the birds fed the control diet and those fed the
prebiotic. However, the S. Enteritidis was detected in 7/8 birds at 1 dpi, 3/8 at 4
dpi, and was undetectable by 7 dpi in birds fed prebiotic GOS, whilst for birds fed
the control diet S.E was determined in 8/8 birds at 1 dpi, 4/8 at 4 dpi, 2/8 at 7
dpi, and then undetectable by 12 dpi.

Relman and Lipsitch (2018) demonstrated that ARGs tend to be more
transferable than others across ecological niches and habitats, with increasing
likelihood of sharing these ARGs recovered from animal farms and human food
with human isolates. In this context, the carriage of AR genes recovered from
caecal contents of Salmonella colonised birds is significantly greater than non-
colonised birds reared under similar conditions (x> p = 0.001). The inclusion of
dietary GOS significantly reduced the presence of ARGs in the Salmonella
challenged birds (x?p = 0.004).

HGT adds an important dimension to the transfer of antibiotic resistance
genes (ARGs) to multiple unrelated pathogens (Lerminiaux and Cameron, 2019)
elucidated that both transmissible elements and HGT have contributed to the
emergence of antibiotic resistance originating in the 1960s. Based on model
laboratory experiments on the dissemination of ARGs it has become clear that
commensals can become donors, recipients, and reservoirs of ARGs (Shoemaker

et al., 2001). It was apparent the presence of Salmonella induced the prevalence
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of ARGs although the colonising Salmonella did not possess the class 1 integron
or the integrase.

Trimethoprim resistance coliforms displayed a significant reduction at 2 and
4 dpi in GOS-sal group (G4) compared to the control Salmonella colonised group
(G3). This finding was in accordance with the integrase copy number, which
exhibited a significant reduction at 2 dpi in GOS-Salmonella groups compared to
the ctl-Salmonella (p-value 0.004). Prebiotic GOS brought about a significant
reduction in integrase copy number, which was compatible with decrease
expansion of trimethoprim resistance bacteria achieved at 2 and 4 dpi but these
differences were not apparent thereafter, likely as a result of removing the GOS
supplementation at 22 da.

Surveys suggest 88% of poultry sourced S. Enteritidis are resistant to
multiple antimicrobials such as ampicillin, nalidixic acid, and tetracycline, with high
prevalence rates observed in hatching eggs, litter, feed, drinkers, bird rinse and
caeca (Al-Zenki et al., 2007). However, in the work described here we did not
observe the trimethoprim resistance gene (dfrA) to be transferred to colonising
Salmonella despite an increase in the ARG load. There are two possible hypotheses
that may explain why the trimethoprim resistance gene (dfrA) carried on a class
1 integron was not transferred to Salmonella. The first hypothesis is simply that
as most studies report that young birds carry high loads of AR genes and this load
decreases with age (Diarra et al., 2007;Braykov et al., 2016) so in this study the
infection occurred too late at 20 da, for lateral gene exchange to occur.
Nevertheless, at 2 dpi the integrase copy number in the control birds challenged
with Salmonella was high but declined with age in support of the hypothesis that
ARGs decrease as the microbiota matures. Ijaz et al. (2018) reported that the
intestinal contents of early-stage birds were dominated by the Proteobacteria
phylum (3 da) and showed a general reduction up to 7 da. This finding also could
suggest that there is a possible association between high level of ARGs in young

birds and high abundance of Proteobacteria phylum at this stage. Furthermore,
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Rychlik (2020) elucidated that E. coli is a ubiquitously distributed facultative
anaerobic bacteria which can readily survive in the environment to colonise newly
hatched chicks. Hence, the environmental resistome is likely to be involved in the
dissemination of resistance. In this experiment birds were kept under biosecure

conditions so environmental exposure was minimised.

The second possible explanation is based on the observations of Bythwood
et al. (2019) who explained that antimicrobial resistance in Salmonella relies on
resistance genes acquired from the environment. Therefore, transfer of
antimicrobial resistance genes is dependent on cell contact (Sieckmann et al.,
1969) with another cell provided by a conjugative genetic element with a donor
because Salmonella are not naturally transformable (Lorenz and Wackernagel,
1994). Additionally, Bythwood et al. (2019) stated that the antibiotic resistance
donor’s population size is an important factor, affecting antimicrobial resistance in
Salmonella. Moreover, they studied the impact of antimicrobial administration on
prevalence of antimicrobial resistant Salmonella in chickens by colonising chickens
with Salmonella and E. coli carrying a ceftiofur resistance plasmid for determining
how the administration antibiotics impacted resistance in E. coli and Salmonella.
The group found increasing levels of streptomycin resistance in E. coli. However,
the impact was minimal on Salmonella, leading to the conclusion that other factors
may significantly govern the prevalence of AMR Salmonella in chickens.
Nevertheless Salmonella have been isolated from the poultry environment with
tendency to harbour class 1 integrons (Bass et al., 1999;Goldstein et al., 2001),
which are associated with diverse resistances genes including those conferring
resistance to pB-lactams, phenicols, sulfonamides, aminoglycosides, and
quaternary ammonium compounds (Lu et al., 2003b;Nandi et al., 2004;Smith et
al., 2007). It is possible that the host immune response directed at Salmonella
and donor organisms may reduce the frequency of integrase mobility in Salmonella

and reduce the rate of HGT.
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The metagenomic analysis of 16S RNA at class level revealed that non-
challenged groups were characterised by a relatively high abundance of Clostridia,
with overall mean of 84.18% in ctl-nonc birds (G1) and 83.27% in GOS-nonc
group (G2) (Figure 6.13), where most are unclassified species of the family
Lachnospiraceae. While the Salmonella challenged groups are characterised by
decline in abundance of Clostridia, with overall mean 69.92% for ctl-sal (G3) and
55.79% in GOS-sal (G4). The groups feature a high abundance of Negativicutes
(Megamonas), with an overall mean of 12% for ctl-sal compared to 27.68% for
GOS-sal. It is hypothesised that the clearance/reduction of Salmonella in GOS-sal
is associated with the expansion of the Negativicutes, which only emerge in the
Salmonella challenged groups. The interaction with GOS in the Salmonella
colonised birds appears to boost Negativicutes abundance and Actinobacteria by
8 dpi compared to (ctl-sal) control diet challenged by Salmonella. These significant
increases arise at the expense of Clostridia and Gamma-Proteobacteria, where a
reduction in the latter may reduce the transfer of ARGs. Polansky et al. (2016)
pointed out that Megamonas was one of the main propionate producing
microorganisms in the Firmicute phylum and could encode enzymes that
contribute to melibiose and alanine metabolism. Megamonas expressing alanine
dehydrogenase can produce ammonia leading to a rise in the pH of the caecal
contents and affect the metabolism of host epithelial cells and other members of
the microbiota (Davila et al., 2013;Polansky et al., 2016). Oakley et al. (2014)
attributed a high abundance of Megamonas, Helicobacter, and Campylobacter
bacteria to the presence of hydrogenase, which seems to stimulate the production
of SCFAs in the caecum. Consequently, SCFAs raise osmosis in the lumen of the
intestine and indirectly stimulate the response of macrophages to modulate the
immune system (Patel and Goyal, 2012). Furthermore, Polansky et al. (2016)
noted that SCFAs negatively influence the expression of the virulence factors of

bacterial pathogens.
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Megamonas may decrease the availability of oxygen in the GOS-sal birds
which will have an effect on the growth of Salmonella and accelerate clearance in
GOS-sal over ctl-sal. The avian gut plays vital role in the control of the innate
immune system that can disrupt cell membranes of various enteric pathogens and
eliminate infection by producing antimicrobial peptides (B-defensins). This
interaction between gut microbial communities and host innate immune system
can stimulate adaptive immune response via either be B-cell dependent or T-cell
dependent (Pan and Yu, 2014), and properly involves in the development and
homeostasis of immune system (Oakley et al., 2014) that are negatively affected
by antibiotic growth promotors (Kumar et al., 2018). Consequently, the gut
microbial community contributes in exclude pathogenic taxa, ferment complex
polysaccharides, and provide the host energy in the form of metabolizable volatile

fatty acids.

Analysis of the a-diversity of the caecal microbiome demonstrates that a-
diversity was significantly reduced at 35 da in gos-sal birds compared to ctl-sal
(Inverse Simpson index: p-value =0.0023; Figure 6.19A), and similarly compared
to gos-nonc at 22 and 35 da (Inverse Simpson index: p < 0.026, 0.0011
respectively; Figure 6.19A). Community richness (Chao index) was not
significantly different through to 28 da between the infected groups fed control or
GOS diet. However, at 35 da the richness was reduced in GOS-sal group (Chao
index p-value 0.011, Figure 6.19B). This observation could be accomplishing by
interaction between GOS and Sa/monella that changing in the intestinal microbiota
due to overgrowth of Negativicutes and reduction of Clostridia.

Analysis of microbiota composition among the different groups using LEfSe
demonstrated a high abundance of Acidaminococcaceae_unclassified (OTU00Q9)
across all sampling points in ctl-sal birds with Clostridiales _unclassified OTU and
Bacteroides (OTU0033). Acidaminococcaceae _unclassified dominated at 2 and 4

dpi while Megamonas dominated at 8 and 15 dpi. Veillonellaceae (Megamonas)
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and Acidaminococcaceae (Acidaminococcaceae _unclassified) belong to the class
Negativicutes. These families belong to Gram-positive Firmicutes but have
acquired genes responsible for the biosynthesis of cell wall components similar to
Gram-negative bacteria, and are strict anaerobes non-spore forming bacteria
(Rychlik, 2020). Therefore, the predominant growth of representative members of
the Negativicutes maintains the environment strictly anaerobic free of alternative
electron acceptors like nitrogen or sulfate, which could prevent the overgrowth of
E. coli or Salmonella by limiting the availability of the substrates for effective

anaerobic metabolism (Rychlik, 2020).

6.4 Conclusion

By investigating the conditions that produce mobility and horizontal transfer
of ARGs in the gut microbiota, new approaches could be adopted aimed at reducing
AMR (Hegde et al., 2016). However, the dynamics of transferring genes that confer
antibiotic resistance are still not well understood (Lerminiaux and Cameron, 2019).
Manipulation of gut microbiota by administration or selection of probiotic
organisms may reduce antibiotic resistant populations via displacement or
exclusion of the resistant organisms. In this context, galacto-oligosaccharides
(GOS) may modify the structure of the gut microbiome and contribute to control

the impact of pathogen (Sa/monella) colonisation and mitigate the spread ARGs.

At 2 and 4 dpi the count of trimethoprim resistant coliforms recovered from
the microbiota of gos-sal (G4) were significantly reduced compared to ctl-sal (G3).
This reduction did not persist in birds older than 24 da since the GOS
supplemented feed was halted at 20 da due to the relative commercial cost of
feeding larger birds. The integrase copy number for gos-sal also exhibited a
significant reduction at 2 dpi suggesting at least one mechanism by which ARGs
are disseminated. Examination of the GCs recovered from the caecal contents of

Salmonella colonised birds demonstrated a significantly greater prevalence than
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non-colonised birds. Dietary GOS significantly reduced the presence of ARGs in

the Salmonella challenged birds

The study has demonstrated that both Sa/monella and GOS diets influence
the structure of the gut microbiome. Prebiotic GOS enhances the abundance of
specific taxonomic OTUs. These important changes result in faster clearance of
Salmonella infection in GOS-fed birds over control birds and in doing so displaces
Proteobacteria that carry class 1 integrons and have the potential to disseminate
ARGs. Specifically, treatment with the GOS resulted in a significant increase of
Negativicutes on expense of Clostridiales thereby restricting the abundance of

Proteobacteria as result of oxygen depletion.

255



CHAPTER 7

IDENTIFICATION OF CLASS I INTGRON PLASMIDS
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7.1 introduction

Recently, developments in next-generation DNA sequencing technologies
have facilitated the tracking of outbreak resistant organisms and revolutionised
the number of bacterial whole-genome sequences. Analysing these data has
enabled the fundamental characterisation of bacterial pathogens and provided
opportunities to study the evolution of resistance. Molecular analyses of multi-
drug resistant bacteria indicate the spread of resistance can be attributed to the
acquisition of pre-existing determinants followed by amplification as a response to
selection. Furthermore, sequences of many mobile genetic elements (MGEs) and
plasmid backbone segments are highly conserved with low sequence errors. This
feature has enabled the identification of variation between analogous plasmids

that are epidemiologically or functionally important (Partridge et al., 2018).

Horizontal gene transfer plays vital role in the acquisition of new features,
such as pathogenicity, antibiotic resistance and support the tremendous adaptive
potential of bacteria (Partridge et al., 2018). The horizontal transfer of resistance
genes can arise from plasmids or from within the bacterial chromosome.
Resistance gene transfer mediated by plasmids is the most effective type of
transmission that can occur at high frequency and involve the simultaneous
transfer of multiple resistance genes (Carattoli, 2003). The process of capturing,
accumulating, and disseminating resistance genes often features mobile genetic
elements (MGE) in promoting intracellular DNA mobility such as mobility from the
chromosome to a plasmid or between plasmids.

Insertion sequences (IS) and transposons (Tn) are discrete DNA modules
that are capable of randomly migrating themselves (and associated resistance
genes) to new locations in the same or different DNA segments within a single
cell. Integrons use site-specific recombination to transfer resistance genes
between defined sites. The frequent presence of these MGE types in many copies

and at various positions in genomes, can facilitate homologous recombination.

257



Thus, interactions between the different types of MGE promoting the rapid
evolution of different multi-resistant pathogens that the encounter of antimicrobial
chemotherapy (Partridge et al., 2018).

Metagenomics have helped to understand the drivers behind the functional
selection of ARGs in genetic exchanges between various microbial species (De la
Cruz and Davies, 2000;Shoemaker et al., 2001;Lester et al., 2006) and have also
recognized that ARGs exist in bacteria obtained from the environment that have
not been exposed to antibiotics (D’Costa et al., 2011;Moore et al., 2013). Ongoing
work has revealed the mechanistic features of emerging antibiotic resistance in
bacteria, and their reservoirs from diverse microbial communities (Danzeisen et
al., 2011;Durso et al., 2011;Andersson and Hughes, 2012). These studies have
facilitated tracking of new antimicrobial resistance from their origins to pathogenic
bacteria (Solberg et al., 2006;Van Hoek et al., 2011;Hegde et al., 2016).

The aim of this Chapter is to characterise the types of mobile genetic
elements as vehicles of class 1 integrons, and to associate OTUs observed in the
chicken gut microbiota with the prevalence of the integrons. Finally, to compare
the observations made from plasmid sequences with pure bacterial cultures of

Gram-negative bacteria that have acquired antibiotic resistance.
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7.2 Results

In order to study the boundaries of class 1 integrons and the types of mobile
genetic elements they are located in, individual bacterial isolates carrying class 1
integrons with an embedded dfrAl1 gene (GCs-B) were selected. The process of
selecting single cell colonies from trimethoprim resistance plates was carried out
during viable counting of trimethoprim resistant bacterial populations in Trial 1
throughout all sampling points (22, 24, 28 and 35 da). Approximately 200
bacterial isolates were collected from biosecure housed birds that were infected
and non-infected by Salmonella and fed either the control or GOS diet. From these
35 isolates were randomly selected (Table 7.1), single colony purified and then
the DNA extracted using the GenElute bacterial Genomic DNA kit (Chapter 2,
section 2.5.2.1). Three different PCRs were performed to characterise the isolates:
first, 16S rRNA gene amplification and sequencing was carried out to avoid picking
similar bacteria (Figure7.1), second the detection of class 1 integrons (Figure 7.2),
and third long range PCR aimed to detect the GC sequence environment (Figure
7.3). Based on these results 6 isolates were selected and subjected to whole
genome sequencing using the illumina MiSeq platform. Plasmid DNA sequences
were identified from isolate numbers 19 and 24 carrying GC-B-2 (dfrAl and
aadAl), while bacterial isolate 38 encoded GC-B-1 (dfrAl, hypothetical protein
and aadAl). Isolates AA_2 and 6 contained different GCs. The results are

presented in Figures 7.1 to 7.3 and summarised in Table 7.1.
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Table 7.1 Selected trimethoprim resistance bacterial isolates collected for WGS of

biosecure birds

Sample No ID Trial IntIl GCs
1 G4 pooled samples biosecure positive negative
2 G4-01 biosecure positive negative
3 G3-04 biosecure positive negative
4 G4-12 biosecure positive negative
5 G4-13 biosecure negative negative
6 G3-03 biosecure positive negative
7 G4-06 biosecure positive negative
8 G1-26 biosecure negative negative
9 G3-21 biosecure negative negative
10 G4-22 biosecure negative negative
12 G4-21 biosecure negative negative
13 G1l-14 biosecure positive negative
14-01 G3-01 biosecure negative negative
14-02 G3-01 biosecure negative negative
16 G2-12-1 biosecure negative negative
17 G2-12-2 biosecure positive negative
18 G4-22-2 biosecure positive positive
19 G1-22-4 biosecure positive positive
20 G2-35-1 biosecure negative negative
21 G1-35-4 biosecure negative negative
22 G4-22-4 biosecure positive positive
23 G3-35-4 biosecure positive negative
24 G3-24-6 biosecure positive positive
25 G3-28-6 biosecure negative negative
26 G1-35-3 biosecure negative negative
27 G3-24-1 biosecure positive positive
28 G3-35-6 biosecure negative negative
29 G4-35-6 biosecure negative negative
30 G3-28-1 biosecure negative negative
31 G3-28-3 biosecure negative negative
32 G4-24-5 biosecure negative negative
36 G3-22-3 biosecure positive negative
37 G2-28-4 biosecure negative negative
38 G4-28-6 biosecure positive positive
39 G2-22-6 biosecure negative negative
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Figure 7.1 PCR amplicon products of 16S RNA genes obtained from trimethoprim
resistant bacterial isolates. Specific primers (Hugerth et al., 2014) were used to target

V3-V4 region in chicken caecal DNA samples electrophoresed on 1% TAE agarose gel.

Row 1: Lane 1 100 bp ladder (BioLab), Lane 2 intl Ravi sample 01, Lane 3 16S RNA sample
02, Lane 4 16S RNA sample 03, Lane 5 16S RNA sample 04, Lane 6 16S RNA sample 05,
Lane 7 16S RNA sample 06, Lane 8 16S RNA sample 07, Lane 9 16S RNA sample 08, Lane
10 16S RNA sample 09, Lane 11 16S RNA sample 10, Lane 12 16S RNA sample 12, Lane
13 16S RNA sample 13, Lane 14 intl Ravi sample 14-1, Lane 15 16S RNA sample 14-2,
Lane 16 16S RNA 16, Lane 17 16S RNA sample 17, Lane 18 16S RNA sample 18, Lane 19

16S RNA sample 19, Lane 20 16S RNA -ve control.

Row 2: Lane 100 bp ladder (BioLab), Lane 2 16S RNA sample 20, Lane 3 16S RNA sample
21, Lane 4 16S RNA sample 22, Lane 5 16S RNA sample 23, Lane 6 16S RNA sample 24,
Lane 7 16S RNA sample 25, Lane 8 16S RNA sample 26, Lane 9 16S RNA sample 27, Lane
10 16S RNA sample 28, Lane 11 16S RNA sample 29, Lane 12 16S RNA sample 30, Lane
13 16S RNA sample 31, Lane 14 16S RNA sample 32, Lane 15 16S RNA sample 36, Lane
16 16S RNA 37, Lane 17 16S RNA sample 38, Lane 18 16S RNA sample 39, Lane 19 16S

RNA +ve control, Lane 20 intl Ravi -ve control.
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Figure 7.2 Agarose gel of amplification products of PCRs using Ravi primers. The
Figure shows PCRs products of the 546 bp target genes of class 1 integrase gene (int/1
Ravi) obtained from DNA of selected coliforms colonies that picked from broiler caecal DNA

samples reared in bio-secure condition and electrophoresed on a 1 % TAE gel.

Row 1: Lane 100 bp ladder (BioLab), Lane 2 int1 Ravi sample 01, Lane 3 int1 Ravi sample
02, Lane 4 int1 Ravi sample 03, Lane 5 int1 Ravi sample 04, Lane 6 int1 Ravi sample 05,
Lane 7 intl Ravi sample 06, Lane 8 intl1 Ravi sample 07, Lane 9 intl1 Ravi sample 08,
Lane 10 int1 Ravi sample 09, Lane 11 int1 Ravi sample 10, Lane 12 int1 Ravi sample 13,
Lane 13 int1 Ravi sample 13, Lane 14 intl Ravi sample 14-1, Lane 15 jnt1 Ravi sample
14-2, Lane 16 int1 Ravi 16, Lane 17 intl1 Ravi sample 17, Lane 18 int1 Ravi sample 18,
Lane 19-ve control, Lane 20 int1 Ravi +ve control.

Row 2: Lane 100 bp ladder (BioLab), Lane 2 int1 Ravi sample 19, Lane 3 intl Ravi sample
20, Lane 4 int1 Ravi sample 21, Lane 5 jnt1 Ravi sample 22, Lane 6 int1 Ravi sample 23,
Lane 7 intl Ravi sample 24, Lane 8 intl1 Ravi sample 25, Lane 9 intl1 Ravi sample 26,
Lane 10 int1 Ravi sample 27, Lane 11 int1 Ravi sample 28, Lane 12 int1 Ravi sample 29,
Lane 13 jnt1 Ravi sample 30, Lane 14 int1 Ravi sample 31, Lane 15 int1 Ravi sample 32,
Lane 16 int1 Ravi 36, Lane 17 intl Ravi sample 37, Lane 18 int1 Ravi sample 38, Lane 19

intl Ravi sample 39, Lane 20 int1 Ravi -ve control.
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Figure 7.3 Agarose gel of PCR amplification of GCs using primer ntf2/qcr2. The
primer pair targets gene cassettes isolated from DNA of selected coliforms colonies picked
from biosecure condition chicken caecal DNA samples electrophoresed on 0.8% TAE

agarose gel with 3 min annealing time.

Row 1: Lane 1 KB bp ladder (BioLab), Lane 2 GCs sample 01, Lane 3 GCs sample 02, Lane
4 GCs sample 03, Lane 5 GCs sample 04, Lane 6 GCs sample 05, Lane 7 GCs sample 06,
Lane 8 GCs sample 07, Lane 9 GCs sample 08, Lane 10 GCs sample 09, Lane 11 GCs sample
10, Lane 12 GCs sample 13, Lane 13 GCs sample 13, Lane 14 GCs sample 14-1, Lane 15
GCs sample 14-2, Lane 16 GCs 16, Lane 17 GCs sample 17, Lane 18 sample 18, Lane 19-

ve control, Lane 20+ve control.

Row 2: Lane 1 KB bp ladder (BioLab), Lane 2 GCs sample 19, Lane 3 GCs sample 20, Lane
4 GCs sample 21, Lane 5 GCs sample 22, Lane 6 GCs sample 23, Lane 7 GCs sample 24,
Lane 8 GCs sample 25, Lane 9 GCs sample 26, Lane 10 GCs sample 27, Lane 11 GCs sample
28, Lane 12 GCs sample 29, Lane 13 GCs sample 30, Lane 14 GCs sample 31, Lane 15 GCs
sample 32, Lane 16 GCs 36, Lane 17 GCs sample 37, Lane 18 sample 38, Lane 19 sample

39, Lane 20 -ve control.
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BlastN analysis of the plasmid sequence data revealed that a 148,956 bp
plasmid of isolate AA_2_contig_2 showed 99.99% sequence identity to Escherichia
coli strain G749 plasmid pG749_1 (Genbank Acc. No. CP014489.1) and 100.00%
sequence identity to E. coli strain 2009-52 plasmid pSDJ2009-52F (Genbank Acc.
No. MH195200.1). While a 45,609 bp plasmid of isolate AA_6 exhibited 99.89%
sequence identity to plasmids from multiple Salmonella Typhi and the
chromosomes of Proteus mirabilis (Genbank Acc. No. CP015347.1) and E. coli
(Genbank Acc. No. CP057176.1). The 139,294bp plasmid of AA_19 _contig_103
showed 100.00% sequence identity to E. coli strain CFS3273 plasmid pCFS3273-
1(Genbank Acc. No. CP026933.2). Similarly, the 175,545 bp of isolate
AA_24_contig_1 showed high sequence similarity (99.99%) to E. coli isolate 2-
101 plasmid p2-101(Genbank Acc. No. CP053786.1) and E. coli plasmid
pESBL20150178 (Genbank Acc. No.MK181568.1), as well as the 105,518 bp of
the bacterial isolate AA_25_contig_35 also displayed sequence similarity 99.99%
and 100% to E. coli strain 13KWH46 plasmid p13KWH46-2 and Escherichia coli
strain CFS3313 plasmid pCFS3313-2 respectively (Genbank Acc. No. CP019252.1
and CP026941.2). Whilst the 49,958 bp plasmid of isolate AA_38 contig_5 is
showing high similarity to Klebsiella pneumoniae TUM14373 pMTY14343_IncN
DNA, with 99.92% sequence identity (Genbank Acc. No. AP018557.1) and
Klebsiella pneumoniae strain C16KP0065 plasmid pC16KP0065-1 (Genbank Acc.
No. CP052452) with 99.96% sequence identity. These data are summarised in
Table 7.2.

Annotated circular maps of all the plasmids found in the six bacterial isolates

are illustrated in Figure 7.4 (parts 1-6).
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Figure 7.4 A schematic circular representation map of plasmids found in six bacterial
isolates carrying class 1 integrons. Dark green arrow highlighting conjugative genes, light
green arrows pil genes, dark pink arrows mercury resistance genes, red and brown arrows
transposons, light purple arrows class 1 integron gene, dark blue arrows antibiotic resistance
genes, orange arrows colicin resistance gene. All grey arrows hypothetical protein (HP) and other

DNA maintenance genes. GCs are indicated by black arrows.
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The plasmid isolated from E. coli (AA_2) encodes two classl integrase
sequences at different locations (127,769-128,782 and 140,116-141,420).
Upstream of the first integrase gene there is a member of the Tn3 transposase
family and colicin transporter. While downstream of this integrase gene there are
trimethoprim resistance dfrA5 gene, two IS6 family transposases flanking class A
beta-lactamase resistance, and two aminoglycoside resistance genes. These are
followed by the second integrase sequence and several virulence associated genes
including mercury resistance genes, tra and pili genes involved in the conjugal
transfer of resistance genes, and antimicrobial resistance Mig_14 genes, macrolide
transporter and resistance-nodulation-division (RND) transporter. This plasmid
belongs to the IncFIB group (Genbank Acc. No. AP001918) with 98.39% identity
identified by plasmid finder 2.1.

BlastN analysis of the 45,609bp plasmid isolated from Proteus mirabilis
(AA_6) contains one copy of a class 1 integron. Upstream of this structure there
are two IS6 family transposases flanked by beta lactamase resistance, strA and
strB (streptomycin resistance) and su/2. Downstream of intI1 there are genes for
dfrA1, emrE (Ethidium bromide-methyl viologen resistance) and su/1. Followed by
many mobilizable elements such as Tn21 module (transposon Tn21 modulator
protein, Tn21 resolvase and transposase Tn21), IS1 transposase and IS5
transposase and cat gene (chloramphenicol resistance). However, the plasmid
does not carry conjugative apparatus and belongs to IncQ1 with 100% sequence
identity (Genbank Acc. No. M28829).

BlastN analysis of the plasmid sequence from AA_19 revealed a class 1
integron (2597/3610) containing GC-B-2 is embedded between IS1 transposase
family upstream and IS21 family transposase (IS1326) downstream of the
integrase system. This is followed by a mercury resistance module, tetA gene
(tetracycline resistance) and Tn3 family transposase. The plasmid encodes several
transposase genes, however only two conjugative genes were identified (traH and

incomplete gene encoding a putative conjugative transfer protein). The plasmid
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could be categorised as p0111 with 98.53% identity (Genbank Acc. No. AP010962)
by plasmid finder 2.1.

The boundaries of the class 1 integron that encodes GC-B-2 from
AA_24_conting_1 feature a Tn21 modulator protein and IS110-like element
ISEc32 family transposase upstream and 1S21-like element 1S1326 family
transposase downstream. The integrase system is followed by mercury resistance
genes and several conjugative (tra and trb operons) and pili encoding genes. This
plasmid also possesses colicin 1B and V encoding genes (cvaA, cvaB and cvaC)
and belongs to IncFII (Genbank Acc. No. AY458016).

While the plasmid isolated from AA_25 carries a class 2 integron (39,959-
40,936 bp) with a different arrangement in the gene cassettes. This GC contains
dfrAl (trimethoprim resistance), sat2, aadA (streptomycin resistance) and bla_1
(Beta-lactamase) genes. Upstream of this structure are a Tn3 transposase
(32,613-35,618) and sul2 gene (30,885-31,781). This plasmid contains colicin E1
and tra and trb conjugative genes. The plasmid also features a phage integrase
XerC gene with no imbedded GCs (14,017-14,796). The plasmid is IncIl-
I(Gamma) with 99.3% sequence identity (Genbank Acc. No. AP005147).

Klebsiella pneumonia AA38 contains a plasmid of 49,958 bp, which encodes
GCsB-1(dfrA1, ORF1, aadA24). Downstream of the class 1 integron is IRT of
Tn402-like transposon tni module inserted in a IS6100 family transposase. The
IRT ends of Tn 402-like transposons were identified in KY020154.1 (100%
identity). The 765 bp at 8946-9710 bp of contig 5 shown similarity to transposable
element IS6100 that was identified in BlastN with 100% coverage in CP052359.1
and KY020154.1. Moreover, there was another 267 bp nucleotide sequence of the
transposable element IS1 (12,757-13,023) with 100% identity in CP052359.1.
This conjugative plasmid encodes cluster of conjugative elements and can be
ascribed to the IncN plasmid group based on with 99.81% identity (Genbank Acc.
No. AY046276). The plasmid also encodes tetracycline resistance and several tra

genes. All results summarized in Table 7.2. and Figure 7.5.
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Table 7.2 Summary and comparative plasmid sequence analysis by BlastN of bacterial isolates picked from broiler caecal content reared in

biosecurity condition.

Isolate Bacterial Plasmid | Plasmid Plasmid . Integrase Sequence
ID 1D size bp name type GCs type/resistance genes copy Acc. No. identities
AA 2 E. coli 148,956 IncFIB conjugative dfrA5/bla_1/ /sull/aadA/merC 2 intl1 CP014489.1 99.99%
AA_6 P. mirabilis 45,609 IncQ1 mobilizable bla/strA/strB/sul2/dfrA1/EmrE/ sull/cat 1intl1 CP015347.1 99.89%
AA_19 E. coli 139,294 | poO11l mobilizable GC_B2(dfrAl/aadAl/qacEAl/sull) 1intI1 | CP026933.2 100%
merC/tetA
AA 24 E. coli 175,545 IncFII conjugative GC_B2(dfrAl/aadAl/gacEA1/sull)/merC 1intl1 CP053786.1 99.99%
IntI2 and
AA_25 E. coli 105,518 IncI1-I conjugative dfrAl/sat2/aadA/bla_1/sul2 phage CP019252.1 100%
integrase
AA_38 | K.pneumonia | 49,958 |  IncN conjugative GC-B-1 1 intl1 CP052452 | 99.96%
— -P ' Jug (dfrA1/HP/aadAl/qacEA1/sull)/tetA 2070
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Figure 7.5 Boundaries of integrase genes detected in plasmids from E.coli, P.mirabilis and K.pneumonia.
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resistance genes. Plasmid order 1- IncFIB (E. coli), 2- IncQ1 (P. mirabilis),3- p0111 (E. coli), 4- IncFII (E. coli), 5- IncI1-I (E. coli), 6- IncN (K. pneumonia).
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7. 3 Discussion

The vital role of plasmids has been highlighted in the evolution and
dissemination of bacterial ARGs among the most clinically important pathogens
(Alekshun and Levy, 2007;Carattoli, 2013;San Millan, 2018). The main drivers of
the spread ARGs in bacterial families such as Enterobacteriaceae and
Enterococcaceae including some of the most important nosocomial pathogens, are
conjugative plasmids (Vincent, 2003;Boucher et al., 2009;Rozwandowicz et al.,
2018). Analysis using BlastN of the six plasmids from caecal contents cultured on
Mac-03 medium supplemented with 20 mg/ml of trimethoprim revealed that four
plasmids (AA_2, AA_24, AA_25, AA_38) that possessed a set of common genes
that are predicted to play a role in plasmid replication, conjugative transfer,
stability, and partition control clustered in functional modules. While two plasmids
isolated from AA_6 and AA_19 are likely to be mobilizable (non-conjugative)
plasmids as they do not encode conjugative genes however they do encode
mobilizable and mobile genetic elements (transposase and IS). All plasmids carry
genes encoding replication initiation protein (RepA or RepB or RepC or RepN)
required for plasmid replication. Conjugative plasmids isolated from AA_2 and
AA_24 contain more than 20 tra genes with trb, pil genes and feature more than
one rep genes per replicon. These plasmid are likely belonging to IncF plasmid
group. Rozwandowicz et al. (2018) described IncF plasmid as the most common
plasmid type from human and animal that it is frequently found in E. coli. Similarly,
the current study found both plasmids were isolated from E.coli. They are also
highlighted global association of IncF plasmid with the spread of ESBL genes
(blaCTX-M-15) in human E. coli isolates of the ST131 and ST405 groups which
was observed in the AA_2 plasmid.

While AA_25 encodes 17 tra genes, 2 trb and 12 pil genes, AA_38 encodes
only 11 conjugative tra genes. Plasmid AA_25 does not carry a class 1 integron,

however it encodes dfrAl embedded in a class 2 integron that belongs to the IncI1-
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I incompatibility group. This plasmid group are described by Carattoli (2009) as
plasmids that produce type I pili making them susceptible to phage. Garcillan-
Barcia et al. (2011) stated that this group consist of low copy number, narrow-
host-range, and conjugative plasmids. The IncIl plasmids are commonly detected
in enteric bacteria from food animal sources and are linked to clinically relevant
strains (Kaldhone et al., 2019). They are also known for their potential carriage
and dissemination of ARGs among enteric pathogens (Wong et al., 2016;Mo et al.,
2017). For instance, several of the plasmids that showed association with the
dissemination of resistance to ceftriaxone (an antimicrobial agent used for the
control of severe Salmonella infections) have been reported to be InclIl plasmids
(Smith et al., 2015).

Plasmid AA_38 found in K. pneumoniae could be placed in the IncN group
and was found to encode GC-B-1 in addition to the tetA gene. A study conducted
by Eikmeyer et al. (2012) isolated four novel plasmids, pRSB201, pRSB203,
pRSB205 and pRSB206 from the final effluent of a municipal wastewater treatment
plant, which were demonstrated to belong to the IncN incompatibility group.
Plasmid AA_38 shows sequence similarity to the plasmid module present in
pRSB201.Eikmeyer et al. (2012) indicated that IncN plasmids although possessing
a limited host range are widespread. They pointed out that IncN plasmids need to
be considered as important genetic elements involved in the dissemination of
clinically relevant ARGs. They further highlighted the large variety of antibiotic
resistance determinants associated with IncN plasmids include fluoroquinolones
(nalidixic acid, ciprofloxacin, norfloxacin, ofloxacin, moxifloxacin), cephalosporins
(cefotiam, cefotaxime, ceftazidime, cefepim), carbapenems (imipenem,
meropenem), monobactams (aztreonam), fosfomycin, chloramphenicol and
aminoglycosides (amikacin, tobramycin, netilmicin, gentamicin), indicating the
plasmids of this incompatibility group are suitable vehicles for the incorporation of
various resistance transposons, insertion sequences and integron gene cassettes

containing resistance genes. However, Garcilldn-Barcia et al. (2011) noted that
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IncN plasmids are known as a broad-host range plasmids and that their copy
number is controlled by iterons. Although IncN plasmids have ability to replicate
in various Enterobacteriaceae, they are most frequently found in E.
coli and Klebsiella pneumonia, where they are involve in the dissemination of
cephalosporin and carbapenem resistance (Carattoli, 2013;Blau et al., 2018). In
the current study it found in Klebsiella pneumoniae with an identical GCs-B-1 that
emerged from Salmonella infected birds.

Plasmid AA_6 belongs to IncQ and for which conjugative genes are absent
within the sequence. Rozwandowicz et al. (2018) described IncQ plasmid as a
group of mobilizable elements with a medium-range copy number (4-12
copies/cell). Even though, IncQ plasmids do not possess conjugation genes, they
can be transmitted at a high frequency in the presence of a helper plasmid and
have been successfully mobilized to a large nhumber of gram-negative bacterial
hosts (Rozwandowicz et al., 2018). Similarly, plasmid isolate AA_19 seems to be
mobilizable plasmid.

The association of antibiotic resistance and mercury resistance has been
previously reported (Wireman et al., 1997). The current study indicated that
plasmids AA_2, AA_19 and AA_24 isolated from E. coli carried mercury resistance
loci with antibiotic resistance gene. Nguyen et al. (2019) stated that Pseudomonas
aeruginosa and E. coli were the most frequently studied bacteria that showed co-
occurrence of resistance to many heavy metals and antibiotic classes. They also,
proposed that the prevalence of heavy metals in the environment is likely to
increase resistance to both heavy metals and antibiotics through co-resistance and
cross-resistance mechanism.

Sunde et al. (2015) indicated that class 1 integrons are usually considered
as a component of transposons that allows them to move between different
plasmids and between plasmids and the chromosome. Transposition into various
plasmids groups may contribute to a further dissemination of the integron

structure in the bacterial mapping that flanking DNA of integrons in the isolates.
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The analysis of class 1 integrons boundaries show that three plasmids (IncFIB,
p0111 and IncIl-I) carried different gene cassettes harboured integrase genes
flaked by the Tn3 transposon family, while the integrase gene in the IncQ1l and
IncFII plasmids were integrated in to a Tn21 transposon family member. Pal et al.
(2017) described Tn21 as a Tn3 subfamily of transposable element embedded
between the mercury resistance genes and the transposition genes (Pal et al.,
2017). Therefore, the association between the Tn3 transposon family and mercury
resistance (often Tn21 or Tn1696 family), and the carriage of integrons has been
widely detected (Gaze et al., 2011;Gillings et al., 2015). There are several reports
of mercury-resistant Tn21 or Tn1696-related transposons which encode integrons,
that themselves carry antibiotic and biocide resistance genes (Partridge et al.,
2001;Rosewarne et al., 2010;Pal et al., 2017).

However, the integrase gene found in the IncN plasmid showed the presence
of an IS6 transposon that flanked by IRt of the Th402 module downstream of the
integrase structure. Additionally, downstream of this structure another IS1
transposon is present. It seems that the structure of Tn402 is incomplete. Stokes
et al. (2006) reported that the presence of a complete structure is relatively rare,
however, most of most class 1 integrons are associated with an incomplete
transposition (tni) module. Many studies on the origin of class 1 integrons
highlight the possible early association between the ancestor of the Tn402
transposon with a class 1 integrase and an attl1 site. This early association was
raised because of the observation of the majority of class 1 integrons carry the 5'-
CS region at the same position (Toleman and Walsh, 2011;Domingues et al.,
2012). While the 3'-CS region has been proposed to be as consequence of a fusion
of the gacE gene of the Tn402 transposon with the sul/l gene leading to partial
deletion of the gacE gene; which happened at the same time as a deletion event
in the transposition functions of the Tn402 transposon, causing a loss in self-
mobilization for this structure (Toleman and Walsh, 2011). Therefore, most class

1 integrons are defective transposons (Brown et al., 1996;Domingues et al.,
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2012). Additionally, insertion sequences also play an important role in the
dissemination of antibiotic resistance genes (Domingues et al., 2012). Several
studies have reported class 1 integrons bounded on each side by an IS, which are
mainly elements of the IS6 family (Domingues et al., 2012). In this study ISs were
present in the plasmids featuring 1S6, IS5, IS1 and IS3, as well as IS110 and
I1S21-like elements. The configuration of IS6 surrounding the blaTEM_1 was found
in plasmids of incompatibility groups IncFIB and IncQ1l that were isolated from
similar trial. Hendrickx et al. (2020) stated that the IS1 and IS3 transposase
families are commonly detected in the K. pneumoniae plasmids. They found that
IS1 family transposase was the most predominant among the plasmids and in
multiple copies within plasmids. Likewise, IS1 was the most frequently detect in

the current study.

7.4 Conclusion

Plasmids carry multidrug resistance determinants and the machineries
required to transfer genes between bacteria. Therefore, the identification of
plasmid characteristics in different bacterial hosts may provide fundamental
knowledge regarding the historical and potential for transmission of ARGs.
Molecular identification of plasmid and strain genotypes can distinguish whether
the spread of ARGs are driven by an epidemic plasmid to different bacterial hosts
or by clonal spread of bacterial organisms harbouring these plasmids with ARGs

(Rozwandowicz et al., 2018).

This study showed that all the plasmids recovered from broiler chickens
harboured various GC types with E. coli a frequent carrier of plasmids could be
categorised to the IncFIB, IncFII, IncI1-I, IncQ1l, pO111, and IncN compatibility
groups. The most representative GCs (B-2) type in identified in two isolates from
biosecure housed. Most of the plasmids belong to incompatibly groups that have

the potential to be major contributors to the propagation of ARGs within enteric

276



bacteria. Transposases and IS sequences are likely to play a major role in of the

transfer of ARGs whether the plasmid was conjugative or non-conjugative.
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CHAPTER 8

GENERAL DISCUSSION AND FUTURE WORK
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8.1 General discussion

The aims of this study, outlined in Chapter 1, were to increase knowledge of
the prevalence and type of antibiotic-resistant bacteria in broiler chicken intestinal

contents and to understand the effects of the prebiotic GOS on these populations.

8.1.1 Prevalence of ARGs in during rearing in biosecure or commercial
conditions

The work described in Chapter 3 was to evaluate the prevalence of ARGs in
broiler chickens reared under biosecure conditions and compare this to the
prevalence in broiler chickens reared under commercial production conditions.
Class 1 integrons were used as biomarkers for this purpose. The types of GCs
present in the microbiota were determined by obtaining sequences of the
conserved genes in the integron-integrase system. This showed that 99% of the
bacterial populations in caecal contents samples from birds reared under biosecure
conditions were positive for the Intl1 gene while 92.5% were positive for the same
gene in birds reared under commercial conditions. Similar results were obtained
by Che et al. (2019) who reported a 97% prevalence for the Inti1 gene in faeces
from commercially farmed birds. For the gacEA1 gene that generally marks the
opposite end of the integron to IntI1, 93.7% of birds reared under biosecure
conditions were positive while 100% of birds reared under commercial conditions
were positive. A high prevalence of this gene (100%) was reported by Enany et
al. (2019) in E. coli isolates from diseased commercial birds and from
environmental samples in Egypt. In this study 94.5% of the DNA samples from
caecal microbiota was positive for sull resistance in biosecure housed birds to
97.5% of commercial birds. Sulfonamide resistance genes (su/l and sul2) are
common in E. coli and Salmonella isolated from commercial pig and poultry

sources (Kozak et al., 2009).
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Having established a high prevalence of AMR genes in both groups of birds,
the second stage of the work described in chapter 3 was the molecular
characterisation of the GCs. Five different GC arrangements were discovered
among birds reared under biosecure conditions whilst three GC arrangements were
identified from commercial birds (Figure 3.7 and 3.11). Comparing the patterns
between the two types of rearing conditions revealed that only two GCs shared a
similar pattern of resistance (GCs-B-2 and GCs-C-1). The predominant
discriminatory resistance GC in commercial birds was GCs-A (lincosamides, /inF)
with 75% prevalence, where no difference was observed in prevalence between
the GOS and control diets. Interestingly the /inF resistance gene was completely
absent in the microbiota of birds reared under biosecure conditions. This finding
suggests that mobility of this gene could potentially be attributed to selective
pressure of antibiotics used for veterinary purposes in the commercial
environment that is not encountered by birds reared under biosecure conditions.
The use of lincosamides may be historic but resistance determinant persistent due
to carriage in highly adapted bacteria colonising successive flocks. The GC B-2
(dfrA1 and aadA1l) type was frequently detected in the microbiota of birds reared
under biosecure conditions (21.81%). Birds fed prebiotic GOS and infected with
Salmonella were less likely to have the GC B-2 type in their microbiota (7.14%)
than birds infected with Sa/monella and fed control diet (96.4%). Non-infected
birds also showed a difference in this type between GOS diet (60%) and standard
diet (37%). The concept that prebiotic diets could diminish the gut “resistome” in
humans is a relatively recent idea (Wu et al., 2016). The work described in this
chapter highlights the potential of applying this strategy to chickens. However, the
pattern for this particular GC type was not observed in commercially reared birds
with the GC B-2 type being more prevalent in GOS fed birds (25%) than birds fed
standard diet (20%). It was clear that the role of prebiotics in influencing the type

and frequency of GCs was complex and required further study. Other differences

280



in GC types found between different diet and rearing conditions are discussed in

Chapter 3.

8.1.2 To what extend can the prebiotic GOS mitigate the load of ARGs
present in the broiler chicken microbiome?

To answer of this question, it was first necessary to estimate the base-line
resistance of broiler caecal microbiota from birds fed standard diets. This was
achieved using with trimethoprim resistance as a marker in populations of
coliforms and the relative copy number of integrase genes in the population across
time. Metagenomics was also applied to identify changes in the overall caecal
microbiota composition with time. The results detailed in Chapter 4 follow the
developmental changes of the broiler chicken caecal microbiota from birds fed
standard control diet and reared under biosecure or commercial conditions. This
revealed that resistance load was highest in young biosecure housed birds.
Integrase copy number decreased with time. However, the ratio of trimethoprim
resistance to sensitive members of the population increased with age. This
suggests that dfrA gene may or may not embedded in integrase system. The
diversity of representative OTUs in the caecal microbiota was higher in commercial
birds than biosecure reared birds, which was probably due to their greater
exposure to the environment.

The work described in Chapter 5 focussed on the impact on antibiotic
resistance by feeding prebiotic GOS diet. This was assessed using metagenomics
to compare the microbiota of birds fed prebiotic with control birds fed a standard
control diet. To focus on prevalence of antibiotic resistance, the abundance of
Proteobacteria (Enterobacteriaceae) was specifically targeted. The effect of rearing
system (biosecure or commercial) was also assessed. In addition to the
metagenomic approach, trimethoprim resistance and total coliforms were

enumerated, and the ratio of resistance in the population estimated. Integrase
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copy number was also assessed and showed a significant reduction at 22 da (p
value = 0.015) in birds fed GOS diet compared to those fed control diet when the
direct impact of GOS supplementation would be most effective as the GOS
supplementation was halted at 20 da.

The abundance of Proteobacteria in birds fed GOS diet and reared under
biosecure conditions was reduced compared to those fed the control diet at 22-24
da. However, this effect did not continue in later sampling points. It suggests that
dietary GOS supplementation in a biosecure environment may suppress AR in early
life, which may reduce dissemination of these genes even though the effect did
not persist. Metagenomic analysis of the microbiota of GOS fed birds compared to
that of birds fed the control diet at 22 da displayed differential abundance
dominated by members of the Firmicutes phylum that included Lachnospiraceae
ssp OTU0032 and OTUO0030, Enterococcus OTU0078 and members of the
Clostridiales _unclassified OTU0138. The increased abundance of these OTUs may
contribute to the decrease in Proteobacteria, and as a consequence the prevalence
of GCs. Further work would be required to identify exactly which members of the
population were responsible for the reduction in GC at 22 da. Yang et al. (2008)
and Chee et al. (2010) reported that administration of dietary prebiotics might
support young broilers intestinal microbiota by boosting the abundance of
Lactobacilli and Bifidobacteria and reducing the coliform titres. The work described
here supports the idea that targeting young birds with prebiotic could be an
effective measure for reducing AMR.

The proportion of Proteobacteria was higher in commercial birds than
biosecure birds. Comparison of alpha-diversity showed that both inverse-
Simpsons and richness indices were higher in commercial than biosecure housed

birds in both diets probably due to greater environmental exposure.
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8.1.3 Does the beneficial effect of GOS persist if the gut is colonised
by a pathogen such as Salmonelia?

The work in Chapter 6 described the impact of Salmonella colonisation on
the composition of the broiler gut microbiota. It also reports the prevalence ARGs
carried by caecal community members from birds fed the GOS diet compared to

control diet for Salmonella colonised and non-colonised birds.

The data collected indicated that the GOS diet accelerates the clearance rate
of Salmonella from the caecal contents of birds by 8 days post colonisation
compared to control diets. Correlation between abundance of Proteobacteria and
ratio of trimethoprim resistance indicated that the decreasing abundance of
Proteobacteria coincided with increased resistance to trimethoprim. Interestingly,
there was a significant reduction in class 1 integron copy number (p-value =
0.004) at 2 dpi in GOS supplemented diet for birds challenged with Salmonella or
mock challenged. The integrase copy number remained relatively stable until the
end of the study at 15 dpi in the Salmonella infected GOS diet group but not for
the non-colonised GOS diet group. This finding coincided with day that the GOS
prebiotic was removed from the diet. Comparing viable counts of trimethoprim
resistant isolates in caecal contents between Salmonella infected birds fed GOS
diet and those Salmonella infected and fed the control diet indicated a significant
reduction at 2 and 4 dpi associated with the GOS diet. Total coliform viable counts
showed a gradual decline with age in the caecal contents from GOS diet Sa/monella
infected birds compared to Sa/monella infected birds on the control diet. The
results of metagenomic analysis indicated that the presence of Salmonella
increased the proportions of Negativicutes OTUs in both diet groups. The effect
was more pronounced in the GOS diet group. There was an increase in the
abundance of Negativicutes (Megamonas) with age at the expense of Clostridia
(Lachnospiraceae) that was potentially restricting abundance of Proteobacteria. It

is possible that the expansion of this OTU influenced oxygen availability leading to
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accelerated clearance of Salmonella. Colonisation of chickens with Salmonella has
been shown to require a virulence-factor-dependent increase in gut epithelial
oxygenation (Litvak et al., 2019). Both Veillonellaceae (Megamonas) and
Acidaminococcaceae (Acidaminococcaceae _unclassified) belong to class
Negativicutes which includes strictly anaerobic and non-spore forming bacteria
that maintain an anaerobic environment free of alternative electron acceptors
(Rychlik, 2020). Other possible explanations for the reduction in Salmonella
numbers coinciding with increased Negativicutes in birds fed GOS diet include
changes in competition for certain nutrients or production of organic acids which
decrease the expression of virulence factors from pathogens like Salmonella(Van
Immerseel et al., 2003). LEfSe analysis highlighted the high abundance of
Acidaminococcaceae_unclassified (OTU0009) within microbiota compositions of
Salmonella colonised groups which have the potential to produce butyrate
(Rychlik, 2020). A combined effect of the prebiotic GOS feed and invasion by
Salmonella may have stimulated the avian immune system to promote the
elimination of Salmonella.

The presence of Salmonella increased the proportion of birds carrying class
1 integron ARGs unrelated to the colonising organism in the caecal microbiota of
the chickens reared under biosecure conditions (x> p = 0.001). However, the
provision of dietary GOS up to day 20 reduced ARG carriage in the Salmonella
colonised birds (x?> p = 0.004). Zhang et al. (2018) reported the host species of
class 1 integrons were highly conserved with 96% of the database class 1
integrons lodged in Gammaproteobacteria with the family Enterobacteriaceae
dominant. Stecher et al. (2012) indicated that the normal gut harboured low
densities (<108 cfu/g) of Enterobacteriaceae. Having low densities of both donor
and recipient bacteria may reduce the frequency of direct bacterial encounters and
thus decrease the chance of conjugation-mediated HGT. Stecher et al. (2012) also
showed that conjugative HGT of the colicin-plasmid p2 from Salmonella enterica

serovar Typhimurium to E. coli happened at unprecedented rates when the gut
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(mouse model) was colonised by the pathogen. The mechanism was suggested to
be driven by inflammatory responses that increased transient enterobacterial
blooms. This transconjugation efficiency of approximately 100% in vivo, were
attributed to the high intrinsic p2-transfer rates. Yue and Schifferli (2014)
demonstrated that Salmonella colonisation factors promote horizontal gene
transfer of antimicrobial resistance genes by increasing the local density of
Salmonella in colonised intestines (reviewed in Chapter 6). Types of mobile genetic
elements that act as vehicles of class 1 integrons and associated OTUs were
investigated in the chicken gut microbiota in Chapter7. Six trimethoprim
resistance isolates selected for the whole genome sequence analysis showed that
the most frequent carrier of plasmids carry multidrug resistance determinants and
the machineries required to transfer resistance genes between bacteria is E.coli.
Plasmids observed could be categorised to the IncFIB, IncFII, IncI1-I, IncQ1l,
pO111, and IncN compatibility groups discussed in more details in Chapter 7. The
most representative GCs (B-2) type in identified in two isolates from biosecure
housed birds. The presence of this plasmid in this commensal bacterial isolate in
the chicken intestine indicates how easily the GCs can spread in the Proteobacterial
population by HGT including transmission to human pathogens such as

Salmonella.

8.2 Conclusion

This study has highlighted broiler chickens as one of the most important food
animal reservoirs involved in transmission of antibiotic resistance genes to human
pathogens and the wider environment. A possible control strategy by manipulating
the broiler chicken microbiota via dietary intervention using a prebiotic GOS diet
was investigated. This resulted in early elimination of Salmonella colonization and

modification of caecal bacterial communities.

285



The involvement of class 1 integrons in the spread of antibiotic resistance
was assessed. It was shown that acquisition of GCs was influenced by the rearing
environment and that GCs can acquire or lose ARGs with time. Moreover,
regardless of antibiotic pressure, they can persist without selection pressure as
result of robustness of the integration mechanism via intlI1 and attC. Hence, they
can act as reservoirs for disseminating various resistance genes in every
environment.

Metagenomic analysis of the microbiomes of birds fed prebiotic GOS or
standard diets and either colonised or non-colonised with Salmonella has increased
our understanding of how prebiotic compounds such as GOS achieve the beneficial
effects that have been observed empirically. Studying resistance in these same
birds has increased our understanding of the way in which AMR spreads at the
molecular level.

Collectively, the results obtained in this thesis confirm the study hypothesis
that feeding GOS to chickens is a possible approach for restricting expansion of
Salmonella and other Proteobacteria that are known to be associated with high

prevalent of ARGs in Gram-ve bacteria belonging to the Enterobacteriaceae family.

8.3 Future work

Besides breeding and selection, nutritional optimisation of broiler chickens is
a fundamental component of efficient poultry production. Hence, effective control
strategies are needed to make the cecum less hospitable for zoonotic pathogens
colonisation. Prebiotics are a promising approach for mitigating antibiotic
resistance gene loads, and by optimising the avian microbiome, improvements in
zootechnical performance with a reduction in the risk of transmitting pathogenic
species. The model experiments established here could be applied to different
prebiotics and synbiotics. The study could be extended to include other classes of

integrons and gram-positive bacteria to investigate the impact of GOS. Correlation
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of resistance patterns fond in the broiler gut microbiota with their surrounding
environment could give insights into the sources of the GCs. Extending the work
to include laying hens would provide more valuable information because of their
longer life and resistance patterns may different as the microbiome matures.
Collectively, it may provide insights into important players in the dissemination of

antimicrobial resistance within this production system.

287



References

AARESTRUP, F. M. 2000. Characterization of glycopeptide-resistant Enterococcus faecium
(GRE) from broilers and pigs in Denmark: genetic evidence that persistence of GRE in
pig herds is associated with coselection by resistance to macrolides. Journal of
Clinical Microbiology, 38, 2774-2777.

AGBAJE, M., BEGUM, R., OYEKUNLE, M., 0JO, O. & ADENUBI, O. 2011. Evolution of
Salmonella nomenclature: a critical note. Folia microbiologica, 56, 497-503.

AGGA, G. E., SCHMIDT, J. W. & ARTHUR, T. M. 2016. Antimicrobial-Resistant Fecal Bacteria
from Ceftiofur-Treated and Nonantimicrobial-Treated Comingled Beef Cows at a
Cow-—Calf Operation. Microbial drug resistance, 22, 598-608.

AGGEN, J. B., ARMSTRONG, E. S., GOLDBLUM, A. A., DOZZO, P., LINSELL, M. S., GLIEDT, M. J.,
HILDEBRANDT, D. J., FEENEY, L. A., KUBO, A. & MATIAS, R. D. 2010. Synthesis and
spectrum of the neoglycoside ACHN-490. Antimicrobial agents and chemotherapy,
54, 4636-4642.

AGUNOS, A., LEGER, D. & CARSON, C. 2012. Review of antimicrobial therapy of selected
bacterial diseases in broiler chickens in Canada. The Canadian Veterinary Journal, 53,
1289.

AJIBOYE, R. M., SOLBERG, O. D., LEE, B. M., RAPHAEL, E., DEBROY, C. & RILEY, L. W. 2009.
Global spread of mobile antimicrobial drug resistance determinants in human and
animal Escherichia coli and Salmonella strains causing community-acquired
infections. Clinical Infectious Diseases, 49, 365-371.

AL-ZENKI, S., AL-NASSER, A., AL-SAFAR, A., ALOMIRAH, H., AL-HADDAD, A., HENDRIKSEN, R.
S. & AARESTRUP, F. M. 2007. Prevalence and antibiotic resistance of Salmonella
isolated from a poultry farm and processing plant environment in the State of Kuwait.
Foodborne pathogens and disease, 4, 367-373.

ALEKSHUN, M. N. & LEVY, S. B. 2007. Molecular mechanisms of antibacterial multidrug
resistance. Cell, 128, 1037-1050.

ALLEN, H. K. 2014. Antibiotic resistance gene discovery in food-producing animals. Current
Opinion in Microbiology, 19, 25-29.

ALLEN, H. K., DONATO, J., WANG, H. H., CLOUD-HANSEN, K. A., DAVIES, J. & HANDELSMAN,
J. 2010. Call of the wild: antibiotic resistance genes in natural environments. Nature
Reviews Microbiology, 8, 251-259.

ALTEKRUSE, S. F., BAUER, N., CHANLONGBUTRA, A., DESAGUN, R., NAUGLE, A., SCHLOSSER,
W., UMHOLTZ, R. & WHITE, P. 2006. Salmonella enteritidis in broiler chickens, United
States, 2000—2005. Emerging infectious diseases, 12, 1848.

ALTSCHUL, S. F., GISH, W., MILLER, W., MYERS, E. W. & & LIPMAN, D. J. 1990. "Basic local
alignment search tool." J. Mol. Biol. 215:403-410.

AMINOQV, R. 2011. Horizontal gene exchange in environmental microbiota. Front Microbiol 2:
158.

AMINOQV, R. I. & MACKIE, R. I. 2007. Evolution and ecology of antibiotic resistance genes.
FEMS microbiology letters, 271, 147-161.

ANDERSSON, D. |. & HUGHES, D. 2012. Evolution of antibiotic resistance at non-lethal drug
concentrations. Drug Resistance Updates, 15, 162-172.

APAJALAHTI, J. 2005. Comparative gut microflora, metabolic challenges, and potential
opportunities. Journal of Applied Poultry Research, 14, 444-453.

APAJALAHTI, J., KETTUNEN, A. & GRAHAM, H. 2004. Characteristics of the gastrointestinal
microbial communities, with special reference to the chicken. World's Poultry Science
Journal, 60, 223-232.

288



ARAKAWA, Y., MURAKAMI, M., SUZUKI, K., ITO, H., WACHAROTAYANKUN, R., OHSUKA, S.,
KATO, N. & OHTA, M. 1995. A novel integron-like element carrying the metallo-beta-
lactamase gene blalMP. Antimicrobial agents and chemotherapy, 39, 1612-1615.

ARYA, M., SHERGILL, I. S., WILLIAMSON, M., GOMMERSALL, L., ARYA, N. & PATEL, H. R. 2005.
Basic principles of real-time quantitative PCR. Expert review of molecular diagnostics,
5,209-219.

ATTERBURY, R. J.,, VAN BERGEN, M., ORTIZ, F.,, LOVELL, M., HARRIS, J., DE BOER, A,
WAGENAAR, J., ALLEN, V. & BARROW, P. 2007. Bacteriophage therapy to reduce
Salmonella colonization of broiler chickens. Applied and environmental microbiology,
73, 4543-4549,

AWAD, W. A., MANN, E., DZIECIOL, M., HESS, C., SCHMITZ-ESSER, S., WAGNER, M. & HESS,
M. 2016. Age-related differences in the luminal and mucosa-associated gut
microbiome of broiler chickens and shifts associated with Campylobacter jejuni
infection. Frontiers in cellular and infection microbiology, 6.

AZCARATE-PERIL, M. A., BUTZ, N., CADENAS, M. B., KOCI, M., BALLOU, A., MENDOZA, M., ALI,
R. & HASSAN, H. 2018. An attenuated Salmonella enterica serovar Typhimurium
strain and galacto-oligosaccharides accelerate clearance of Salmonella infections in
poultry through modifications to the gut microbiome. Appl. Environ. Microbiol., 84,
e02526-17.

AZIZ, R. K., BREITBART, M. & EDWARDS, R. A. 2010. Transposases are the most abundant,
most ubiquitous genes in nature. Nucleic acids research, 38, 4207-4217.

BALLOU, A. L., ALI, R. A., MENDOZA, M. A., ELLIS, J., HASSAN, H. M., CROOM, W. & KOCI, M.
D. 2016. Development of the chick microbiome: how early exposure influences
future microbial diversity. Frontiers in veterinary science, 3, 2.

BAQUERO, F., TEDIM, A.-S. P. & COQUE, T. M. 2013. Antibiotic resistance shaping multi-level
population biology of bacteria. Frontiers in microbiology, 4, 15.

BARKA, E. A., VATSA, P., SANCHEZ, L., GAVEAU-VAILLANT, N., JACQUARD, C., KLENK, H.-P.,
CLEMENT, C., OUHDOUCH, Y. & VAN WEZEL, G. P. 2016. Taxonomy, physiology, and
natural products of Actinobacteria. Microbiol. Mol. Biol. Rev., 80, 1-43.

BARLOW, M. 2009. What antimicrobial resistance has taught us about horizontal gene
transfer. Horizontal Gene Transfer. Springer.

BARRAUD, O. & PLOY, M.-C. 2015. Diversity of class 1 integron gene cassette rearrangements
selected under antibiotic pressure. Journal of bacteriology, 197, 2171-2178.

BASS, L., LIEBERT, C. A., LEE, M. D., SUMMERS, A. O., WHITE, D. G., THAYER, S. G. & MAURER,
J. J. 1999. Incidence and characterization of integrons, genetic elements mediating
multiple-drug resistance, in avian Escherichia coli. Antimicrobial Agents and
Chemotherapy, 43, 2925-2929.

BAUMLER, A. J., HARGIS, B. M. & TSOLIS, R. M. 2000. Tracing the origins of Salmonella
outbreaks. Science, 287, 50-52.

BAURHOO, B., LETELLIER, A., ZHAO, X. & RUIZ-FERIA, C. 2007. Cecal populations of lactobacilli
and bifidobacteria and Escherichia coli populations after in vivo Escherichia coli
challenge in birds fed diets with purified lignin or mannanoligosaccharides. Poultry
Science, 86, 2509-2516.

BEAL, R., WIGLEY, P., POWERS, C., HULME, S., BARROW, P. & SMITH, A. 2004. Age at primary
infection with Salmonella enterica serovar Typhimurium in the chicken influences
persistence of infection and subsequent immunity to re-challenge. Veterinary
immunology and immunopathology, 100, 151-164.

BEAL, R. K., POWERS, C., WIGLEY, P., BARROW, P. A., KAISER, P. & SMITH, A. L. 2005. A strong
antigen-specific T-cell response is associated with age and genetically dependent
resistance to avian enteric salmonellosis. Infection and immunity, 73, 7509-7516.

289



BENGTSSON-PALME, J., KRISTIANSSON, E. & LARSSON, D. J. 2018. Environmental factors
influencing the development and spread of antibiotic resistance. FEMS microbiology
reviews, 42, fux053.

BENNETT, P. 2008. Plasmid encoded antibiotic resistance: acquisition and transfer of
antibiotic resistance genes in bacteria. British journal of pharmacology, 153, S347-
S357.

BENNETT, P. M. 1999. Integrons and gene cassettes: a genetic construction kit for bacteria.
Journal of Antimicrobial Chemotherapy, 43, 1-4.

BERCHIERI JR, A., WIGLEY, P., PAGE, K., MURPHY, C. & BARROW, P. 2001. Further studies on
vertical transmission and persistence of Salmonella enterica serovar Enteritidis
phage type 4 in chickens. Avian pathology, 30, 297-310.

BERGMANN, R., VAN DER LINDEN, M., CHHATWAL, G. S. & NITSCHE-SCHMITZ, D. P. 2014.
Factors that cause trimethoprim resistance in Streptococcus pyogenes. Antimicrobial
agents and chemotherapy, 58, 2281-2288.

BERNDT, A., WILHELM, A., JUGERT, C., PIEPER, J., SACHSE, K. & METHNER, U. 2007. Chicken
cecum immune response to Salmonella enterica serovars of different levels of
invasiveness. Infection and immunity, 75, 5993-6007.

BERTELS, F. & RAINEY, P. B. 2011. Within-genome evolution of REPINs: a new family of
miniature mobile DNA in bacteria. PLoS genetics, 7, €1002132.

BHULLAR, K., WAGLECHNER, N., PAWLOWSKI, A., KOTEVA, K., BANKS, E. D., JOHNSTON, M.
D., BARTON, H. A. & WRIGHT, G. D. 2012. Antibiotic resistance is prevalent in an
isolated cave microbiome. PloS one, 7.

BI, D., JIANG, X., SHENG, Z.-K., NGMENTEREBO, D., TAI, C., WANG, M., DENG, Z., RAJAKUMAR,
K. & OU, H.-Y. 2015. Mapping the resistance-associated mobilome of a carbapenem-
resistant Klebsiella pneumoniae strain reveals insights into factors shaping these
regions and facilitates generation of a ‘resistance-disarmed’model organism. Journal
of Antimicrobial Chemotherapy, 70, 2770-2774.

BINDELS, L. B., DELZENNE, N. M., CANI, P. D. & WALTER, J. 2015. Towards a more
comprehensive concept for prebiotics. Nature reviews Gastroenterology &
hepatology, 12, 303.

BISKRI, L., BOUVIER, M., GUEROUT, A.-M., BOISNARD, S. & MAZEL, D. 2005. Comparative
study of class 1 integron and Vibrio cholerae superintegron integrase activities.
Journal of bacteriology, 187, 1740-1750.

BLAHNA, M. T., ZALEWSKI, C. A., REUER, J., KAHLMETER, G., FOXMAN, B. & MARRS, C. F. 2006.
The role of horizontal gene transfer in the spread of trimethoprim—sulfamethoxazole
resistance among uropathogenic Escherichia coli in Europe and Canada. Journal of
Antimicrobial Chemotherapy, 57, 666-672.

BLAIR, J. M., WEBBER, M. A,, BAYLAY, A. J., OGBOLU, D. O. & PIDDOCK, L. J. 2015. Molecular
mechanisms of antibiotic resistance. Nature Reviews Microbiology, 13, 42.

BLAU, K., BETTERMANN, A., JECHALKE, S., FORNEFELD, E., VANROBAEYS, Y., STALDER, T., TOP,
E. M. & SMALLA, K. 2018. The transferable resistome of produce. MBio, 9.

BOGUSLAWSKA-TRYK, M., PIOTROWSKA, A. & BURLIKOWSKA, K. 2012. Dietary fructans and
their potential beneficial influence on health and performance parametrs in broiler
chickens. Journal of Central European Agriculture, 13, 0-0.

BOMBA, A., NEMCOVA, R., GANCARCIKOVA, S., HERICH, R., GUBA, P. & MUDRONOVA, D.
2002. Improvement of the probiotic effect of micro-organisms by their combination
with maltodextrins, fructo-oligosaccharides and polyunsaturated fatty acids. British
Journal of Nutrition, 88, S95-5S99.

BOORE, A. L., HOEKSTRA, R. M., IWAMOTO, M., FIELDS, P. I., BISHOP, R. D. & SWERDLOW, D.
L. 2015. Salmonella enterica infections in the United States and assessment of
coefficients of variation: a novel approach to identify epidemiologic characteristics
of individual serotypes, 1996—-2011. PloS one, 10, e0145416.

290



BORTOLAIA, V., ESPINOSA-GONGORA, C. & GUARDABASSI, L. 2016. Human health risks
associated with antimicrobial-resistant enterococci and Staphylococcus aureus on
poultry meat. Clinical Microbiology and Infection, 22, 130-140.

BOUCHER, H. W., TALBOT, G. H., BRADLEY, J. S., EDWARDS, J. E., GILBERT, D., RICE, L. B.,
SCHELD, M., SPELLBERG, B. & BARTLETT, J. 2009. Bad bugs, no drugs: no ESKAPE! An
update from the Infectious Diseases Society of America. Clinical infectious diseases,
48, 1-12.

BOUVIER, M., DEMARRE, G. & MAZEL, D. 2005. Integron cassette insertion: a recombination
process involving a folded single strand substrate. The EMBO journal, 24, 4356-4367.

BOUVIER, M., DUCOS-GALAND, M., LOOT, C., BIKARD, D. & MAZEL, D. 2009. Structural
features of single-stranded integron cassette attC sites and their role in strand
selection. PLoS genetics, 5, e1000632.

BRAYKOV, N. P., EISENBERG, J. N., GROSSMAN, M., ZHANG, L., VASCO, K., CEVALLOS, W.,
MUNOZ, D., ACEVEDO, A., MOSER, K. A. & MARRS, C. F. 2016. Antibiotic resistance in
animal and environmental samples associated with small-scale poultry farming in
northwestern Ecuador. Msphere, 1, €00021-15.

BROLUND, A., SUNDQVIST, M., KAHLMETER, G. & GRAPE, M. 2010. Molecular
characterisation of trimethoprim resistance in Escherichia coli and Klebsiella
pneumoniae during a two year intervention on trimethoprim use. PLoS One, 5.

BROSZAT, M., NACKE, H., BLASI, R., SIEBE, C., HUEBNER, J., DANIEL, R. & GROHMANN, E. 2014.
Wastewater irrigation increases the abundance of potentially harmful
Gammaproteobacteria in soils in Mezquital Valley, Mexico. Appl. Environ. Microbiol.,
80, 5282-5291.

BROWN, H. J., STOKES, H. & HALL, R. M. 1996. The integrons In0, In2, and In5 are defective
transposon derivatives. Journal of Bacteriology, 178, 4429-4437.

BROWN, N. L., MISRA, T. K., WINNIE, J. N., SCHMIDT, A., SEIFF, M. & SILVER, S. 1986. The
nucleotide sequence of the mercuric resistance operons of plasmid R100 and
transposon Tn501: further evidence for mer genes which enhance the activity of the
mercuric ion detoxification system. Molecular and General Genetics MGG, 202, 143-
151.

BRYSKIER, A. 2005a. Antimicrobial agents: antibacterials and antifungals, ASM press.

BRYSKIER, A. 2005b. Lincosamines. Antimicrobial Agents. American Society of Microbiology.

BUSH, K. 2010. Alarming p-lactamase-mediated resistance in multidrug-resistant
Enterobacteriaceae. Current opinion in microbiology, 13, 558-564.

BYRD, J., DELOACH, J., CORRIER, D., NISBET, D. & STANKER, L. 1999. Evaluation of Salmonella
serotype distributions from commercial broiler hatcheries and grower houses. Avian
Diseases, 39-47.

BYTHWOOD, T., SONI, V., LYONS, K., HURLEY-BACON, A., LEE, M., HOFACRE, C., SANCHEZ, S.
& MAURER, J. 2019. Antimicrobial Resistant Salmonella enterica Typhimurium
Colonizing Chickens: The Impact of Plasmids, Genotype, Bacterial Communities, and
Antibiotic Administration on Resistance. Front. Sustain. Food Syst. 3: 20. doi:
10.3389/fsufs.

CALL, D. R., SINGER, R. S.,, MENG, D., BROSCHAT, S. L., ORFE, L. H.,, ANDERSON, J. M,,
HERNDON, D. R., KAPPMEYER, L. S., DANIELS, J. B. & BESSER, T. E. 2010. blaCMY-2-
positive IncA/C plasmids from Escherichia coli and Salmonella enterica are a distinct
component of a larger lineage of plasmids. Antimicrobial agents and chemotherapy,
54, 590-596.

CALLAWAY, T., DOWD, S., WOLCOTT, R., SUN, Y., MCREYNOLDS, J., EDRINGTON, T., BYRD, J.,
ANDERSON, R., KRUEGER, N. & NISBET, D. 2009. Evaluation of the bacterial diversity
in cecal contents of laying hens fed various molting diets by using bacterial tag-
encoded FLX amplicon pyrosequencing. Poultry science, 88, 298-302.

201



CALLAWAY, T., EDRINGTON, T., ANDERSON, R., BYRD, J. & NISBET, D. 2008. Gastrointestinal
microbial ecology and the safety of our food supply as related to Salmonella. Journal
of Animal Science, 86, E163-E172.

CAMBRAY, G., GUEROUT, A.-M. & MAZEL, D. 2010. Integrons. Annual review of genetics, 44,
141-166.

CAMBRAY, G., SANCHEZ-ALBEROLA, N., CAMPOY, S., GUERIN, E., DARE, S., GONZALEZ-ZORN,
B., PLOY, M.-C., BARBE, J., MAZEL, D. & ERILL, I. 2011. Prevalence of SOS-mediated
control of integron integrase expression as an adaptive trait of chromosomal and
mobile integrons. Mobile DNA, 2, 6.

CAPORASO, J. G., LAUBER, C. L., WALTERS, W. A., BERG-LYONS, D., LOZUPONE, C. A.,
TURNBAUGH, P. J., FIERER, N. & KNIGHT, R. 2011. Global patterns of 16S rRNA
diversity at a depth of millions of sequences per sample. Proceedings of the national
academy of sciences, 108, 4516-4522.

CARATTOLI, A. 2003. Plasmid-mediated antimicrobial resistance in Salmonella enterica.
Current issues in molecular biology, 5, 113-122.

CARATTOLI, A. 2009. Resistance plasmid families in Enterobacteriaceae. Antimicrobial agents
and chemotherapy, 53, 2227-2238.

CARATTOLI, A. 2013. Plasmids and the spread of resistance. International Journal of Medical
Microbiology, 303, 298-304.

CARD, R. M., CAWTHRAW, S. A., NUNEZ-GARCIA, J., ELLIS, R. J., KAY, G., PALLEN, M. J.,
WOODWARD, M. J. & ANJUM, M. F. 2017. An In Vitro Chicken Gut Model
Demonstrates Transfer of a Multidrug Resistance Plasmid from Salmonella to
Commensal Escherichia coli. mBio, 8, e00777-17.

CASEWELL, M., FRIIS, C., MARCO, E., MCMULLIN, P. & PHILLIPS, I. 2003. The European ban on
growth-promoting antibiotics and emerging consequences for human and animal
health. Journal of antimicrobial chemotherapy, 52, 159-161.

CASTANON, J. 2007. History of the use of antibiotic as growth promoters in European poultry
feeds. Poultry science, 86, 2466-2471.

CELLI, J. & TRIEU-CUQT, P. 1998. Circularization of Tn916 is required for expression of the
transposon-encoded transfer functions: characterization of long tetracycline-
inducible transcripts reading through the attachment site. Molecular microbiology,
28,103-117.

CHAMBERS, J. & LU, X. 2002. Probiotics and maternal vaccination for Salmonella control in
broiler chickens. Journal of applied poultry research, 11, 320-327.

CHAMBERS, S. P., PRIOR, S. E., BARSTOW, D. A. & MINTON, N. P. 1988. The pMTL nic- cloning
vectors. |. Improved pUC polylinker regions to facilitate the use of sonicated DNA for
nucleotide sequencing. Gene, 68, 139-149.

CHANDRASEKARAN, M. 2012. DAIRY BY-PRODUCTS: WASTES OR RESOURCES?—THE
SHIFTING PERCEPTION AFTER VALORIZATION SUR AJ IT MA NDA L, MONICA PU NI
YA, KPS SA NGU, SU M IT SINGH DAGA R, RA MESH WA R SINGH, A ND A NIL KU MAR
PU NI YA. Valorization of Food Processing By-Products. CRC Press.

CHE, J., LU, J. X,, LI, W. G., ZHANG, Y. F., ZHAO, X. F., MIN, Y., BAI, X. M., XIA, C. & JUAN, L.
2019. A New High-throughput Real-time PCR Assay for the Screening of Multiple
Antimicrobial Resistance Genes in Broiler Fecal Samples from China. Biomedical and
Environmental Sciences, 32, 881-892.

CHEE, S. H., I, P., CHOCT, M., MIKKELSEN, L. L. & KOCHER, A. 2010a. Characterisation and
response of intestinal microflora and mucins to manno-oligosaccharide and
antibiotic supplementation in broiler chickens. British poultry science, 51, 368-380.

CHEE, S. H., UJI, P., CHOCT, M., MIKKELSEN, L. L. & KOCHER, A. 2010b. Functional interactions
of manno-oligosaccharides with dietary threonine in chicken gastrointestinal tract. I.
Growth performance and mucin dynamics. British poultry science, 51, 658-666.

292



CHEN, S. 2004. Characterization and molecular mechanisms of antimicrobial resistance in
foodborne pathogens.

CHEN, W., ZHANG, C. K., CHENG, Y., ZHANG, S. & ZHAO, H. 2013. A comparison of methods
for clustering 16S rRNA sequences into OTUs. PloS one, 8.

CHEN, Z. & JIANG, X. 2014. Microbiological safety of chicken litter or chicken litter-based
organic fertilizers: a review. Agriculture, 4, 1-29.

CHOI, K. Y., LEE, T. K. & SUL, W. J. 2015. Metagenomic analysis of chicken gut microbiota for
improving metabolism and health of chickens—a review. Asian-Australasian journal
of animal sciences, 28, 1217.

CHOI, S.-W., HA, J.-S., KIM, B.-Y., LEE, D.-H., PARK, J.-K., YOUN, H.-N., HONG, Y.-H., LEE, S.-B.,
LEE, J.-B. & PARK, S.-Y. 2014. Prevalence and characterization of Salmonella species
in entire steps of a single integrated broiler supply chain in Korea. Poultry science,
93, 1251-1257.

CLAVERYS, J.-P., PRUDHOMME, M. & MARTIN, B. 2006. Induction of competence regulons as
a general response to stress in gram-positive bacteria. Annual review of
microbiology, 60.

COBURN, B., GRASSL, G. A. & FINLAY, B. 2007. Salmonella, the host and disease: a brief
review. Immunology and cell biology, 85, 112-118.

COCCHI, S., GRASSELLI, E., GUTACKER, M., BENAGLI, C., CONVERT, M. & PIFFARETTI, J.-C.
2007. Distribution and characterization of integrons in Escherichia coli strains of
animal and human origin. FEMS Immunology & Medical Microbiology, 50, 126-132.

COLLARD, J.-M., PLACE, S., DENIS, O., RODRIGUEZ-VILLALOBOS, H., VRINTS, M., WEILL, F.-X.,
BAUCHERON, S., CLOECKAERT, A., STRUELENS, M. & BERTRAND, S. 2007. Travel-
acquired salmonellosis due to Salmonella Kentucky resistant to ciprofloxacin,
ceftriaxone and co-trimoxazole and associated with treatment failure. Journal of
antimicrobial chemotherapy, 60, 190-192.

COLLIS, C. M. & HALL, R. M. 1995. Expression of antibiotic resistance genes in the integrated
cassettes of integrons. Antimicrobial agents and chemotherapy, 39, 155-162.

COLLIS, C. M., KIM, M.-J., PARTRIDGE, S. R., STOKES, H. & HALL, R. M. 2002. Characterization
of the class 3 integron and the site-specific recombination system it determines.
Journal of bacteriology, 184, 3017-3026.

CONNERTON, P. L., RICHARDS, P. J., LAFONTAINE, G. M., O’'KANE, P. M., GHAFFAR, N.,
CUMMINGS, N. J., SMITH, D. L., FISH, N. M. & CONNERTON, I. F. 2018. The effect of
the timing of exposure to Campylobacter jejuni on the gut microbiome and
inflammatory responses of broiler chickens. Microbiome, 6, 88.

CONTROL, C. F. D. & PREVENTION 2000. Outbreaks of Salmonella serotype enteritidis
infection associated with eating raw or undercooked shell eggs--United States, 1996-
1998. MMWR. Morbidity and mortality weekly report, 49, 73.

CORDEROQ, O. X., WILDSCHUTTE, H., KIRKUP, B., PROEHL, S., NGO, L., HUSSAIN, F., LE ROUX,
F., MINCER, T. & POLZ, M. F. 2012. Ecological populations of bacteria act as socially
cohesive units of antibiotic production and resistance. Science, 337, 1228-1231.

COX, N., RICHARDSON, L., MAURER, J., BERRANG, M., FEDORKA-CRAY, P., BUHR, R., BYRD, J.,
LEE, M., HOFACRE, C. & O'KANE, P. 2012. Evidence for horizontal and vertical
transmission in Campylobacter passage from hen to her progeny. Journal of food
protection, 75, 1896-1902.

CRESSMAN, M. D., YU, Z., NELSON, M. C., MOELLER, S. J., LILBURN, M. S. & ZERBY, H. N. 2010.
Interrelations between the microbiotas in the litter and in the intestines of
commercial broiler chickens. Appl. Environ. Microbiol., 76, 6572-6582.

CROWLEY, D., CRYAN, B. & LUCEY, B. 2008. First detection of a class 2 integron among clinical
isolates of Serratia marcescens. British journal of biomedical science, 65, 86-89.

CUMMINGS, J. & MACFARLANE, G. 2002. Gastrointestinal effects of prebiotics. British Journal
of Nutrition, 87, S145-S151.

293



CURY, J., JOVE, T., TOUCHON, M., NERON, B. & ROCHA, E. P. 2016. Identification and analysis
of integrons and cassette arrays in bacterial genomes. Nucleic acids research, 44,
4539-4550.

D'COSTA, V. M., MCGRANN, K. M., HUGHES, D. W. & WRIGHT, G. D. 2006. Sampling the
antibiotic resistome. Science, 311, 374-377.

D’COSTA, V. M., KING, C. E., KALAN, L., MORAR, M., SUNG, W. W., SCHWARZ, C., FROESE, D.,
ZAZULA, G., CALMELS, F. & DEBRUYNE, R. 2011. Antibiotic resistance is ancient.
Nature, 477, 457.

DANZEISEN, J. L., KIM, H. B., ISAACSON, R. E., TU, Z. J. & JOHNSON, T. J. 2011. Modulations of
the chicken cecal microbiome and metagenome in response to anticoccidial and
growth promoter treatment. PloS one, 6.

DAS, B. & PATRA, S. 2017. Antimicrobials: Meeting the challenges of antibiotic resistance
through nanotechnology. Nanostructures for antimicrobial therapy. Elsevier.
DAVIES, J. & DAVIES, D. 2010. Origins and evolution of antibiotic resistance. Microbiol. Mol.

Biol. Rev., 74, 417-433.

DAVIES, R. & WRAY, C. 1996. Studies of contamination of three broiler breeder houses with
Salmonella enteritidis before and after cleansing and disinfection. Avian Diseases,
626-633.

DAVILA, A.-M., BLACHIER, F., GOTTELAND, M., ANDRIAMIHAJA, M., BENETTI, P.-H., SANZ, Y.
& TOME, D. 2013. Re-print of “Intestinal luminal nitrogen metabolism: Role of the
gut microbiota and consequences for the host”. Pharmacological Research, 69, 114-
126.

DAVIS, B. D. 1987. Mechanism of bactericidal action of aminoglycosides. Microbiological
reviews, 51, 341.

DAVIS, B. D., CHEN, L. & TAI, P. C. 1986. Misread protein creates membrane channels: an
essential step in the bactericidal action of aminoglycosides. Proceedings of the
National Academy of Sciences, 83, 6164-6168.

DE LA CRUZ, F. & DAVIES, J. 2000. Horizontal gene transfer and the origin of species: lessons
from bacteria. Trends in microbiology, 8, 128-133.

DE LA FUENTE-NUNEZ, C. & HANCOCK, R. E. 2015. Using anti-biofilm peptides to treat
antibiotic-resistant bacterial infections. Postdoc journal: a journal of postdoctoral
research and postdoctoral affairs, 3, 1.

DENG, Y., BAO, X., JI, L., CHEN, L., LIU, J., MIAO, J., CHEN, D., BIAN, H., LI, Y. & YU, G. 2015.
Resistance integrons: class 1, 2 and 3 integrons. Annals of clinical microbiology and
antimicrobials, 14, 45.

DIARRA, M. S., SILVERSIDES, F. G., DIARRASSOUBA, F., PRITCHARD, J., MASSON, L.,
BROUSSEAU, R., BONNET, C., DELAQUIS, P., BACH, S. & SKURA, B. J. 2007. Impact of
feed supplementation with antimicrobial agents on growth performance of broiler
chickens, Clostridium perfringens and Enterococcus counts, and antibiotic resistance
phenotypes and distribution of antimicrobial resistance determinants in Escherichia
coli isolates. Applied and environmental microbiology, 73, 6566-6576.

DIBNER, J. & RICHARDS, J. 2005. Antibiotic growth promoters in agriculture: history and mode
of action. Poultry science, 84, 634-643.

DIONISIO, F., MATIC, I., RADMAN, M., RODRIGUES, O. R. & TADDEI, F. 2002. Plasmids spread
very fast in heterogeneous bacterial communities. Genetics, 162, 1525-1532.
DOMINGUES, S., DA SILVA, G. J. & NIELSEN, K. M. 2012. Integrons: vehicles and pathways for

horizontal dissemination in bacteria. Mobile genetic elements, 2, 211-223.

DOUBLET, B., CARATTOLI, A., WHICHARD, J. M., WHITE, D. G., BAUCHERON, S., CHASLUS-
DANCLA, E. & CLOECKAERT, A. 2004. Plasmid-mediated florfenicol and ceftriaxone
resistance encoded by the floR and bla CMY-2 genes in Salmonella enterica serovars
Typhimurium and Newport isolated in the United States. FEMS microbiology letters,
233, 301-305.

294



DUBOIS, V., PARIZANO, M.-P., ARPIN, C., COULANGE, L., BEZIAN, M.-C. & QUENTIN, C. 2007.
High genetic stability of integrons in clinical isolates of Shigella spp. of worldwide
origin. Antimicrobial agents and chemotherapy, 51, 1333-1340.

DUNKLEY, K., CALLAWAY, T., CHALOVA, V., MCREYNOLDS, J., HUME, M., DUNKLEY, C,,
KUBENA, L., NISBET, D. & RICKE, S. 2009. Foodborne Salmonella ecology in the avian
gastrointestinal tract. Anaerobe, 15, 26-35.

DUONG, V. T., TUYEN, H. T., VAN MINH, P., CAMPBELL, J. I, PHUC, H. L., NHU, T. D. H,, TU, L.
T.P.,CHAU, T.T. H., NHI, L. T. Q. & HUNG, N. T. 2018. No clinical benefit of empirical
antimicrobial therapy for pediatric diarrhea in a high-usage, high-resistance setting.
Clinical Infectious Diseases, 66, 504-511.

DURANT, J., LOWRY, V., NISBET, D., STANKER, L., CORRIER, D. & RICKE, S. 2000a. Late
logarithmic Salmonella Typhimurium HEp-2 cell association and invasion response to
short-chain fatty acid addition. Journal of food safety, 20, 1-11.

DURANT, J. A., CORRIER, D. E. & RICKE, S. C. 2000b. Short-chain volatile fatty acids modulate
the expression of the hilA and invF genes of Salmonella typhimurium. Journal of food
protection, 63, 573-578.

DURSO, L. M., HARHAY, G. P., BONO, J. L. & SMITH, T. P. 2011. Virulence-associated and
antibiotic resistance genes of microbial populations in cattle feces analyzed using a
metagenomic approach. Journal of microbiological methods, 84, 278-282.

EBNER, P., GARNER, K. & MATHEW, A. 2004. Class 1 integrons in various Salmonella enterica
serovars isolated from animals and identification of genomic island SGI1 in
Salmonella enterica var. Meleagridis. Journal of Antimicrobial Chemotherapy, 53,
1004-1009.

ECDC 2015. Summary of the Latest Data on Antibiotic Consumption in the European Union.
ESAC-Net Surveillance Data. ECDC Stockholm, Sweden.

EFSA 2010. European Food Safety Authority. Analysis of the baseline survey on the
prevalence of Campylobacter in broiler batches and of Campylobacter and
Salmonella on broiler carcasses, in the EU, 2008-Part B: Analysis of factors associated
with Campylobacter colonisation of broiler batches and with Campylobacter
contamination of broiler carcasses; and investigation of the culture method
diagnostic characteristics used to analyse broiler carcass samples. EFSA journal, 8,
1522.

EIKMEYER, F., HADIATI, A., SZCZEPANOWSKI, R., WIBBERG, D., SCHNEIKER-BEKEL, S., ROGERS,
L. M., BROWN, C. J., TOP, E. M., PUHLER, A. & SCHLUTER, A. 2012. The complete
genome sequences of four new IncN plasmids from wastewater treatment plant
effluent provide new insights into IncN plasmid diversity and evolution. Plasmid, 68,
13-24.

ELIOPOULOS, G. M. & HUOVINEN, P. 2001. Resistance to trimethoprim-sulfamethoxazole.
Clinical infectious diseases, 32, 1608-1614.

EMAMI, N. K., SAMIE, A., RAHMANI, H. & RUIZ-FERIA, C. 2012. The effect of peppermint
essential oil and fructooligosaccharides, as alternatives to virginiamycin, on growth
performance, digestibility, gut morphology and immune response of male broilers.
Animal Feed Science and Technology, 175, 57-64.

ENANY, M. E., ALGAMMAL, A. M., NASEF, S. A., ABO-EILLIL, S. A,, BIN-JUMAH, M., TAHA, A. E.
& ALLAM, A. A. 2019. The occurrence of the multidrug resistance (MDR) and the
prevalence of virulence genes and QACs resistance genes in E. coli isolated from
environmental and avian sources. AMB Express, 9, 192.

ERDOGAN, Z., ERDOGAN, S., ASLANTAS, O. & CELIK, S. 2010. Effects of dietary
supplementation of synbiotics and phytobiotics on performance, caecal coliform
population and some oxidant/antioxidant parameters of broilers. Journal of Animal
Physiology and Animal Nutrition, 94, e40-e48.

295



ESCUDERO, J. A., LOOT, C. & MAZEL, D. 2018. Integrons as Adaptive Devices. In:
RAMPELOTTO, P. H. (ed.) Molecular Mechanisms of Microbial Evolution. Cham:
Springer International Publishing.

ESCUDERO, J. A, LOOT, C.,, NIVINA, A. & MAZEL, D. 2015. The integron: adaptation on
demand. Mobile DNA Ill. American Society of Microbiology.

FAIRCHILD, A., SMITH, J., IDRIS, U., LU, J., SANCHEZ, S., PURVIS, L., HOFACRE, C. & LEE, M.
2005. Effects of orally administered tetracycline on the intestinal community
structure of chickens and on tet determinant carriage by commensal bacteria and
Campylobacter jejuni. Appl. Environ. Microbiol., 71, 5865-5872.

FANELLI, M., SADLER, W., FRANTI, C. & BROWNELL, J. 1971. Localization of Salmonellae within
the intestinal tract of chickens. Avian diseases, 366-375.

FAO 2017. Food and Agriculture Organization of the United Nations FAOSTAT: Live Animals
Data. Available from: http://www.fao.org/faostat/en.

FAURE, S., PERRIN-GUYOMARD, A., DELMAS, J., CHATRE, P. & LAURENTIE, M. 2010. Transfer
of plasmid-mediated CTX-M-9 from Salmonella enterica serotype Virchow to
Enterobacteriaceae in human flora-associated rats treated with cefixime.
Antimicrobial agents and chemotherapy, 54, 164-169.

FERNANDEZ, F., HINTON, M. & GILS, B. V. 2002. Dietary mannan-oligosaccharides and their
effect on chicken caecal microflora in relation to Salmonella Enteritidis colonization.
Avian Pathology, 31, 49-58.

FERNANDEZ, L., BREIDENSTEIN, E. B. & HANCOCK, R. E. 2011. Creeping baselines and adaptive
resistance to antibiotics. Drug Resistance Updates, 14, 1-21.

FERNANDEZ, L. & HANCOCK, R. E. 2012. Adaptive and mutational resistance: role of porins
and efflux pumps in drug resistance. Clinical microbiology reviews, 25, 661-681.

FINLEY, R. L., COLLIGNON, P., LARSSON, D. J., MCEWEN, S. A., LI, X.-Z., GAZE, W. H., REID-
SMITH, R., TIMINOUNI, M., GRAHAM, D. W. & TOPP, E. 2013. The scourge of
antibiotic resistance: the important role of the environment. Clinical Infectious
Diseases, 57, 704-710.

FISCHER, C. & KLEINSCHMIDT, T. 2018. Synthesis of galactooligosaccharides in milk and whey:
a review. Comprehensive Reviews in Food Science and Food Safety, 17, 678-697.

FLINT, H. J., LEITCH, E., DUNCAN, S. H., WALKER, A. W., PATTERSON, A. J., RINCON, M. T,,
SCOTT, K. P. & LOUIS, P. 2006. Molecular approaches to the analysis of
gastrointestinal microbial ecosystems, CAB Int. Washington DC.

FLUIT, A. & SCHMITZ, F.-). 2004. Resistance integrons and super-integrons. Clinical
Microbiology and Infection, 10, 272-288.

FONSECA, B., BELETTI, M., MELO, R., MENDONCA, E., VIEIRA, C., LEVENHAGEN, M. & ROSSI,
D. 2011. Transfer, viability and colonisation of Campylobacter jejuni in the chicken
vitellus and in embryos. British poultry science, 52, 279-286.

FORSBERG, K. J., REYES, A., WANG, B., SELLECK, E. M., SOMMER, M. O. & DANTAS, G. 2012.
The shared antibiotic resistome of soil bacteria and human pathogens. science, 337,
1107-1111.

FUKATA, T., SASAI, K., MIYAMOTO, T. & BABA, E. 1999. Inhibitory effects of competitive
exclusion and fructooligosaccharide, singly and in combination, on Salmonella
colonization of chicks. Journal of food Protection, 62, 229-233.

GAOQ, P.,, MA, C, SUN, Z., WANG, L., HUANG, S., SU, X., XU, J. & ZHANG, H. 2017. Feed-additive
probiotics accelerate yet antibiotics delay intestinal microbiota maturation in broiler
chicken. Microbiome, 5, 1-14.

GARCIA-QUINTANILLA, M., RAMOS-MORALES, F. & CASADESUS, J. 2008. Conjugal transfer of
the Salmonella enterica virulence plasmid in the mouse intestine. Journal of
bacteriology, 190, 1922-1927.

296


http://www.fao.org/faostat/en

GARCILLAN-BARCIA, M. P., ALVARADO, A. & DE LA CRUZ, F. 2011. Identification of bacterial
plasmids based on mobility and plasmid population biology. FEMS microbiology
reviews, 35, 936-956.

GARNEAU-TSODIKOVA, S. & LABBY, K. J. 2016. Mechanisms of resistance to aminoglycoside
antibiotics: overview and perspectives. MedChemComm, 7, 11-27.

GAST, R. K. & BEARD, C. 1989. Age-related changes in the persistence and pathogenicity of
Salmonella typhimurium in chicks. Poultry Science, 68, 1454-1460.

GAZE, W., ABDOUSLAM, N., HAWKEY, P. & WELLINGTON, E. 2005. Incidence of class 1
integrons in a quaternary ammonium compound-polluted environment.
Antimicrobial agents and chemotherapy, 49, 1802-1807.

GAZE, W. H., ZHANG, L., ABDOUSLAM, N. A., HAWKEY, P. M., CALVO-BADO, L., ROYLE, J.,
BROWN, H., DAVIS, S., KAY, P. & BOXALL, A. B. 2011. Impacts of anthropogenic
activity on the ecology of class 1 integrons and integron-associated genes in the
environment. The ISME journal, 5, 1253-1261.

GEIGER, B., NGUYEN, H.-M., WENIG, S., NGUYEN, H. A., LORENZ, C., KITTL, R., MATHIESEN,
G., EISINK, V. G., HALTRICH, D. & NGUYEN, T.-H. 2016. From by-product to valuable
components: Efficient enzymatic conversion of lactose in whey using B-galactosidase
from Streptococcus thermophilus. Biochemical engineering journal, 116, 45-53.

GHALY, T. M., CHOW, L., ASHER, A. J., WALDRON, L. S. & GILLINGS, M. R. 2017. Evolution of
class 1 integrons: Mobilization and dispersal via food-borne bacteria. PloS one, 12,
e0179169.

GHALY, T. M., GEOGHEGAN, J. L., TETU, S. G. & GILLINGS, M. R. 2020. The Peril and Promise
of Integrons: Beyond Antibiotic Resistance. Trends in Microbiology.

GIBSON, G. R., HUTKINS, R. W., SANDERS, M. E., PRESCOTT, S. L., REIMER, R. A., SALMINEN,
S. J., SCOTT, K., STANTON, C., SWANSON, K. S. & CANI, P. D. 2017. The International
Scientific Association for Probiotics and Prebiotics (ISAPP) consensus statement on
the definition and scope of prebiotics.

GILBERT, P. & MCBAIN, A. J. 2003. Potential impact of increased use of biocides in consumer
products on prevalence of antibiotic resistance. Clinical microbiology reviews, 16,
189-208.

GILLINGS, M., BOUCHER, Y., LABBATE, M., HOLMES, A., KRISHNAN, S., HOLLEY, M. & STOKES,
H. W. 2008a. The evolution of class 1 integrons and the rise of antibiotic resistance.
Journal of bacteriology, 190, 5095-5100.

GILLINGS, M. R. 2014. Integrons: past, present, and future. Microbiology and Molecular
Biology Reviews, 78, 257-277.

GILLINGS, M. R. 2017. Class 1 integrons as invasive species. Current opinion in microbiology,
38, 10-15.

GILLINGS, M. R. 2018. DNA as a pollutant: the clinical class 1 integron. Current Pollution
Reports, 4, 49-55.

GILLINGS, M. R., GAZE, W. H., PRUDEN, A., SMALLA, K., TIEDJE, J. M. & ZHU, Y.-G. 2015. Using
the class 1 integron-integrase gene as a proxy for anthropogenic pollution. The ISME
journal, 9, 1269-1279.

GILLINGS, M. R., KRISHNAN, S., WORDEN, P. J. & HARDWICK, S. A. 2008b. Recovery of diverse
genes for class 1 integron-integrases from environmental DNA samples. FEMS
microbiology letters, 287, 56-62.

GILLINGS, M. R., LABBATE, M., SAJJAD, A., GIGUERE, N. J., HOLLEY, M. P. & STOKES, H. 2009.
Mobilization of a Tn402-like class 1 integron with a novel cassette array via flanking
miniature inverted-repeat transposable element-like structures. Appl. Environ.
Microbiol., 75, 6002-6004.

GOLDSTEIN, C., LEE, M. D., SANCHEZ, S., HUDSON, C., PHILLIPS, B., REGISTER, B., GRADY, M.,
LIEBERT, C., SUMMERS, A. O. & WHITE, D. G. 2001. Incidence of class 1 and 2

297



integrases in clinical and commensal bacteria from livestock, companion animals,
and exotics. Antimicrobial agents and chemotherapy, 45, 723-726.

GONG, J., SI, W., FORSTER, R. J.,, HUANG, R., YU, H., YIN, Y., YANG, C. & HAN, Y. 2007. 16S
rRNA gene-based analysis of mucosa-associated bacterial community and phylogeny
in the chicken gastrointestinal tracts: from crops to ceca. FEMS microbiology ecology,
59, 147-157.

GONG, J., YU, H,, LIU, T., GILL, J., CHAMBERS, J., WHEATCROFT, R. & SABOUR, P. 2008. Effects
of zinc bacitracin, bird age and access to range on bacterial microbiota in the ileum
and caeca of broiler chickens. Journal of Applied Microbiology, 104, 1372-1382.

GOV.UK 2020. Kingdom Poultry and Poultry Meat Statistics — March 2020. Available at:
https://www.gov.uk/government/statistics/poultry-and-poultry-meat-statistics.

GRAPE, M., FARRA, A., KRONVALL, G. & SUNDSTROM, L. 2005. Integrons and gene cassettes
in clinical isolates of co-trimoxazole-resistant Gram-negative bacteria. Clinical
microbiology and infection, 11, 185-192.

GREENWOOD, D. 2010. Lincosamides. Antibiotic and Chemotherapy. Elsevier.

GUARDIA, S., KONSAK, B., COMBES, S., LEVENEZ, F., CAUQUIL, L., GUILLOT, J.-F., MOREAU-
VAUZELLE, C., LESSIRE, M., JUIN, H. & GABRIEL, I. 2011. Effects of stocking density on
the growth performance and digestive microbiota of broiler chickens. Poultry
Science, 90, 1878-1889.

GUERIN, E., CAMBRAY, G., SANCHEZ-ALBEROLA, N., CAMPOY, S., ERILL, I, DA RE, S.,
GONZALEZ-ZORN, B., BARBE, J., PLOY, M.-C. & MAZEL, D. 2009. The SOS response
controls integron recombination. Science, 324, 1034-1034.

GUERIN, E., JOVE, T., TABESSE, A., MAZEL, D. & PLOY, M.-C. 2011. High-level gene cassette
transcription prevents integrase expression in class 1 integrons. Journal of
bacteriology, 193, 5675-5682.

GUTHRIE, R. K. 1992. Salmonella. Boca Raton: CRC
Press, https://doi.org/10.1201/9781351076524.

HALL, T. A. BioEdit: a user-friendly biological sequence alighment editor and analysis program
for Windows 95/98/NT.  Nucleic acids symposium series, 1999. [London]:
Information Retrieval Ltd., c1979-c2000., 95-98.

HAMMERUM, A. M., LESTER, C. H. & HEUER, O. E. 2010. Antimicrobial-resistant Enterococci
in animals and meat: a human health hazard? Foodborne Pathogens and Disease, 7,
1137-1146.

HANSSON, K., SKOLD, O. & SUNDSTROM, L. 1997. Non-palindromic attl sites of integrons are
capable of site-specific recombination with one another and with secondary targets.
Molecular microbiology, 26, 441-453.

HARGIS, B., CALDWELL, D., BREWER, R., CORRIER, D. & DELOACH, J. 1995. Evaluation of the
chicken crop as a source of Salmonella contamination for broiler carcasses. Poultry
Science, 74, 1548-1552.

HAVELAAR, A. H., KIRK, M. D., TORGERSON, P. R., GIBB, H. J., HALD, T., LAKE, R. J., PRAET, N.,
BELLINGER, D. C., DE SILVA, N. R. & GARGOURI, N. 2015. World Health Organization
global estimates and regional comparisons of the burden of foodborne disease in
2010. PLoS medicine, 12, e1001923.

HE, G., TIAN, W., QIAN, N., CHENG, A. & DENG, S. 2010. Quantitative studies of the
distribution pattern for Salmonella Enteritidis in the internal organs of chicken after
oral challenge by a real-time PCR. Veterinary research communications, 34, 669-676.

HEGDE, N. V., KARIYAWASAM, S. & DEBRQY, C. 2016. Comparison of antimicrobial resistant
genes in chicken gut microbiome grown on organic and conventional diet. Veterinary
and Animal Science, 1, 9-14.

HEIR, E., LINDSTEDT, B.-A., LEEGAARD, T. M., GJERNES, E. & KAPPERUD, G. 2004. Prevalence
and characterization of integrons in blood culture Enterobacteriaceae and
gastrointestinal Escherichia coli in Norway and reporting of a novel class 1 integron-

298


https://www.gov.uk/government/statistics/poultry-and-poultry-meat-statistics
https://doi.org/10.1201/9781351076524

located lincosamide resistance gene. Annals of clinical microbiology and
antimicrobials, 3, 12.

HENDRICKX, A. P., LANDMAN, F., DE HAAN, A., BORST, D., WITTEVEEN, S., VAN SANTEN-
VERHEUVEL, M. G., VAN DER HEIDE, H. G. & SCHOULS, L. M. 2020. Plasmid diversity
among genetically related Klebsiella pneumoniae blaKPC-2 and blaKPC-3 isolates
collected in the Dutch national surveillance. bioRxiv.

HERES, L., WAGENAAR, J. A., VAN KNAPEN, F. & URLINGS, B. A. 2003. Passage of Salmonella
through the crop and gizzard of broiler chickens fed with fermented liquid feed.
Avian Pathology, 32, 173-181.

HIETT, K., COX, N. & ROTHROCK JR, M. 2013. Polymerase chain reaction detection of naturally
occurring Campylobacter in commercial broiler chicken embryos. Poultry science, 92,
1134-1137.

HIGGINS, S., ERF, G., HIGGINS, J., HENDERSON, S., WOLFENDEN, A., GAONA-RAMIREZ, G. &
HARGIS, B. 2007. Effect of probiotic treatment in broiler chicks on intestinal
macrophage numbers and phagocytosis of Salmonella enteritidis by abdominal
exudate cells. Poultry Science, 86, 2315-2321.

HIGUCHI, R., FOCKLER, C., DOLLINGER, G. & WATSON, R. 1993. Kinetic PCR analysis: real-time
monitoring of DNA amplification reactions. Bio/technology, 11, 1026.

HOLAH, J., TAYLOR, J., DAWSON, D. & HALL, K. 2002. Biocide use in the food industry and the
disinfectant resistance of persistent strains of Listeria monocytogenes and
Escherichia coli. Journal of applied microbiology, 92, 1115-120S.

HOLMES, A. J., HOLLEY, M. P., MAHON, A., NIELD, B., GILLINGS, M. & STOKES, H. 2003.
Recombination activity of a distinctive integron-gene cassette system associated
with Pseudomonas stutzeri populations in soil. Journal of bacteriology, 185, 918-928.

HOLZAPFEL, W. H. & SCHILLINGER, U. 2002. Introduction to pre-and probiotics. Food
Research International, 35, 109-116.

HOOPER, D. C. 2000. Mechanisms of action and resistance of older and newer
fluoroquinolones. Clinical Infectious Diseases, 31, S24-S28.

HOOPER, D. C. & JACOBY, G. A. 2015. Mechanisms of drug resistance: quinolone resistance.
Annals of the New York academy of sciences, 1354, 12.

HOOPER, L. V., WONG, M. H., THELIN, A., HANSSON, L., FALK, P. G. & GORDON, J. I. 2001.
Molecular analysis of commensal host-microbial relationships in the intestine.
Science, 291, 881-884.

HOOTON, S. P., TIMMS, A. R., CUMMINGS, N. J., MORETON, J., WILSON, R. & CONNERTON, I.
F. 2014. The complete plasmid sequences of Salmonella enterica serovar
Typhimurium U288. Plasmid, 76, 32-39.

HU, H.-H., CHIOU, C. C., CHENG, M.-F., CHEN, Y.-S., SHEU, S.-K., WU, T.-C. & HUANG, I.-F.
2014. The clinical outcomes of antimicrobial therapy in pediatric patients with
nontyphoid salmonellosis with different levels of severity. Clinical pediatrics, 53, 967-
974.

HU, Y., GAO, G. F. & ZHU, B. 2017. The antibiotic resistome: gene flow in environments,
animals and human beings. Frontiers of medicine, 11, 161-168.

HUANG, D., LI, D., XING, J.,, MA, Y., LI, Z. & LV, S. 2006. Effects of feed particle size and feed
form on survival of Salmonella typhimurium in the alimentary tract and cecal S.
typhimurium reduction in growing broilers. Poultry Science, 85, 831-836.

HUGERTH, L. W., WEFER, H. A., LUNDIN, S., JAKOBSSON, H. E., LINDBERG, M., RODIN, S.,
ENGSTRAND, L. & ANDERSSON, A. F. 2014. DegePrime, a program for degenerate
primer design for broad-taxonomic-range PCR in microbial ecology studies. Appl.
Environ. Microbiol., 80, 5116-5123.

HUGHES, R.-A,, ALIl, R. A.,, MENDOZA, M. A., HASSAN, H. M. & KOCI, M. D. 2017. impact of
Dietary galacto-Oligosaccharide (GOS) on chicken’s gut Microbiota, Mucosal gene
expression, and Salmonella colonization. Frontiers in veterinary science, 4, 192.

299



HUME, M., KUBENA, L., EDRINGTON, T., DONSKEY, C., MOORE, R., RICKE, S. & NISBET, D.
2003. Poultry digestive microflora biodiversity as indicated by denaturing gradient
gel electrophoresis. Poultry science, 82, 1100-1107.

HUTCHISON, M., WALTERS, L., MOORE, A., CROOKES, K. & AVERY, S. 2004. Effect of length of
time before incorporation on survival of pathogenic bacteria present in livestock
wastes applied to agricultural soil. Applied and environmental microbiology, 70,
5111-5118.

HUTKINS, R. W., KRUMBECK, J. A., BINDELS, L. B., CANI, P. D., FAHEY JR, G., GOH, Y. J,,
HAMAKER, B., MARTENS, E. C., MILLS, D. A. & RASTAL, R. A. 2016. Prebiotics: why
definitions matter. Current opinion in biotechnology, 37, 1-7.

IJAZ, U. Z., SIVALOGANATHAN, L., MCKENNA, A., RICHMOND, A., KELLY, C., LINTON, M.,
STRATAKOS, A. C., LAVERY, U., ELMI, A. & WREN, B. W. 2018. Comprehensive
longitudinal microbiome analysis of the chicken cecum reveals a shift from
competitive to environmental drivers and a window of opportunity for
Campylobacter. Frontiers in microbiology, 9, 2452.

ILLUMINA, 1. 2015. An introduction to next-generation sequencing technology.

ISHIHARA, K., TAKAHASHI, T., MORIOKA, A., KOJIMA, A., KUIMA, M., ASAI, T. & TAMURA, Y.
2009. National surveillance of Salmonella enterica in food-producing animals in
Japan. Acta Veterinaria Scandinavica, 51, 35.

IWAMOTO, M., REYNOLDS, J., KARP, B. E., TATE, H., FEDORKA-CRAY, P. J., PLUMBLEE, J. R.,
HOEKSTRA, R. M., WHICHARD, J. M. & MAHON, B. E. 2017. Ceftriaxone-resistant
nontyphoidal Salmonella from humans, retail meats, and food animals in the United
States, 1996—2013. Foodborne pathogens and disease, 14, 74-83.

JACOBY, G. A. 2005. Mechanisms of resistance to quinolones. Clinical Infectious Diseases, 41,
$120-S126.

JANARDHANA, V., BROADWAY, M. M., BRUCE, M. P., LOWENTHAL, J. W., GEIER, M. S,,
HUGHES, R. J. & BEAN, A. G. 2009. Prebiotics modulate immune responses in the gut-
associated lymphoid tissue of chickens. The Journal of nutrition, 139, 1404-1409.

JECHALKE, S., SCHREITER, S., WOLTERS, B., DEALTRY, S., HEUER, H. & SMALLA, K. 2014.
Widespread dissemination of class 1 integron components in soils and related
ecosystems as revealed by cultivation-independent analysis. Frontiers in
microbiology, 4, 420.

JEURISSEN, S., LEWIS, F., MROZ, Z. & REBEL, J. 2002. Parameters and techniques to determine
intestinal health of poultry as constituted by immunity, integrity, and functionality.
Current Issues in Intestinal Microbiology, 3, 1-14.

JIANG, X., ELLABAAN, M. M. H., CHARUSANTI, P., MUNCK, C., BLIN, K., TONG, Y., WEBER, T.,
SOMMER, M. O. & LEE, S. Y. 2017. Dissemination of antibiotic resistance genes from
antibiotic producers to pathogens. Nature communications, 8, 15784.

JOHNSON, J. R., DELAVARI, P., O'BRYAN, T. T., SMITH, K. E. & TATINI, S. 2005a. Contamination
of retail foods, particularly turkey, from community markets (Minnesota, 1999—
2000) with antimicrobial-resistant and extraintestinal pathogenic Escherichia coli.
Foodbourne Pathogens & Disease, 2, 38-49.

JOHNSON, J. R., KUSKOWSKI, M. A., MENARD, M., GAJEWSKI, A., XERCAVINS, M. & GARAU, J.
2006. Similarity between human and chicken Escherichia coli isolates in relation to
ciprofloxacin resistance status. The Journal of infectious diseases, 194, 71-78.

JOHNSON, J. R., KUSKOWSKI, M. A., SMITH, K., O’'BRYAN, T. T. & TATINI, S. 2005b.
Antimicrobial-resistant and extraintestinal pathogenic Escherichia coli in retail foods.
The Journal of infectious diseases, 191, 1040-1049.

JOHNSON, J. R., SANNES, M. R., CROY, C., JOHNSTON, B., CLABOTS, C., KUSKOWSKI, M. A.,
BENDER, J., SMITH, K. E., WINOKUR, P. L. & BELONGIA, E. A. 2007. Antimicrobial
drug—resistant Escherichia coli from humans and poultry products, Minnesota and
Wisconsin, 2002—2004. Emerging infectious diseases, 13, 838.

300



JOHNSTON, C., MARTIN, B., FICHANT, G., POLARD, P. & CLAVERYS, J.-P. 2014. Bacterial
transformation: distribution, shared mechanisms and divergent control. Nature
Reviews Microbiology, 12, 181.

JOVE, T., DA RE, S., DENIS, F., MAZEL, D. & PLOY, M.-C. 2010. Inverse correlation between
promoter strength and excision activity in class 1 integrons. PLoS genetics, 6.
JUMPERTZ, R., LE, D. S., TURNBAUGH, P. J., TRINIDAD, C., BOGARDUS, C., GORDON, J. |. &
KRAKOFF, J. 2011. Energy-balance studies reveal associations between gut microbes,
caloric load, and nutrient absorption in humans. The American journal of clinical

nutrition, 94, 58-65.

JUNG, S., HOUDE, R., BAURHOO, B., ZHAO, X. & LEE, B. 2008. Effects of galacto-
oligosaccharides and a Bifidobacteria lactis-based probiotic strain on the growth
performance and fecal microflora of broiler chickens. Poultry science, 87, 1694-1699.

JURICOVA, H., VIDENSKA, P., LUKAC, M., FALDYNOVA, M., BABAK, V., HAVLICKOVA, H., SISAK,
F. & RYCHLIK, I. 2013. Influence of Salmonella enterica serovar enteritidis infection
on the development of the cecum microbiota in newly hatched chicks. Appl. Environ.
Microbiol., 79, 745-747.

KAAKOUSH, N. O., SODHI, N., CHENU, J. W., COX, J. M., RIORDAN, S. M. & MITCHELL, H. M.
2014. The interplay between Campylobacter and Helicobacter species and other
gastrointestinal microbiota of commercial broiler chickens. Gut pathogens, 6, 18.

KADLEC, K. & SCHWARZ, S. 2008. Analysis and distribution of class 1 and class 2 integrons and
associated gene cassettes among Escherichia coli isolates from swine, horses, cats
and dogs collected in the BfT-GermVet monitoring study. Journal of Antimicrobial
Chemotherapy, 62, 469-473.

KALDHONE, P. R., CARLTON, A., ALJAHDALI, N., KHAJANCHI, B. K., SANAD, Y. M., HAN, J,,
DECK, J., RICKE, S. C. & FOLEY, S. L. 2019. Evaluation of Incompatibility Group |1 (Incl1)
Plasmid-Containing Salmonella enterica and Assessment of the Plasmids in
Bacteriocin Production and Biofilm Development. Frontiers in veterinary science, 6,
298.

KAPLAN, H. & HUTKINS, R. W. 2000. Fermentation of fructooligosaccharides by lactic acid
bacteria and bifidobacteria. Appl. Environ. Microbiol., 66, 2682-2684.

KARAH, N. 2008. Prevalence of plasmid-mediated quinolone resistance in Norwegian and
Swedish clinical isolates of Escherchia coli and Klebsiella spp. Universitetet i Tromsg.

KAUR, P. & PETERSON, E. 2018. Antibiotic resistance mechanisms in bacteria: relationships
between resistance determinants of antibiotic producers, environmental bacteria,
and clinical pathogens. Frontiers in Microbiology, 9, 2928.

KAUSHIK, M., KUMAR, S., KAPOOR, R. K., VIRDI, J. S. & GULATI, P. 2018. Integrons in
Enterobacteriaceae: diversity, distribution and epidemiology. International journal of
antimicrobial agents, 51, 167-176.

KAZIMIERCZAK, K. A. & SCOTT, K. P. 2007. Antibiotics and resistance genes: influencing the
microbial ecosystem in the gut. Advances in applied microbiology, 62, 269-292.

KELLENBERGER, E. 2001. Exploring the unknown. EMBO reports, 2, 5-7.

KELLEY, T. R., PANCORBO, 0., MERKA, W. & BARNHART, H. 1998. Antibiotic resistance of
bacterial litter isolates. Poultry Science, 77, 243-247.

KENZAKA, T., TANI, K. & NASU, M. 2010. High-frequency phage-mediated gene transfer in
freshwater environments determined at single-cell level. The ISME journal, 4, 648.

KERS, J. G., VELKERS, F. C., FISCHER, E. A., HERMES, G. D., STEGEMAN, J. A. & SMIDT, H. 2018.
Host and environmental factors affecting the intestinal microbiota in chickens.
Frontiers in microbiology, 9, 235.

KILKENNY, C., BROWNE, W., CUTHILL, I. C., EMERSON, M. & ALTMAN, D. G. 2010. Animal
research: reporting in vivo experiments: the ARRIVE guidelines. British journal of
pharmacology, 160, 1577.

301



KIM, G.-B., SEQ, Y., KIM, C. & PAIK, |. 2011. Effect of dietary prebiotic supplementation on the
performance, intestinal microflora, and immune response of broilers. Poultry
science, 90, 75-82.

KLINDWORTH, A., PRUESSE, E., SCHWEER, T., PEPLIES, J., QUAST, C., HORN, M. & GLOCKNER,
F. O. 2013. Evaluation of general 16S ribosomal RNA gene PCR primers for classical
and next-generation sequencing-based diversity studies. Nucleic acids research, 41,
el-el.

KLUMPER, U., RIBER, L., DECHESNE, A., SANNAZZARRO, A., HANSEN, L. H., SBRENSEN, S. J. &
SMETS, B. F. 2015. Broad host range plasmids can invade an unexpectedly diverse
fraction of a soil bacterial community. The ISME journal, 9, 934.

KNARREBORG, A., SIMON, M. A., ENGBERG, R. M., JENSEN, B. B. & TANNOCK, G. W. 2002.
Effects of dietary fat source and subtherapeutic levels of antibiotic on the bacterial
community in the ileum of broiler chickens at various ages. Appl. Environ. Microbiol.,
68, 5918-5924.

KOGUT, M., CHIANG, H.-l., SWAGGERTY, C. & ZHOU, H. 2012. Gene expression analysis of
Toll-like receptor pathways in heterophils from genetic chicken lines that differ in
their susceptibility to Salmonella enteritidis. Frontiers in genetics, 3, 121.

KOGUT, M. H. 2013. The gut microbiota and host innate immunity: regulators of host
metabolism and metabolic diseases in poultry? Journal of Applied Poultry Research,
22, 637-646.

KOGUT, M. H. & ARSENAULT, R. J. 2017. Inmunometabolic phenotype alterations associated
with the induction of disease tolerance and persistent asymptomatic infection of
Salmonella in the chicken intestine. Frontiers in immunology, 8, 372.

KOPYLOVA, E., NAVAS-MOLINA, J. A., MERCIER, C., XU, Z. Z., MAHE, F., HE, Y., ZHOU, H.-W.,
ROGNES, T., CAPORASO, J. G. & KNIGHT, R. 2016. Open-source sequence clustering
methods improve the state of the art. mSystems, 1, e00003-15.

KOTRA, L. P., HADDAD, J. & MOBASHERY, S. 2000. Aminoglycosides: perspectives on
mechanisms of action and resistance and strategies to counter resistance.
Antimicrobial agents and chemotherapy, 44, 3249-3256.

KOUTSOUMANIS, K., ALLENDE, A., ALVAREZ-ORDONEZ, A., BOLTON, D., BOVER-CID, S.,
CHEMALY, M., DE CESARE, A., HERMAN, L. & HILBERT, F. 2019. Salmonella control in
poultry flocks and its public health impact. Efsa Journal, 17, e05596.

KOZAK, G. K., PEARL, D. L., PARKMAN, J., REID-SMITH, R. J., DECKERT, A. & BOERLIN, P. 2009.
Distribution of sulfonamide resistance genes in Escherichia coli and Salmonella
isolates from swine and chickens at abattoirs in Ontario and Quebec, Canada. Applied
and environmental microbiology, 75, 5999-6001.

KOZICH, J. J., WESTCOTT, S. L., BAXTER, N. T., HIGHLANDER, S. K. & SCHLOSS, P. D. 2013.
Development of a dual-index sequencing strategy and curation pipeline for analyzing
amplicon sequence data on the MiSeq Illumina sequencing platform. Applied and
environmental microbiology, 79, 5112-5120.

KRAUSE, K. M., SERIO, A. W., KANE, T. R. & CONNOLLY, L. E. 2016. Aminoglycosides: an
overview. Cold Spring Harbor perspectives in medicine, 6, a027029.

KUMAR, S., CHEN, C., INDUGU, N., WERLANG, G. O., SINGH, M., KIM, W. K. & THIPPAREDDI,
H. 2018. Effect of antibiotic withdrawal in feed on chicken gut microbial dynamics,
immunity, growth performance and prevalence of foodborne pathogens. PLoS One,
13.

KUMAR, S. & PITTA, D. W. 2015. Revolution in rumen microbiology. Rumen Microbiology:
From Evolution to Revolution. Springer.

KWON, J. H. 2017. Macrolides, ketolides, lincosamides and streptogramins. Infectious
Diseases. Elsevier.

LABBATE, M., CASE, R. J. & STOKES, H. W. 2009. The integron/gene cassette system: an active
player in bacterial adaptation. Horizontal gene transfer. Springer.

302



LAFOND, M., COUTURE, F., VEZINA, G. & LEVESQUE, R. C. 1989. Evolutionary perspectives on
multiresistance beta-lactamase transposons. Journal of bacteriology, 171, 6423-
6429.

LAN, Y., VERSTEGEN, M., TAMMINGA, S. & WILLIAMS, B. 2005. The role of the commensal
gut microbial community in broiler chickens. World's Poultry Science Journal, 61, 95-
104.

LANDMAN, D., BABU, E., SHAH, N., KELLY, P., BACKER, M., BRATU, S. & QUALE, J. 2010.
Activity of a novel aminoglycoside, ACHN-490, against clinical isolates of Escherichia
coli and Klebsiella pneumoniae from New York City. Journal of antimicrobial
chemotherapy, 65, 2123-2127.

LANDONI, M. F. & ALBARELLOS, G. 2015. The use of antimicrobial agents in broiler chickens.
The Veterinary Journal, 205, 21-27.

LANE, D. J., PACE, B., OLSEN, G. J., STAHL, D. A., SOGIN, M. L. & PACE, N. R. 1985. Rapid
determination of 16S ribosomal RNA sequences for phylogenetic analyses.
Proceedings of the National Academy of Sciences, 82, 6955-6959.

LAROUCHE, A. & ROY, P. H. 2011. Effect of attC structure on cassette excision by integron
integrases. Mobile DNA, 2, 3.

LECLERCQ, R. 2002. Mechanisms of resistance to macrolides and lincosamides: nature of the
resistance elements and their clinical implications. Clinical Infectious Diseases, 34,
482-492.

LERMINIAUX, N. A. & CAMERON, A. D. 2019. Horizontal transfer of antibiotic resistance genes
in clinical environments. Canadian journal of microbiology, 65, 34-44.

LESTER, C. H., FRIMODT-MOLLER, N. & HAMMERUM, A. M. 2004. Conjugal transfer of
aminoglycoside and macrolide resistance between Enterococcus faecium isolates in
the intestine of streptomycin-treated mice. FEMS microbiology letters, 235, 385-391.

LESTER, C. H., FRIMODT-M@LLER, N., SGRENSEN, T. L., MONNET, D. L. & HAMMERUM, A. M.
2006. In vivo transfer of the vanA resistance gene from an Enterococcus faecium
isolate of animal origin to an E. faecium isolate of human origin in the intestines of
human volunteers. Antimicrobial agents and chemotherapy, 50, 596-599.

LEVY, S. B., FITZGERALD, G. B. & MACONE, A. B. 1976a. Changes in intestinal flora of farm
personnel after introduction of a tetracycline-supplemented feed on a farm. New
England Journal of Medicine, 295, 583-588.

LEVY, S. B., FITZGERALD, G. B. & MACONE, A. B. 1976b. Spread of antibiotic-resistant plasmids
from chicken to chicken and from chicken to man. Nature, 260, 40-42.

LI, Y., YANG, L., FU, J., YAN, M., CHEN, D. & ZHANG, L. 2017. Microbial pathogenicity and
virulence mediated by integrons on Gram-positive microorganisms. Microbial
pathogenesis, 111, 481-486.

LIEBERT, C. A., HALL, R. M. & SUMMERS, A. 0. 1999. Transposon Tn21, flagship of the floating
genome. Microbiol. Mol. Biol. Rev., 63, 507-522.

LILJEBJELKE, K. A., HOFACRE, C. L., WHITE, D. G., AYERS, S., LEE, M. D. & MAURER, J. J. 2017.
Diversity of antimicrobial resistance phenotypes in Salmonella isolated from
commercial poultry farms. Frontiers in veterinary science, 4, 96.

LITTLE, J. 1991. Mechanism of specific LexA cleavage: autodigestion and the role of RecA
coprotease. Biochimie, 73, 411-421.

LITVAK, Y., MON, K. K., NGUYEN, H., CHANTHAVIXAY, G., LIOU, M., VELAZQUEZ, E. M.,
KUTTER, L., ALCANTARA, M. A., BYNDLOSS, M. X. & TIFFANY, C. R. 2019. Commensal
Enterobacteriaceae protect against Salmonella colonization through oxygen
competition. Cell Host & Microbe, 25, 128-139. e5.

LIU, Y.-Y., WANG, Y., WALSH, T. R, YI, L.-X., ZHANG, R., SPENCER, J., DOI, Y., TIAN, G., DONG,
B. & HUANG, X. 2016. Emergence of plasmid-mediated colistin resistance mechanism
MCR-1 in animals and human beings in China: a microbiological and molecular
biological study. The Lancet infectious diseases, 16, 161-168.

303



LOOT, C., DUCOS-GALAND, M., ESCUDERO, J. A., BOUVIER, M. & MAZEL, D. 2012. Replicative
resolution of integron cassette insertion. Nucleic acids research, 40, 8361-8370.

LORENZ, M. G. & WACKERNAGEL, W. 1994. Bacterial gene transfer by natural genetic
transformation in the environment. Microbiol. Mol. Biol. Rev., 58, 563-602.

LOUIS, M. E. S., MORSE, D. L., POTTER, M. E., DEMELFI, T. M., GUZEWICH, J. J., TAUXE, R. V.,
BLAKE, P. A., CARTTER, M. L., PETERSEN, L. & GALLAGHER, K. 1988. The emergence
of grade A eggs as a major source of Salmonella enteritidis infections: new
implications for the control of salmonellosis. Jama, 259, 2103-2107.

LOURENCO, M., KURITZA, L., HAYASHI, R., MIGLINO, L., DURAU, J., PICKLER, L. & SANTIN, E.
2015. Effect of a mannanoligosaccharide-supplemented diet on intestinal mucosa T
lymphocyte populations in chickens challenged with Salmonella Enteritidis. Journal
of Applied Poultry Research, 24, 15-22.

LU, J., IDRIS, U., HARMON, B., HOFACRE, C., MAURER, J. J. & LEE, M. D. 2003a. Diversity and
succession of the intestinal bacterial community of the maturing broiler chicken.
Appl. Environ. Microbiol., 69, 6816-6824.

LU, J., SANCHEZ, S., HOFACRE, C., MAURER, J. J.,, HARMON, B. G. & LEE, M. D. 2003b.
Evaluation of broiler litter with reference to the microbial composition as assessed
by using 16S rRNA and functional gene markers. Applied and Environmental
Microbiology, 69, 901-908.

LUMPKINS, B., BATAL, A. & LEE, M. 2008. The effect of gender on the bacterial community in
the gastrointestinal tract of broilers. Poultry science, 87, 964-967.

LUNA-GALAZ, G., MORALES-ERASTO, V., PENUELAS-RIVAS, C., BLACKALL, P. & SORIANO-
VARGAS, E. 2016. Antimicrobial sensitivity of Avibacterium paragallinarum isolates
from four Latin American countries. Avian diseases, 60, 673-676.

MACDONALD, D., DEMARRE, G., BOUVIER, M., MAZEL, D. & GOPAUL, D. N. 2006. Structural
basis for broad DNA-specificity in integron recombination. Nature, 440, 1157.

MACFARLANE, G., STEED, H. & MACFARLANE, S. 2008. Bacterial metabolism and health-
related effects of galacto-oligosaccharides and other prebiotics. Journal of applied
microbiology, 104, 305-344.

MACLEOD, A., ROSS, H., OZERE, R., DIGOUT, G. & VAN ROOYEN, C. 1964. Lincomycin: a new
antibiotic active against staphylococci and other gram-positive cocci: clinical and
laboratory studies. Canadian Medical Association Journal, 91, 1056.

MACRI, N. P., PORTER, R. E. & HOLT, P. S. 1997. The effects of induced molting on the severity
of acute intestinal inflammation caused by Salmonella enteritidis. Avian diseases,
117-124.

MANGES, A. R., JOHNSON, J. R., FOXMAN, B., O'BRYAN, T. T., FULLERTON, K. E. & RILEY, L. W.
2001. Widespread distribution of urinary tract infections caused by a multidrug-
resistant Escherichia coli clonal group. New England journal of medicine, 345, 1007-
1013.

MANGES, A. R., SMITH, S. P., LAU, B. J., NUVAL, C. J., EISENBERG, J. N., DIETRICH, P. S. & RILEY,
L. W. 2007. Retail meat consumption and the acquisition of antimicrobial resistant
Escherichia coli causing urinary tract infections: a case—control study. Foodborne
pathogens and disease, 4, 419-431.

MANNING, L., BAINES, R. & CHADD, S. 2007. Trends in the global poultry meat supply chain.
British Food Journal.

MARSHALL, B. M. & LEVY, S. B. 2011. Food animals and antimicrobials: impacts on human
health. Clinical microbiology reviews, 24, 718-733.

MARTELLI, F. & DAVIES, R. H. 2012. Salmonella serovars isolated from table eggs: An
overview. Food Research International, 45, 745-754.

MARTINEZ-FREIO, P., FLUIT, A. C., SCHMITZ, F.-J., VERHOEF, J. & JONES, M. E. 1999. Many
Class | Integrons Comprise Distinct Stable Structures Occurring in Different Species

304



ofEnterobacteriaceae Isolated from Widespread Geographic Regions in Europe.
Antimicrobial agents and chemotherapy, 43, 686-689.

MARTINEZ, J. L. 2008. Antibiotics and antibiotic resistance genes in natural environments.
Science, 321, 365-367.

MARTINEZ, J. L. & ROJO, F. 2011. Metabolic regulation of antibiotic resistance. FEMS
microbiology reviews, 35, 768-789.

MAXEY, B. & PAGE, R. 1977. Efficacy of lincomycin feed medication for the control of necrotic
enteritis in broiler-type chickens. Poultry Science, 56, 1909-1913.

MAZEL, D. 2006. Integrons: agents of bacterial evolution. Nature Reviews Microbiology, 4,
608.

MCDEVITT, R., BROOKER, J., ACAMOVIC, T. & SPARKS, N. 2006. Necrotic enteritis; a
continuing challenge for the poultry industry. World's Poultry Science Journal, 62,
221-247.

MCEACHRAN, A. D., BLACKWELL, B. R., HANSON, J. D., WOOTEN, K. J., MAYER, G. D., COX, S.
B. & SMITH, P. N. 2015. Antibiotics, bacteria, and antibiotic resistance genes: aerial
transport from cattle feed yards via particulate matter. Environmental health
perspectives, 123, 337-343.

MCWILLIAM, H., LI, W., ULUDAG, M., SQUIZZATO, S., PARK, Y., BUSO, N., COWLEY, A. &
LOPEZ, R. 2013. Analysis Tool Web services from the EMBL-EBI. Nucleic Acids
Research. 41, pp. W597-W600.

MEDEIRQOS, M. A. N., OLIVEIRA, D. C. N. D., RODRIGUES, D. D. P. & FREITAS, D. R. C. D. 2011.
Prevalence and antimicrobial resistance of Salmonella in chicken carcasses at retail
in 15 Brazilian cities. Revista Panamericana de Salud Publica, 30, 555-560.

MEHDI, Y., LETOURNEAU-MONTMINY, M.-P., GAUCHER, M.-L., CHORFI, Y., SURESH, G.,
ROUISSI, T., BRAR, S. K., COTE, C., RAMIREZ, A. A. & GODBOUT, S. 2018. Use of
antibiotics in broiler production: Global impacts and alternatives. Animal nutrition,
4,170-178.

MESA, D., LAMMEL, D. R., BALSANELLI, E., SENA, C., NOSEDA, M. D., CARON, L. F., CRUZ, L.
M., PEDROSA, F. O. & SOUZA, E. M. 2017. Cecal microbiota in broilers fed with
prebiotics. Frontiers in genetics, 8, 153.

MICCICHE, A. C., FOLEY, S. L., PAVLIDIS, H. O., MCINTYRE, D. R. & RICKE, S. C. 2018. A review
of prebiotics against Salmonella in poultry: current and future potential for
microbiome research applications. Frontiers in veterinary science, 5, 191.

MINGEOT-LECLERCQ, M.-P., GLUPCZYNSKI, Y. & TULKENS, P. M. 1999. Aminoglycosides:
activity and resistance. Antimicrobial agents and chemotherapy, 43, 727-737.

MISHRA, B. & JHA, R. 2019. Oxidative stress in the poultry gut: Potential challenges and
interventions. Frontiers in veterinary science, 6.

MO, S. S., SUNDE, M., ILAG, H. K., LANGSRUD, S. & HEIR, E. 2017. Transfer potential of
plasmids conferring extended-spectrum-cephalosporin resistance in Escherichia coli
from poultry. Applied and environmental microbiology, 83.

MOLINARI, G. 2014. Impact of microbial natural products on antibacterial drug discovery.
Edited by Claudio O. Gualerzi, Letizia Brandi.

MOORE, A. M., PATEL, S., FORSBERG, K. J., WANG, B., BENTLEY, G., RAZIA, Y., QIN, X., TARR,
P. I. & DANTAS, G. 2013. Pediatric fecal microbiota harbor diverse and novel
antibiotic resistance genes. PloS one, 8.

MORENTE, E. O., FERNANDEZ-FUENTES, M. A., BURGOS, M. J. G., ABRIOUEL, H., PULIDO, R.
P. & GALVEZ, A. 2013. Biocide tolerance in bacteria. International journal of food
microbiology, 162, 13-25.

MORNINGSTAR-SHAW, B., MACKIE, T., BARKER, D. & PALMER, E. 2016. Salmonella Serotypes
Isolated from Animals and Related Sources. Ames: United States Department of
Agriculture (USDA), National Veterinary Services Laboratories.

305



MOURA, A., SOARES, M., PEREIRA, C., LEITAO, N., HENRIQUES, I. & CORREIA, A. 2009.
INTEGRALL: a database and search engine for integrons, integrases and gene
cassettes. Bioinformatics, 25, 1096-1098.

MUNDT, E., COLLETT, S. R., BERGHAUS, R., PEDROSO, A. A., LEE, M. & MAURER, J. 2015. Can
bacteriotherapy using commercially available probiotics, prebiotics, and organic
acids ameliorate the symptoms associated with runting-stunting syndrome in broiler
chickens? Avian diseases, 59, 201-206.

MUNK, P., KNUDSEN, B. E., LUKJACENKO, O., DUARTE, A. S. R., LUIKEN, R. E., VAN GOMPEL,
L., SMIT, L. A., SCHMITT, H., GARCIA, A. D. & HANSEN, R. B. 2017. Abundance and
diversity of the fecal resistome in slaughter pigs and broilers in nine European
countries. bioRxiv, 194647.

MYLLYKALLIO, H., LEDUC, D., FILEE, J. & LIEBL, U. 2003. Life without dihydrofolate reductase
FolA. Trends in microbiology, 11, 220-223.

NAAS, T., MIKAMI, Y., IMAI, T., POIREL, L. & NORDMANN, P. 2001. Characterization of In53,
a class 1 plasmid-and composite transposon-located integron of Escherichia coli
which carries an unusual array of gene cassettes. Journal of Bacteriology, 183, 235-
249.

NAIR, D., VENKITANARAYANAN, K. & KOLLANOOR JOHNY, A. 2018. Antibiotic-resistant
Salmonella in the food supply and the potential role of antibiotic alternatives for
control. Foods, 7, 167.

NANDI, S., MAURER, J. J., HOFACRE, C. & SUMMERS, A. O. 2004. Gram-positive bacteria are
a major reservoir of Class 1 antibiotic resistance integrons in poultry litter.
Proceedings of the National Academy of Sciences, 101, 7118-7122.

NARDELLI, M., SCALZO, P. M., RAMIREZ, M. S., QUIROGA, M. P., CASSINI, M. H. & CENTRON,
D. 2012. Class 1 integrons in environments with different degrees of urbanization.
PloS one, 7, €39223.

NEMCOVA, R., BOMBA, A., GANCARCIKOVA, S., REIFFOVA, K., GUBA, P., KOSCOVA, J.,
JONECOVA, Z., SCIRANKOVA, L. & BUGARSKY, A. 2007. Effects of the administration
of lactobacilli, maltodextrins and fructooligosaccharides upon the adhesion of E. coli
08: K88 to the intestinal mucosa and organic acid levels in the gut contents of piglets.
Veterinary research communications, 31, 791-800.

NEWELL, D., ELVERS, K., DOPFER, D., HANSSON, I., JONES, P., JAMES, S., GITTINS, J., STERN,
N., DAVIES, R. & CONNERTON, I. 2011. Biosecurity-based interventions and strategies
to reduce Campylobacter spp. on poultry farms. Applied and environmental
microbiology, 77, 8605-8614.

NGUYEN, C. C., HUGIE, C. N., KILE, M. L. & NAVAB-DANESHMAND, T. 2019. Association
between heavy metals and antibiotic-resistant human pathogens in environmental
reservoirs: a review. Frontiers of Environmental Science & Engineering, 13, 46.

NHUNG, N. T., CHANSIRIPORNCHAI, N. & CARRIQUE-MAS, J. J. 2017. Antimicrobial resistance
in bacterial poultry pathogens: a review. Frontiers in veterinary science, 4, 126.

NIJSTEN, R., LONDON, N., BOGAARD, A. V. D. & STOBBERINGH, E. 1995. In-vivo transfer of
resistance plasmids in rat, human or pig-derived intestinal flora using a rat model.
Journal of Antimicrobial Chemotherapy, 36, 975-985.

NIKAIDO, H. 2009. Multidrug resistance in bacteria. Annual review of biochemistry, 78, 119-
146.

NIKAIDO, H. & TAKATSUKA, Y. 2009. Mechanisms of RND multidrug efflux pumps. Biochimica
et Biophysica Acta (BBA)-Proteins and Proteomics, 1794, 769-781.

NIVINA, A., ESCUDERO, J. A, VIT, C.,, MAZEL, D. & LOOT, C. 2016. Efficiency of integron
cassette insertion in correct orientation is ensured by the interplay of the three
unpaired features of attC recombination sites. Nucleic acids research, 44, 7792-7803.

NORDENTOFT, S., M@LBAK, L., BIERRUM, L., DE VYLDER, J., VAN IMMERSEEL, F. & PEDERSEN,
K. 2011. The influence of the cage system and colonisation of Salmonella Enteritidis

306



on the microbial gut flora of laying hens studied by T-RFLP and 454 pyrosequencing.
BMC microbiology, 11, 187.

NORDSTROM, L., LIU, C. M. & PRICE, L. B. 2013. Foodborne urinary tract infections: a new
paradigm for antimicrobial-resistant foodborne illness. Frontiers in microbiology, 4,
29.

NOY, Y. & SKLAN, D. 1997. Posthatch development in poultry. Journal of Applied Poultry
Research, 6, 344-354,

O'NEILL, J. 2014. Review on Antimicrobial Resistance. Antimicrobial Resistance: Tackling a
Crisis for the Health and Wealth of Nations. December 2014.

OAKLEY, B. B. & KOGUT, M. H. 2016. Spatial and temporal changes in the broiler chicken cecal
and fecal microbiomes and correlations of bacterial taxa with cytokine gene
expression. Frontiers in veterinary science, 3, 11.

OAKLEY, B. B., LILLEHOJ, H. S., KOGUT, M. H., KIM, W. K., MAURER, J. J., PEDROSO, A., LEE, M.
D., COLLETT, S. R., JOHNSON, T. J. & COX, N. A. 2014. The chicken gastrointestinal
microbiome. FEMS microbiology letters, 360, 100-112.

OCHMAN, H., LAWRENCE, J. G. & GROISMAN, E. A. 2000. Lateral gene transfer and the nature
of bacterial innovation. nature, 405, 299.

PAGE, S. & GAUTIER, P. 2012. Use of antimicrobial agents in livestock. Revue Scientifique et
Technique-OIE, 31, 145.

PAL, C., ASIANI, K., ARYA, S., RENSING, C., STEKEL, D. J., LARSSON, D. J. & HOBMAN, J. L. 2017.
Metal resistance and its association with antibiotic resistance. Advances in microbial
physiology. Elsevier.

PAN, D. & YU, Z. 2014. Intestinal microbiome of poultry and its interaction with host and diet.
Gut microbes, 5, 108-119.

PAPAGIANNITSIS, C. C., TZOUVELEKIS, L. S. & MIRIAGOU, V. 2009. Relative strengths of the
class 1 integron promoter hybrid 2 and the combinations of strong and hybrid 1 with
an active P2 promoter. Antimicrobial agents and chemotherapy, 53, 277-280.

PARK, S., HANNING, I., PERROTA, A., BENCH, B., ALM, E. & RICKE, S. 2013. Modifying the
gastrointestinal ecology in alternatively raised poultry and the potential for
molecular and metabolomic assessment. Poultry Science, 92, 546-561.

PARK, S., PERROTTA, A., HANNING, |., DIAZ-SANCHEZ, S., PENDLETON, S., ALM, E. & RICKE, S.
2017a. Pasture flock chicken cecal microbiome responses to prebiotics and plum
fiber feed amendments. Poultry science, 96, 1820-1830.

PARK, S. H., KIM, S. A., RUBINELLI, P. M., ROTO, S. M. & RICKE, S. C. 2017b. Microbial
compositional changes in broiler chicken cecal contents from birds challenged with
different Salmonella vaccine candidate strains. Vaccine, 35, 3204-3208.

PARTRIDGE, S. R., BROWN, H. J., STOKES, H. W. & HALL, R. M. 2001. Transposons Tn1696 and
Tn21and their integrons In4 and In2 have independent origins. Antimicrobial Agents
and Chemotherapy, 45, 1263-1270.

PARTRIDGE, S. R., KWONG, S. M., FIRTH, N. & JENSEN, S. O. 2018. Mobile genetic elements
associated with antimicrobial resistance. Clinical microbiology reviews, 31, e00088-
17.

PARTRIDGE, S. R., TSAFNAT, G., COIERA, E. & IREDELL, J. R. 2009. Gene cassettes and cassette
arrays in mobile resistance integrons. FEMS microbiology reviews, 33, 757-784.

PATEL, S. & GOYAL, A. 2012. The current trends and future perspectives of prebiotics
research: a review. 3 Biotech, 2, 115-125.

PATTERSON, J. & BURKHOLDER, K. 2003. Application of prebiotics and probiotics in poultry
production. Poultry science, 82, 627-631.

PETTERSSON, E., LUNDEBERG, J. & AHMADIAN, A. 2009. Generations of sequencing
technologies. Genomics, 93, 105-111.

PITOUT, J. D.,, GREGSON, D. B., CHURCH, D. L., ELSAYED, S. & LAUPLAND, K. B. 2005.
Community-wide outbreaks of clonally related CTX-M-14 B-lactamase-producing

307



Escherichia coli strains in the Calgary health region. Journal of clinical microbiology,
43, 2844-2849.

PITOUT, J. D. & LAUPLAND, K. B. 2008. Extended-spectrum p-lactamase-producing
Enterobacteriaceae: an emerging public-health concern. The Lancet infectious
diseases, 8, 159-166.

POLANSKY, O., SEKELOVA, Z., FALDYNOVA, M., SEBKOVA, A., SISAK, F. & RYCHLIK, I. 2016.
Important metabolic pathways and biological processes expressed by chicken cecal
microbiota. Applied and environmental microbiology, 82, 1569-1576.

PONCE-RIVAS, E., MUNOZ-MARQUEZ, M.-E. & KHAN, A. A. 2012. Identification and molecular
characterization of class 1 integrons in multiresistant Escherichia coli isolates from
poultry litter. Applied and environmental microbiology, 78, 5444-5447.

PORTER JR, R. & HOLT, P. 1993. Effect of induced molting on the severity of intestinal lesions
caused by Salmonella enteritidis infection in chickens. Avian diseases, 1009-1016.

PORWOLLIK, S., SANTIVIAGO, C., CHENG, P., FLOREA, L. & MCCLELLAND, M. 2005. Differences
in gene content between Salmonella enterica serovar Enteritidis isolates and
comparison to closely related serovars Gallinarum and Dublin. Journal of
bacteriology, 187, 6545-6555.

POURABEDIN, M. 2015. Effects of mannan-oligosaccharides and xylo-oligosaccharides on the
chicken gut microbiota. PhD-Thesis, McGill University, Montreal.

POURABEDIN, M., CHEN, Q., YANG, M. & ZHAO, X. 2017. Mannan-and xylooligosaccharides
modulate caecal microbiota and expression of inflammatory-related cytokines and
reduce caecal Salmonella Enteritidis colonisation in young chickens. FEMS
microbiology ecology, 93, fiw226.

POURABEDIN, M., XU, Z., BAURHOO, B., CHEVAUX, E. & ZHAO, X. 2014. Effects of mannan
oligosaccharide and virginiamycin on the cecal microbial community and intestinal
morphology of chickens raised under suboptimal conditions. Canadian journal of
microbiology, 60, 255-266.

POURABEDIN, M. & ZHAO, X. 2015. Prebiotics and gut microbiota in chickens. FEMS
microbiology letters, 362.

PRUDEN, A., LARSSON, D. J., AMEZQUITA, A., COLLIGNON, P., BRANDT, K. K., GRAHAM, D. W.,
LAZORCHAK, J. M., SUZUKI, S., SILLEY, P. & SNAPE, J. R. 2013. Management options
for reducing the release of antibiotics and antibiotic resistance genes to the
environment. Environmental health perspectives, 121, 878-885.

PRUDEN, A., PEI, R., STORTEBOOM, H. & CARLSON, K. H. 2006. Antibiotic resistance genes as
emerging contaminants: studies in northern Colorado. Environmental science &
technology, 40, 7445-7450.

PRUDHOMME, M., ATTAIECH, L., SANCHEZ, G., MARTIN, B. & CLAVERYS, J.-P. 2006. Antibiotic
stress induces genetic transformability in the human pathogen Streptococcus
pneumoniae. Science, 313, 89-92.

PRUSZYNSKA-OSZMALEK, E., KOLODZIEJSKI, P., STADNICKA, K., SASSEK, M., CHALUPKA, D.,
KUSTON, B., NOGOWSKI, L., MACKOWIAK, P., MAIORANO, G. & JANKOWSKI, J. 2015.
In ovo injection of prebiotics and synbiotics affects the digestive potency of the
pancreas in growing chickens. Poultry Science, 94, 1909-1916.

QUINTERO, M., MALDONADO, M., PEREZ-MUNOZ, M., JIMENEZ, R., FANGMAN, T., RUPNOW,
J., WITTKE, A., RUSSELL, M. & HUTKINS, R. 2011. Adherence inhibition of Cronobacter
sakazakii to intestinal epithelial cells by prebiotic oligosaccharides. Current
microbiology, 62, 1448-1454.

RADSTROM, P., SKOLD, O., SWEDBERG, G., FLENSBURG, J., ROY, P. H. & SUNDSTROM, L. 1994.
Transposon Tn5090 of plasmid R751, which carries an integron, is related to Tn7, Mu,
and the retroelements. Journal of bacteriology, 176, 3257-3268.

308



RAMIREZ, M. S., PINEIRO, S. & CENTRON, D. 2010. Novel insights about class 2 integrons from
experimental and genomic epidemiology. Antimicrobial agents and chemotherapy,
54, 699-706.

RAMIREZ, M. S. & TOLMASKY, M. E. 2010. Aminoglycoside modifying enzymes. Drug
Resistance Updates, 13, 151-171.

RAMIREZ, M. S., VARGAS, L. J., CAGNONI, V., TOKUMOTO, M. & CENTRON, D. 2005. Class 2
integron with a novel cassette array in a Burkholderia cenocepacia isolate.
Antimicrobial agents and chemotherapy, 49, 4418-4420.

RANJITKAR, S., LAWLEY, B., TANNOCK, G. & ENGBERG, R. M. 2016. Bacterial succession in the
broiler gastrointestinal tract. Applied and environmental microbiology, 82, 2399-
2410.

RASTALL, R. A,, GIBSON, G. R., GILL, H. S., GUARNER, F., KLAENHAMMER, T. R., POT, B., REID,
G., ROWLAND, I. R. & SANDERS, M. E. 2005. Modulation of the microbial ecology of
the human colon by probiotics, prebiotics and synbiotics to enhance human health:
an overview of enabling science and potential applications. FEMS microbiology
ecology, 52, 145-152.

RAVI, A., AVERSHINA, E., FOLEY, S. L., LUDVIGSEN, J., STORR@, O., @IEN, T., JOHNSEN, R.,
MCCARTNEY, A. L., 'ABEE-LUND, T. M. & RUDI, K. 2015. The commensal infant gut
meta-mobilome as a potential reservoir for persistent multidrug resistance
integrons. Scientific reports, 5, 15317.

RAYAMAIJHI, N., JUNG, B. Y., CHA, S. B., SHIN, M. K., KIM, A., KANG, M. S., LEE, K. M. & YOO,
H. S. 2010. Antibiotic resistance patterns and detection of blaDHA-1 in Salmonella
species isolates from chicken farms in South Korea. Appl. Environ. Microbiol., 76,
4760-4764.

RECCHIA, G. D. & HALL, R. M. 1995. Gene cassettes: a new class of mobile element.
Microbiology, 141, 3015-3027.

RECCHIA, G. D. & HALL, R. M. 1997. Origins of the mobile gene cassettes found in integrons.
Trends in microbiology, 5, 389-394.

REHMAN, H. U., VAHJEN, W., AWAD, W. A. & ZENTEK, J. 2007. Indigenous bacteria and
bacterial metabolic products in the gastrointestinal tract of broiler chickens. Archives
of animal nutrition, 61, 319-335.

RELMAN, D. A. & LIPSITCH, M. 2018. Microbiome as a tool and a target in the effort to address
antimicrobial resistance. Proceedings of the National Academy of Sciences, 115,
12902-12910.

RICHARDS, P. J., LAFONTAINE, G. M. F., CONNERTON, P. L., LIANG, L., ASIANI, K., FISH, N. M.
& CONNERTON, I. F. 2020. Galacto-oligosaccharides modulate the juvenile gut
microbiome and innate immunity to improve broiler chicken performance.
mSystems, 5.

RICHTER, C. H., CUSTER, B., STEELE, J. A.,, WILCOX, B. A. & XU, J. 2015. Intensified food
production and correlated risks to human health in the Greater Mekong Subregion:
a systematic review. Environmental Health, 14, 43.

RICKE, S. 2015. Potential of fructooligosaccharide prebiotics in alternative and
nonconventional poultry production systems. Poultry science, 94, 1411-1418.

RICKE, S. C. 2016. Achieving sustainable production of poultry meat. Volume 1: Safety, quality
and sustainability, Burleigh Dodds Science Publishing Limited.

RICKE, S. C. 2017. Gastrointestinal Ecology of Salmonella Enteritidis in Laying Hens and
Intervention by Prebiotic and Nondigestible Carbohydrate Dietary Supplementation.
Producing Safe Eggs. Elsevier.

RISTUCCIA, A. M. & CUNHA, B. A. 1985. An overview of amikacin. Therapeutic drug
monitoring, 7, 12-25.

309



ROBERFROID, M., GIBSON, G. R., HOYLES, L., MCCARTNEY, A. L., RASTALL, R., ROWLAND, I.,
WOLVERS, D., WATZL, B., SZAJEWSKA, H. & STAHL, B. 2010. Prebiotic effects:
metabolic and health benefits. British Journal of Nutrition, 104, S1-S63.

ROBERTS, A. P., CHANDLER, M., COURVALIN, P., GUEDON, G., MULLANY, P., PEMBROKE, T.,
ROOD, J. I., SMITH, C. J., SUMMERS, A. O. & TSUDA, M. 2008. Revised nomenclature
for transposable genetic elements. Plasmid, 60, 167-173.

ROLAIN, J.-M. 2013. Food and human gut as reservoirs of transferable antibiotic resistance
encoding genes. Frontiers in microbiology, 4, 173.

ROLAIN, J., CANTON, R. & CORNAGLIA, G. 2012. Emergence of antibiotic resistance: need for
a new paradigm. Clinical Microbiology and Infection, 18, 615-616.

ROSEWARNE, C. P., PETTIGROVE, V., STOKES, H. W. & PARSONS, Y. M. 2010. Class 1 integrons
in benthic bacterial communities: abundance, association with Tn 402-like
transposition modules and evidence for coselection with heavy-metal resistance.
FEMS microbiology ecology, 72, 35-46.

ROSSOLINI, G. M., ARENA , F. & GIANI, T. 2017. Antibacterial Resistance Mechanisms of
Antibacterial Resistance "infectious diseases" Elsevier, 2, 1181-1193.

ROTHROCK JR, M. J., INGRAM, K. D., GAMBLE, J., GUARD, J., CICCONI-HOGAN, K. M., HINTON
JR, A. & HIETT, K. L. 2015. The characterization of Salmonella enterica serotypes
isolated from the scalder tank water of a commercial poultry processing plant:
Recovery of a multidrug-resistant Heidelberg strain. Poultry science, 94, 467-472.

ROWE-MAGNUS, D. & MAZEL, D. 2006. The evolution of antibiotic resistance. Evolution of
Microbial Pathogens. American Society of Microbiology.

ROWE-MAGNUS, D. A, GUEROUT, A.-M., BISKRI, L., BOUIGE, P. & MAZEL, D. 2003.
Comparative analysis of superintegrons: engineering extensive genetic diversity in
the Vibrionaceae. Genome research, 13, 428-442.

ROZWANDOWICZ, M., BROUWER, M., FISCHER, J., WAGENAAR, J., GONZALEZ-ZORN, B.,
GUERRA, B., MEVIUS, D. & HORDIK, J. 2018. Plasmids carrying antimicrobial
resistance genes in Enterobacteriaceae. Journal of Antimicrobial Chemotherapy, 73,
1121-1137.

RSTUDIO 2018. RStudio: Integrated development environment for R. RStudio, Inc., Boston,
MA. (Version 1.1419) [Computer software]. Retrieved Jan 20, 2018.

RUIZ, J., NAVIA, M., CASALS, C., SIERRA, J., DE ANTA, M. J. & VILA, J. 2003. Integron-mediated
antibiotic multiresistance in Acinetobacter baumannii clinical isolates from Spain.
Clinical microbiology and infection, 9, 907-911.

RYCHLIK, 1. 2020. Composition and Function of Chicken Gut Microbiota. Animals, 10, 103.

SABBAGH, S. C., FOREST, C. G., LEPAGE, C., LECLERC, J.-M. & DAIGLE, F. 2010. So similar, yet
so different: uncovering distinctive features in the genomes of Salmonella enterica
serovars Typhimurium and Typhi. FEMS microbiology letters, 305, 1-13.

SAHIN, 0., KASSEM, 1. I.,, SHEN, Z., LIN, J.,, RAJASHEKARA, G. & ZHANG, Q. 2015.
Campylobacter in poultry: ecology and potential interventions. Avian Diseases, 59,
185-200.

SAHLY, H., NAVON-VENEZIA, S., ROESLER, L., HAY, A., CARMELI, Y., PODSCHUN, R.,
HENNEQUIN, C., FORESTIER, C. & OFEK, I. 2008. Extended-spectrum B-lactamase
production is associated with an increase in cell invasion and expression of fimbrial
adhesins in Klebsiella pneumoniae. Antimicrobial agents and chemotherapy, 52,
3029-3034.

SALANITRO, J., BLAKE, I. & MUIRHEAD, P. 1974. Studies on the cecal microflora of commercial
broiler chickens. Appl. Environ. Microbiol., 28, 439-447.

SALYERS, A. A., GUPTA, A. & WANG, Y. 2004. Human intestinal bacteria as reservoirs for
antibiotic resistance genes. Trends in microbiology, 12, 412-416.

SAN MILLAN, A. 2018. Evolution of plasmid-mediated antibiotic resistance in the clinical
context. Trends in microbiology, 26, 978-985.

310



SANGWAN, V., TOMAR, S., SINGH, R., SINGH, A. & ALI, B. 2011. Galactooligosaccharides:
novel components of designer foods. Journal of food science, 76, R103-R111.
SASSANFAR, M. & ROBERTS, J. W. 1990. Nature of the SOS-inducing signal in Escherichia coli:
the involvement of DNA replication. Journal of molecular biology, 212, 79-96.
SAULNIER, D. M., SPINLER, J. K., GIBSON, G. R. & VERSALOVIC, J. 2009. Mechanisms of
probiosis and prebiosis: considerations for enhanced functional foods. Current

opinion in biotechnology, 20, 135-141.

SCALLAN, E., HOEKSTRA, R. M., ANGULO, F. J., TAUXE, R. V., WIDDOWSON, M.-A,, ROY, S. L.,
JONES, J. L. & GRIFFIN, P. M. 2011. Foodborne illness acquired in the United States—
major pathogens. Emerging infectious diseases, 17, 7.

SCANES, C. 2007. The global importance of poultry. Oxford University Press Oxford, UK.

SCHJ@RRING, S., STRUVE, C. & KROGFELT, K. A. 2008. Transfer of antimicrobial resistance
plasmids from Klebsiella pneumoniae to Escherichia coli in the mouse intestine.
Journal of Antimicrobial Chemotherapy, 62, 1086-1093.

SCHLOSS, P. D. 2013. Secondary structure improves OTU assignments of 16S rRNA gene
sequences. The ISME journal, 7, 457.

SCHLOSS, P. D. 2016. Application of a database-independent approach to assess the quality
of operational taxonomic unit picking methods. mSystems, 1, e00027-16.

SCHLOSS, P. D., GEVERS, D. & WESTCOTT, S. L. 2011. Reducing the effects of PCR amplification
and sequencing artifacts on 16S rRNA-based studies. PloS one, 6, €27310.

SCHLOSS, P. D., WESTCOTT, S. L., RYABIN, T., HALL, J. R., HARTMANN, M., HOLLISTER, E. B.,
LESNIEWSKI, R. A., OAKLEY, B. B., PARKS, D. H. & ROBINSON, C. J. 2009. Introducing
mothur: open-source, platform-independent, community-supported software for
describing and comparing microbial communities. Appl. Environ. Microbiol., 75,
7537-7541.

SCHMITT, R. 1986. Molecular biology of transposable elements. Journal of Antimicrobial
Chemotherapy, 18, 25-34.

SCHMITZ, F. J., MARTINEZ-FREIJO, P., THEIS, S., FLUIT, A. C., VERHOEF, J., HEINZ, H. P. &
JONES, M. E. 1999. Class | integrons: prevalence and impact on antibiotic
susceptibility in 278 consecutive unrelated Gram-negative blood isolates. Clinical
microbiology and infection, 5, 496-498.

SCHWAR?Z, S., SHEN, J., KADLEC, K., WANG, Y., MICHAEL, G. B., FERLER, A. T. & VESTER, B.
2016. Lincosamides, streptogramins, phenicols, and pleuromutilins: mode of action
and mechanisms of resistance. Cold Spring Harbor perspectives in medicine, 6,
a027037.

SEARLE, L. E., COOLEY, W. A., JONES, G., NUNEZ, A., CRUDGINGTON, B., WEYER, U., DUGDALE,
A. H., TZORTZIS, G., COLLINS, J. W. & WOODWARD, M. J. 2010. Purified
galactooligosaccharide, derived from a mixture produced by the enzymic activity of
Bifidobacterium bifidum, reduces Salmonella enterica serovar Typhimurium
adhesion and invasion in vitro and in vivo. Journal of medical microbiology, 59, 1428-
1439.

SEIER-PETERSEN, M. A,, JASNI, A., AARESTRUP, F. M., VIGRE, H., MULLANY, P., ROBERTS, A. &
AGERS®, Y. 2014. Effect of subinhibitory concentrations of four commonly used
biocides on the conjugative transfer of Tn 916 in Bacillus subtilis. Journal of
Antimicrobial Chemotherapy, 69, 343-348.

SENGUPTA, S., CHATTOPADHYAY, M. K. & GROSSART, H.-P. 2013. The multifaceted roles of
antibiotics and antibiotic resistance in nature. Frontiers in microbiology, 4, 47.

SEPUTIENE, V., POVILONIS, J., RUZAUSKAS, M., PAVILONIS, A. & SUZIEDELIENE, E. 2010.
Prevalence of trimethoprim resistance genes in Escherichia coli isolates of human
and animal origin in Lithuania. Journal of medical microbiology, 59, 315-322.

SHAH, D. H., ELDER, J. R., CHIOK, K. L. & PAUL, N. C. 2017. Genetic Basis of Salmonella
Enteritidis Pathogenesis in Chickens. Producing Safe Eggs. Elsevier.

311



SHANG, K., WEI, B. & KANG, M. 2018a. Distribution and dissemination of antimicrobial-
resistant Salmonella in broiler farms with or without enrofloxacin use. BMC
veterinary research, 14, 257.

SHANG, Y., KUMAR, S., OAKLEY, B. & KIM, W. K. 2018b. Chicken gut microbiota: Importance
and detection technology. Frontiers in veterinary science, 5, 254.

SHANG, Y., KUMAR, S., THIPPAREDDI, H. & KIM, W. K. 2018c. Effect of dietary
fructooligosaccharide (FOS) supplementation on ileal microbiota in broiler chickens.
Poultry science, 97, 3622-3634.

SHANMUGASUNDARAM, R., MORTADA, M., COSBY, D., SINGH, M., APPLEGATE, T., SYED, B.,
PENDER, C., CURRY, S., MURUGESAN, G. & SELVARAJ, R. 2019. Synbiotic
supplementation to decrease Salmonella colonization in the intestine and carcass
contamination in broiler birds. PloS one, 14.

SHARPTON, T. J., RIESENFELD, S. J., KEMBEL, S. W., LADAU, J., O'DWYER, J. P., GREEN, J. L.,
EISEN, J. A. & POLLARD, K. S. 2011. PhylOTU: a high-throughput procedure quantifies
microbial community diversity and resolves novel taxa from metagenomic data. PLoS
computational biology, 7.

SHOAF, K., MULVEY, G. L, ARMSTRONG, G. D. & HUTKINS, R. W. 2006. Prebiotic
galactooligosaccharides reduce adherence of enteropathogenic Escherichia coli to
tissue culture cells. Infection and immunity, 74, 6920-6928.

SHOEMAKER, N., VLAMAKIS, H., HAYES, K. & SALYERS, A. 2001. Evidence for Extensive
Resistance Gene Transfer among Bacteroides spp. and among Bacteroides and Other
Genera in the Human Colon. Appl. Environ. Microbiol., 67, 561-568.

SIECKMANN, D. G., REED, N. D. & GEORGI, C. E. 1969. Transferable drug resistance among
Enterobacteriaceae isolated from human urinary tract infections. Appl. Environ.
Microbiol., 17, 701-706.

SIMONEIT, C., BUROW, E., TENHAGEN, B.-A. & KASBOHRER, A. 2015. Oral administration of
antimicrobials increase antimicrobial resistance in E. coli from chicken—a systematic
review. Preventive veterinary medicine, 118, 1-7.

SKOLD, 0. 2001. Resistance to trimethoprim and sulfonamides. Veterinary research, 32, 261-
273.

SKOLD, 0. 2010. Sulfonamides and trimethoprim. Expert review of anti-infective therapy, 8,
1-6.

SMILLIE, C., GARCILLAN-BARCIA, M. P., FRANCIA, M. V., ROCHA, E. P. & DE LA CRUZ, F. 2010.
Mobility of plasmids. Microbiol. Mol. Biol. Rev., 74, 434-452.

SMITH, H., BOSSERS, A., HARDERS, F., WU, G., WOODFORD, N., SCHWARZ, S., GUERRA, B.,
RODRIGUEZ, I., VAN ESSEN-ZANDBERGEN, A. & BROUWER, M. 2015. Characterization
of epidemic Incl1-ly plasmids harboring ambler class A and C genes in Escherichia coli
and Salmonella enterica from animals and humans. Antimicrobial agents and
chemotherapy, 59, 5357-5365.

SMITH, J., DRUM, D., DAI, Y., KIM, J., SANCHEZ, S., MAURER, J., HOFACRE, C. & LEE, M. 2007.
Impact of antimicrobial usage on antimicrobial resistance in commensal Escherichia
coli strains colonizing broiler chickens. Appl. Environ. Microbiol., 73, 1404-1414.

SMITHERS, G. W. 2008. Whey and whey proteins—from ‘gutter-to-gold’. International Dairy
Journal, 18, 695-704.

SNAPGENE® software (from GSL Biotech; available at snapgene.com).

SNOEYENBOS, G., SOERJADI, A. & WEINACK, O. M. 1982. Gastrointestinal colonization by
salmonellae and pathogenic Escherichia coli in monoxenic and holoxenic chicks and
poults. Avian diseases, 566-575.

SOERGEL, D. A., DEY, N., KNIGHT, R. & BRENNER, S. E. 2012. Selection of primers for optimal
taxonomic classification of environmental 16S rRNA gene sequences. The ISME
journal, 6, 1440-1444.

312



SOERJADI, A., STEHMAN, S. M., SNOEYENBOS, G., WEINACK, O. M. & SMYSER, C. 1981. Some
measurements of protection against paratyphoid Sa/lmonella and Escherichia coli by
competitive exclusion in chickens. Avian Diseases, 706-712.

SOLBERG, O. D., AJIBOYE, R. M. & RILEY, L. W. 2006. Origin of class 1 and 2 integrons and
gene cassettes in a population-based sample of uropathogenic Escherichia coli.
Journal of clinical microbiology, 44, 1347-1351.

SOMMER, M. 0., CHURCH, G. M. & DANTAS, G. 2010. The human microbiome harbors a
diverse reservoir of antibiotic resistance genes. Virulence, 1, 299-303.

SOMMER, M. 0., DANTAS, G. & CHURCH, G. M. 2009. Functional characterization of the
antibiotic resistance reservoir in the human microflora. science, 325, 1128-1131.

SPIZEK, J. & REZANKA, T. 2017. Lincosamides: Chemical structure, biosynthesis, mechanism
of action, resistance, and applications. Biochemical pharmacology, 133, 20-28.

STALDER, T., BARRAUD, O., CASELLAS, M., DAGOT, C. & PLOY, M.-C. 2012. Integron
involvement in environmental spread of antibiotic resistance. Frontiers in
microbiology, 3.

STALDER, T., PRESS, M. O., SULLIVAN, S., LIACHKO, I. & TOP, E. M. 2019. Linking the resistome
and plasmidome to the microbiome. The ISME journal, 13, 2437-2446.

STANLEY, D., GEIER, M. S., CHEN, H., HUGHES, R. J. & MOORE, R. J. 2015. Comparison of fecal
and cecal microbiotas reveals qualitative similarities but quantitative differences.
BMC microbiology, 15, 51.

STANLEY, D., GEIER, M. S., DENMAN, S. E., HARING, V. R., CROWLEY, T. M., HUGHES, R. J. &
MOORE, R. J. 2013. Identification of chicken intestinal microbiota correlated with the
efficiency of energy extraction from feed. Veterinary microbiology, 164, 85-92.

STANLEY, D., HUGHES, R. J. & MOORE, R. J. 2014. Microbiota of the chicken gastrointestinal
tract: influence on health, productivity and disease. Applied microbiology and
biotechnology, 98, 4301-4310.

STANLEY, V. G., GRAY, C., KREUGER, W. F. & HUME, M. E. 2016. Combined effects of dietary
carbohydrates and preslaughter flushing with magnesium sulfate on cecal coliform
colonization in chicks. Texas Journal of Agriculture and Natural Resources, 14, 47-52.

STECHER, B., DENZLER, R., MAIER, L., BERNET, F., SANDERS, M. J., PICKARD, D. J., BARTHEL,
M., WESTENDORF, A. M., KROGFELT, K. A. & WALKER, A. W. 2012. Gut inflammation
can boost horizontal gene transfer between pathogenic and commensal
Enterobacteriaceae. Proceedings of the National Academy of Sciences, 109, 1269-
1274.

STOKES, H., O'GORMAN, D., RECCHIA, G. D., PARSEKHIAN, M. & HALL, R. M. 1997. Structure
and function of 59-base element recombination sites associated with mobile gene
cassettes. Molecular microbiology, 26, 731-745.

STOKES, H. W., NESB®, C. L., HOLLEY, M., BAHL, M. I., GILLINGS, M. R. & BOUCHER, Y. 2006.
Class 1 integrons potentially predating the association with Tn402-like transposition
genes are present in a sediment microbial community. Journal of bacteriology, 188,
5722-5730.

SU, L.-H., CHU, C., CLOECKAERT, A. & CHIU, C.-H. 2008. An epidemic of plasmids?
Dissemination of extended-spectrum cephalosporinases among Salmonella and
other Enterobacteriaceae. FEMS Immunology & Medical Microbiology, 52, 155-168.

SULTAN, |, RAHMAN, S., JAN, A. T., SIDDIQUI, M. T., MONDAL, A. H. & HAQ, Q. M. R. 2018.
Antibiotics, resistome and resistance mechanisms: a bacterial perspective. Frontiers
in microbiology, 9, 2066.

SUNDE, M., SIMONSEN, G. S., SLETTEMEAS, J. S., BOCKERMAN, |. & NORSTROM, M. 2015.
Integron, plasmid and host strain characteristics of Escherichia coli from humans and
food included in the Norwegian antimicrobial resistance monitoring programs. PLoS
One, 10, e0128797.

313



SUNDSTROM, L., RADSTROM, P., SWEDBERG, G. & SKOLD, O. 1988. Site-specific
recombination promotes linkage between trimethoprim-and sulfonamide resistance
genes. Sequence characterization of dhfrV and sull and a recombination active locus
of Tn21. Molecular and General Genetics MGG, 213, 191-201.

SURETTE, M. D. & WRIGHT, G. D. 2017. Lessons from the environmental antibiotic resistome.
Annual review of microbiology, 71, 309-329.

SYKES, J. E. & PAPICH, M. G. 2013. Antibacterial drugs. Canine and feline infectious diseases,
66-86.

TADESSE, D. A., ZHAO, S., TONG, E., AYERS, S., SINGH, A., BARTHOLOMEW, M. J. &
MCDERMOTT, P. F. 2012. Antimicrobial drug resistance in Escherichia coli from
humans and food animals, United States, 1950-2002. Emerging infectious diseases,
18, 741.

TAGLIABUE, A. & RAPPUOLI, R. 2018. Changing priorities in vaccinology: antibiotic resistance
moving to the top. Frontiers in immunology, 9, 1068.

TANNER, S. A., CHASSARD, C., BERNER, A. Z. & LACROIX, C. 2014. Synergistic effects of
Bifidobacterium thermophilum RBL67 and selected prebiotics on inhibition of
Salmonella colonization in the swine proximal colon PolyFermS model. Gut
pathogens, 6, 44.

TAUCH, A., GOTKER, S., PUHLER, A., KALINOWSKI, J. & THIERBACH, G. 2002. The 27.8-kb R-
plasmid pTET3 from Corynebacterium glutamicum encodes the aminoglycoside
adenyltransferase gene cassette aadA9 and the regulated tetracycline efflux system
Tet 33 flanked by active copies of the widespread insertion sequence 1S6100.
Plasmid, 48, 117-129.

TEITELBAUM, J. E. & WALKER, W. A. 2002. Nutritional impact of pre-and probiotics as
protective gastrointestinal organisms. Annual review of nutrition, 22, 107-138.

TENG, P.-Y. & KIM, W. K. 2018. Roles of prebiotics in intestinal ecosystem of broilers. Frontiers
in veterinary science, 5, 245.

THOMAS, C. M. & NIELSEN, K. M. 2005. Mechanisms of, and barriers to, horizontal gene
transfer between bacteria. Nature reviews microbiology, 3, 711.

TIZARD, 1. R. 2013. Veterinary Immunology-E-Book, Elsevier Health Sciences.

TOLEMAN, M. A. & WALSH, T. R. 2011. Combinatorial events of insertion sequences and ICE
in Gram-negative bacteria. FEMS microbiology reviews, 35, 912-935.

TOROK, V., HUGHES, R., OPHEL-KELLER, K., ALI, M. & MACALPINE, R. 2009. Influence of
different litter materials on cecal microbiota colonization in broiler chickens. Poultry
Science, 88, 2474-2481.

TOROK, V. A., ALLISON, G. E., PERCY, N. J., OPHEL-KELLER, K. & HUGHES, R. J. 2011. Influence
of antimicrobial feed additives on broiler commensal posthatch gut microbiota
development and performance. Appl. Environ. Microbiol., 77, 3380-3390.

TOROK, V. A., OPHEL-KELLER, K., LOO, M. & HUGHES, R. J. 2008. Application of methods for
identifying broiler chicken gut bacterial species linked with increased energy
metabolism. Appl. Environ. Microbiol., 74, 783-791.

TRIBBLE, D. R. 2017. Resistant pathogens as causes of traveller’s diarrhea globally and impact
(s) on treatment failure and recommendations. Journal of travel medicine, 24, S6-
S12.

TROBOS, M., LESTER, C. H., OLSEN, J. E., FRIMODT-M@LLER, N. & HAMMERUM, A. M. 20009.
Natural transfer of sulphonamide and ampicillin resistance between Escherichia coli
residing in the human intestine. Journal of Antimicrobial Chemotherapy, 63, 80-86.

TURNBULL, P. & SNOEYENBOS, G. 1974. Experimental salmonellosis in the chicken. 1. Fate
and host response in alimentary canal, liver, and spleen. Avian Diseases, 153-177.

TYSON, G. H., TATE, H. P., ZHAQO, S., LI, C., DESSAI, U., SIMMONS, M. & MCDERMOTT, P. F.
2017. Identification of plasmid-mediated quinolone resistance in Salmonella isolated

314



from swine ceca and retail pork chops in the United States. Antimicrobial agents and
chemotherapy, 61, e01318-17.

UDIKOVIC-KOLIC, N., WICHMANN, F., BRODERICK, N. A. & HANDELSMAN, J. 2014. Bloom of
resident antibiotic-resistant bacteria in soil following manure fertilization.
Proceedings of the National Academy of Sciences, 111, 15202-15207.

VAN CRAEYVELD, V., SWENNEN, K., DORNEZ, E., VAN DE WIELE, T., MARZORATI, M.,
VERSTRAETE, W., DELAEDT, Y., ONAGBESAN, O., DECUYPERE, E. & BUYSE, J. 2008.
Structurally different wheat-derived arabinoxylooligosaccharides have different
prebiotic and fermentation properties in rats. The Journal of nutrition, 138, 2348-
2355.

VAN DE PEER, Y., CHAPELLE, S. & DE WACHTER, R. 1996. A quantitative map of nucleotide
substitution rates in bacterial rRNA. Nucleic acids research, 24, 3381-3391.

VAN DER WIELEN, P. W., BIESTERVELD, S., NOTERMANS, S., HOFSTRA, H., URLINGS, B. A. &
VAN KNAPEN, F. 2000. Role of volatile fatty acids in development of the cecal
microflora in broiler chickens during growth. Applied and Environmental
Microbiology, 66, 2536-2540.

VAN HOEK, A. H., MEVIUS, D., GUERRA, B., MULLANY, P., ROBERTS, A. P. & AARTS, H. J. 2011.
Acquired antibiotic resistance genes: an overview. Frontiers in microbiology, 2, 203.

VAN IMMERSEEL, F., DE BUCK, J., DE SMET, I., MAST, J., HAESEBROUCK, F. & DUCATELLE, R.
2002. Dynamics of immune cell infiltration in the caecal lamina propria of chickens
after neonatal infection with a Salmonella enteritidis strain. Developmental &
Comparative Immunology, 26, 355-364.

VAN IMMERSEEL, F., DE BUCK, J., PASMANS, F., VELGE, P., BOTTREAU, E., FIEVEZ, V.,
HAESEBROUCK, F. & DUCATELLE, R. 2003. Invasion of Salmonella enteritidis in avian
intestinal epithelial cells in vitro is influenced by short-chain fatty acids. International
journal of food microbiology, 85, 237-248.

VAN LOON, K., VAN ZAANE, B., BOSCH, E. J., KALKMAN, C. J. & PEELEN, L. M. 2015. Non-
invasive continuous respiratory monitoring on general hospital wards: a systematic
review. PLoS One, 10.

VARMUZOVA, K., FALDYNOVA, M., ELSHEIMER-MATULOVA, M., SEBKOVA, A., POLANSKY, O.,
HAVLICKOVA, H., SISAK, F. & RYCHLIK, I. 2016. Immune protection of chickens
conferred by a vaccine consisting of attenuated strains of Salmonella Enteritidis,
Typhimurium and Infantis. Veterinary research, 47, 94.

VASQUEZ-PONCE, F., HIGUERA-LLANTEN, S., CORTES, J., ZIMIN-VESELKOFF, N., MARSHALL, S.
H., MARDONES, F. O. & OLIVARES-PACHECO, J. 2019. High prevalence of class 1
integrase and characterization of class 1 integron gene cassettes in multiresistant
bacteria isolated from the gut microbiota of extended antibiotic treated Salmo salar
fish farms. BioRxiv, 532663.

VENTOLA, C. L. 2015. The antibiotic resistance crisis: part 1: causes and threats. Pharmacy
and therapeutics, 40, 277.

VICKERS, N. J. 2017. Animal Communication: When I’'m Calling You, Will You Answer Too?
Current Biology, 27, R713-R715.

VIDENSKA, P., SEDLAR, K., LUKAC, M., FALDYNOVA, M., GERZOVA, L., CEJKOVA, D., SISAK, F.
& RYCHLIK, I. 2014. Succession and replacement of bacterial populations in the
caecum of egg laying hens over their whole life. PloS one, 9.

VIDENSKA, P., SISAK, F., HAVLICKOVA, H., FALDYNOVA, M. & RYCHLIK, I. 2013. Influence of
Salmonella enterica serovar Enteritidis infection on the composition of chicken cecal
microbiota. BMC veterinary research, 9, 140.

VINCENT, C., BOERLIN, P., DAIGNAULT, D., DOZOIS, C. M., DUTIL, L., GALANAKIS, C., REID-
SMITH, R. J., TELLIER, P.-P., TELLIS, P. A. & ZIEBELL, K. 2010. Food reservoir for
Escherichia coli causing urinary tract infections. Emerging infectious diseases, 16, 88.

315



VINCENT, J.-L. 2003. Nosocomial infections in adult intensive-care units. The lancet, 361,
2068-2077.

VO, A. T., VAN DUIJKEREN, E., FLUIT, A. C. & GAASTRA, W. 2007. A novel Salmonella genomic
island 1 and rare integron types in Salmonella Typhimurium isolates from horses in
The Netherlands. Journal of antimicrobial chemotherapy, 59, 594-599.

VOLKOVA, V. V., LU, Z., BESSER, T. & GROHN, Y. T. 2014. Modeling the infection dynamics of
bacteriophages in enteric Escherichia coli: estimating the contribution of
transduction to antimicrobial gene spread. Appl. Environ. Microbiol., 80, 4350-4362.

VON WINTERSDORFF, C. J., PENDERS, J., VAN NIEKERK, J. M., MILLS, N. D., MAJUMDER, S.,
VAN ALPHEN, L. B., SAVELKOUL, P. H. & WOLFFS, P. F. 2016. Dissemination of
antimicrobial resistance in microbial ecosystems through horizontal gene transfer.
Frontiers in microbiology, 7, 173.

WAITE, D. W. & TAYLOR, M. W. 2014. Characterizing the avian gut microbiota: membership,
driving influences, and potential function. Frontiers in microbiology, 5, 223.
WALDRON, L. S. & GILLINGS, M. R. 2015. Screening Foodstuffs for Class 1 Integrons and Gene

Cassettes. Journal of visualized experiments: JoVE.

WANG, L., LILBURN, M. & YU, Z. 2016. Intestinal microbiota of broiler chickens as affected by
litter management regimens. Frontiers in microbiology, 7, 593.

WASYL, D., KERN-ZDANOWICZ, I., DOMANSKA-BLICHARZ, K., ZAJAC, M. & HOSZOWSKI, A.
2015. High-level fluoroquinolone resistant Salmonella enterica serovar Kentucky
ST198 epidemic clone with IncA/C conjugative plasmid carrying blaCTX-M-25 gene.
Veterinary Microbiology, 175, 85-91.

WEI, Q,, JIANG, X., YANG, Z., CHEN, N., CHEN, X., LI, G. & LU, Y. 2009. dfrA27, a new integron-
associated trimethoprim resistance gene from Escherichia coli. Journal of
antimicrobial chemotherapy, 63, 405-406.

WEI, S., LILBURN, M. & YU, Z. 2016. The Bacteriomes of lleal Mucosa and Cecal Content of
Broiler Chickens and Turkeys as Revealed by Metagenomic Analysis. International
journal of microbiology, 2016.

WEI, S., MORRISON, M. & YU, Z. 2013. Bacterial census of poultry intestinal microbiome.
Poultry science, 92, 671-683.

WEISBURG, W. G., BARNS, S. M., PELLETIER, D. A. & LANE, D. J. 1991. 16S ribosomal DNA
amplification for phylogenetic study. Journal of bacteriology, 173, 697-703.
WELLINGTON, E. M., BOXALL, A. B., CROSS, P., FEIL, E. J., GAZE, W. H., HAWKEY, P. M.,
JOHNSON-ROLLINGS, A. S., JONES, D. L., LEE, N. M. & OTTEN, W. 2013. The role of
the natural environment in the emergence of antibiotic resistance in Gram-negative

bacteria. The Lancet infectious diseases, 13, 155-165.

WEN, C., WU, L., QIN, Y., VAN NOSTRAND, J. D., NING, D., SUN, B., XUE, K., LIU, F., DENG, Y.
& LIANG, Y. 2017. Evaluation of the reproducibility of amplicon sequencing with
Illumina MiSeq platform. PloS one, 12.

WESTCOTT, S. L. & SCHLOSS, P. D. 2017. OptiClust, an Improved Method for Assigning
Amplicon-Based Sequence Data to Operational Taxonomic Units. mSphere, 2,
e00073-17.

WEXLER, H. M. 2007. Bacteroides: the good, the bad, and the nitty-gritty. Clinical
microbiology reviews, 20, 593-621.

WHITE, P. A., MCIVER, C. J. & RAWLINSON, W. D. 2001. Integrons and gene cassettes in the
Enterobacteriaceae. Antimicrobial agents and chemotherapy, 45, 2658-2661.
WIEDEMANN, B., MEYER, J. F. & ZUHLSDORF, M. T. 1986. Insertions of resistance genes into

Tn 21-like transposons. Journal of Antimicrobial Chemotherapy, 18, 85-92.

WIELEN, P., KEUZENKAMP, D., LIPMAN, L. V., KNAPEN, F. & BIESTERVELD, S. 2002. Spatial and
temporal variation of the intestinal bacterial community in commercially raised
broiler chickens during growth. Microbial ecology, 44, 286-293.

316



WILSON, D. N. 2014. Ribosome-targeting antibiotics and mechanisms of bacterial resistance.
Nature Reviews Microbiology, 12, 35-48.

WINOKUR, P., BRUEGGEMANN, A., DESALVO, D., HOFFMANN, L., APLEY, M., UHLENHOPP, E.,
PFALLER, M. & DOERN, G. 2000. Animal and human multidrug-resistant,
cephalosporin-resistant Salmonella isolates expressing a plasmid-mediated CMY-2
AmpC B-lactamase. Antimicrobial Agents and Chemotherapy, 44, 2777-2783.

WIREMAN, J., LIEBERT, C. A., SMITH, T. & SUMMERS, A. O. 1997. Association of mercury
resistance with antibiotic resistance in the gram-negative fecal bacteria of primates.
Applied and Environmental Microbiology, 63, 4494-4503.

WISNER, A. L. S. 2011. Role of Salmonella enterica subspecies enterica serovar Enteritidis
pathogenicity island-2 in chickens. University of Saskatchewan.

WONG, J. M., DE SOUZA, R., KENDALL, C. W., EMAM, A. & JENKINS, D. J. 2006. Colonic health:
fermentation and short chain fatty acids. Journal of clinical gastroenterology, 40,
235-243,

WONG, M. H.-Y., KAN, B., CHAN, E. W.-C., YAN, M. & CHEN, S. 2016. Incl1 plasmids carrying
various blaCTX-M genes contribute to ceftriaxone resistance in Salmonella enterica
serovar Enteritidis in China. Antimicrobial agents and chemotherapy, 60, 982-989.

WOZNIAK, R. A. & WALDOR, M. K. 2010. Integrative and conjugative elements: mosaic mobile
genetic elements enabling dynamic lateral gene flow. Nature Reviews Microbiology,
8, 552-563.

WRIGHT, G. D. 2007. The antibiotic resistome: the nexus of chemical and genetic diversity.
Nature Reviews Microbiology, 5, 175.

WRIGHT, G. D. 2010. Antibiotic resistance in the environment: a link to the clinic? Current
opinion in microbiology, 13, 589-594.

WU, G., ZHANG, C., WANG, J., ZHANG, F., WANG, R., SHEN, J., WANG, L., PANG, X., ZHANG,
X. & ZHAOQ, L. 2016. Diminution of the gut resistome after a gut microbiota-targeted
dietary intervention in obese children. Scientific reports, 6, 1-9.

XIONG, W., WANG, M., DAI, J., SUN, Y. & ZENG, Z. 2018a. Application of manure containing
tetracyclines slowed down the dissipation of tet resistance genes and caused
changes in the composition of soil bacteria. Ecotoxicology and environmental safety,
147, 455-460.

XIONG, W., WANG, Y., SUN, Y., MA, L., ZENG, Q., JIANG, X, LI, A., ZENG, Z. & ZHANG, T. 2018b.
Antibiotic-mediated changes in the fecal microbiome of broiler chickens define the
incidence of antibiotic resistance genes. Microbiome, 6, 34.

XU, H., BROERSMA, K., MIAO, V. & DAVIES, J. 2011. Class 1 and class 2 integrons in multidrug-
resistant gram-negative bacteria isolated from the Salmon River, British Columbia.
Canadian journal of microbiology, 57, 460-467.

XU, H., DAVIES, J. & MIAO, V. 2007. Molecular characterization of class 3 integrons from
Delftia spp. Journal of bacteriology, 189, 6276-6283.

XU, Z., HU, C,, XIA, M., ZHAN, X. & WANG, M. 2003. Effects of dietary fructooligosaccharide
on digestive enzyme activities, intestinal microflora and morphology of male broilers.
Poultry science, 82, 1030-1036.

XU, Z., LI, L., SHIRTLIFF, M. E., ALAM, M. J., YAMASAKI, S. & SHI, L. 2009. Occurrence and
characteristics of class 1 and 2 integrons in Pseudomonas aeruginosa isolates from
patients in southern China. Journal of clinical microbiology, 47, 230-234.

YADAYV, S. & JHA, R. 2019. Strategies to modulate the intestinal microbiota and their effects
on nutrient utilization, performance, and health of poultry. Journal of animal science
and biotechnology, 10, 1-11.

YAN, W., SUN, C., YUAN, J. & YANG, N. 2017. Gut metagenomic analysis reveals prominent
roles of Lactobacillus and cecal microbiota in chicken feed efficiency. Scientific
reports, 7, 45308.

317



YANG, Y., ), P., KOCHER, A., MIKKELSEN, L. & CHOCT, M. 2008. Effects of
mannanoligosaccharide and fructooligosaccharide on the response of broilers to
pathogenic Escherichia coli challenge. British poultry science, 49, 550-559.

YEGANI, M. & KORVER, D. 2008. Factors affecting intestinal health in poultry. Poultry science,
87, 2052-2063.

YEOMAN, C. J., CHIA, N., JERALDO, P., SIPOS, M., GOLDENFELD, N. D. & WHITE, B. A. 2012.
The microbiome of the chicken gastrointestinal tract. Animal Health Research
Reviews, 13, 89-99.

YIN, Y., LEl, F., ZHU, L., LI, S., WU, Z., ZHANG, R., GAO, G. F., ZHU, B. & WANG, X. 2010.
Exposure of different bacterial inocula to newborn chicken affects gut microbiota
development and ileum gene expression. The ISME journal, 4, 367-376.

YU, H. S, LEE, J. C., KANG, H. Y., JEONG, Y. S, LEE, E. Y., CHOI, C. H., TAE, S. H., LEE, Y. C., SEOL,
S. Y. & CHO, D. T. 2004. Prevalence of dfr genes associated with integrons and
dissemination of dfrA17 among urinary isolates of Escherichia coli in Korea. Journal
of Antimicrobial Chemotherapy, 53, 445-450.

YUE, M. & SCHIFFERLI, D. M. 2014. Allelic variation in Salmonella: an underappreciated driver
of adaptation and virulence. Frontiers in microbiology, 4, 419.

ZHANG, A. N,, LI, L.-G., MA, L., GILLINGS, M. R., TIEDJE, J. M. & ZHANG, T. 2018. Conserved
phylogenetic distribution and limited antibiotic resistance of class 1 integrons
revealed by assessing the bacterial genome and plasmid collection. Microbiome, 6,
1-14.

ZHANG, X. Y., DING, L. J. & YUE, J. 2009. Occurrence and characteristics of class 1 and class 2
integrons in resistant Escherichia coli isolates from animals and farm workers in
northeastern China. Microbial drug resistance, 15, 323-328.

ZHANG, Y., GU, A. Z., HE, M., LI, D. & CHEN, J. 2017. Subinhibitory concentrations of
disinfectants promote the horizontal transfer of multidrug resistance genes within
and across genera. Environmental science & technology, 51, 570-580.

ZHAO, L., WANG, G., SIEGEL, P., HE, C., WANG, H., ZHAO, W., ZHAI, Z., TIAN, F., ZHAO, J. &
ZHANG, H. 2013. Quantitative genetic background of the host influences gut
microbiomes in chickens. Scientific reports, 3, 1163.

ZHAO, S., WHITE, D. G., GE, B., AYERS, S., FRIEDMAN, S., ENGLISH, L., WAGNER, D., GAINES,
S. & MENG, J. 2001. Identification and characterization of integron-mediated
antibiotic resistance among Shiga toxin-producing Escherichia coli isolates. Applied
and environmental microbiology, 67, 1558-1564.

ZHOU, Y., YU, H., GUOQ, Q. XU, X., YE, X., WU, S., GUO, Y. & WANG, M. 2010. Distribution of
16S rRNA methylases among different species of Gram-negative bacilli with high-
level resistance to aminoglycosides. European journal of clinical microbiology &
infectious diseases, 29, 1349-1353.

ZHU, Y.-G., JOHNSON, T. A, SU, J.-Q., QIAO, M., GUO, G.-X., STEDTFELD, R. D., HASHSHAM, S.
A. & TIEDIJE, J. M. 2013. Diverse and abundant antibiotic resistance genes in Chinese
swine farms. Proceedings of the National Academy of Sciences, 110, 3435-3440.

318



Appendices

Appendix 1: preparation of media

1.1 Media preparation

The suppliers for all media used and chemicals substances in this thesis are listed
in Table 2.1. All media used in this thesis were prepared using reverse osmosis
(RO) water followed by sterilization cycle by autoclaving at 121 °C for 15 min, in
case if the components of media were heat labile the frequent agitation was used
until the medium boiled. The antibiotics were added to the molten agar after
sterilizing, once it had cooled to approximately 50 °C. The media was poured into
sterile Petri dishes (Sarstedt, Leicester, UK) in a laminar flow cabinet. Liquid media
was generally stored at room temperature (unless specified) and prepared agar

plates was stored at 4 °C.

All media used in this thesis for culturing and storing bacterial growth were
prepared in reverse osmosis (RO) water and then sterilised via autoclaving on
liquid cycle at 121°C and 15 psi for twenty minutes. Required antibiotics were
added to agar media after it cooled to 50°C in a water bath, and then poured into
sterile Petri dishes (Sarstedt, Leicester, UK) in a laminar flow cabinet. Broth media
were stored at room temperature whereas agar plates were stored at 4°C for a

maximum of four weeks.

1.1.1 Modified Xylose-Lysine-Desoxycholate (mXLD) agar

The media was prepared by dissolving 53 g of XLD medium (Oxoid; CM0469;
UK) into 1 litre of RO water and then, heated by stirrer hotplates (Stuart; CB162;
UK) with frequent agitation until the medium boiled (over boiled should be
avoided). It was cooled to 50 °C in water bath before addition of 1 ug/ml of
Novobiocin (Sigma-Aldrich) and 12.5 pg/ml Nalidixic acid (Sigma-Aldrich), mixed
well then poured into sterile Petri dishes (Sarstedt, Leicester, UK) in a laminar flow

cabinet and agar media were stored at 4°C for a maximum of four weeks.
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1.1.2 Xylose-Lysine-Desoxycholate (XLD) agar

XLD medium was prepared as above without antibiotics.

1.1.3 Modified Semi-solid Rappaport Vassiliadis (MSRV) agar

Approximately 15.8 g of MSRV Medium Base (Oxoid; CM1112; UK) was
suspended in 1 litre of RO water, heated with frequent agitation until the medium
boiled and then It was cooled to 50°C before addition of Novobiocin (20 pg/ml)
Mix well and poured into sterile Petri dishes. The plates were air dried at room
temperature for at least one hour and kept right way up because it is semi-solid

media.

1.1.4 MacConkey agar No 3 (Mac_03)

51.5g of MacConkey no 3 (Oxoid; CM115; UK) was suspended in 1 litre of
RO water and sterilised by autoclaving at 121°C for 15 minutes, cooled in water
bath and then poured into sterile Petri dishes for control plates whereas
trimethoprim plates were prepared by inoculated medium with 20 ug/ml of
trimethoprim after medium was tempered to 50 °C, mixed well and poured into

marked Petri dishes.

1.1.5 De man, Rogosa and Sharpe (MRS) agar

MRS medium (31 g; Oxoid; CM0361) was suspended in 1 litre of RO water
and sterilised by autoclaving at 121°C for 15 minutes, cooled then poured into

sterile Petri dishes.

1.1.6 Luria-Bertani (LB) agar

LB medium was prepared by adding 10 g tryptone (BiTek™; USA), 5 g yeast
extract (BiTek™; USA), 5 g sodium chloride (Sigma-Aldrich; UK) and 15 g
bacteriological agar No. 1 (Oxoid; LP0011 UK) was prepped in 1 L of RO water.
The medium was autoclaved for sterility at 15 psi, 121 °C for 15-20 minutes.

Sterile LB Petri dishes were stored at room temperature or 4°C until required.
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1.1.7 LB broth
LB broth was prepared as mentioned previously in 1.1.6 without adding
bacteriological agar no.1 autoclaved and LB broth was stored at room temperature

for a maximum of eight weeks.

1.1.8 Nutrient Agar (NA)

Nutrient agar (Oxoid; CM0003; UK) was prepared by dissolving 28g of
Nutrient agar into 1 litre of RO water. After autoclaving, Nutrient agar was cooled
in water bath, poured in Petri dishes and stored at room temperature for a

maximum of eight weeks.

1.1.9 Nutrient broth No. 2

Nutrient broth No. 2 (Oxoid; CM0067; UK) was prepared by dissolving 25¢g
of Nutrient broth No. 2 into 1 litre of RO water. After autoclaving, Nutrient Broth

No. 2 broth was stored at room temperature for a maximum of eight weeks.

1.1.10 YT broth

YT broth was prepared by adding 0.5% Difco Bacto yeast extract, 0.5% NaCl,
0.8% Difco Bacto tryptone and was adjusted to pH 7.5. YT broth was autoclaved
for sterility at 15 psi, 121 °C for 15-20 minutes and stored at room temperature
until required.

1.2 Buffers and solutions

1.2.1 Buffered peptone water

Buffered Peptone Water (20 g; Oxoid; CM509) was suspended in 1 litre of
RO water and sterilised by autoclaving at 121°C for 15 minutes.
1.2.2 Maximum recovery diluent (MRD)

MRD was prepared by adding 9.5g of maximum recovery diluent (Oxoid;
CMO0733; UK) in 1 litre of RO water. After autoclaving, MRD was stored at room

temperature for a maximum of eight weeks.
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1.2.3 Phosphate buffered saline (PBS)

To prepare PBS, one phosphate buffered saline tablet (ThermoFisher) was
dissolved in 200 ml of RO water. After autoclaving, PBS buffer was stored at room
temperature.

1.2.4 Long-term bacterial storage medium

Glycerol stock was prepared to maintain and store bacterial growth by adding
300 ul of sterile glycerol (50 % v v) to 700 ul nutrient broth No.2 (1.1.9) to a final
concentration of 30% v/v. After autoclaving, the bacterial storage medium was
stored at room temperature for a maximum of eight weeks.

1.2.5 Antibiotics

Selected antibiotics were prepared in appropriate solvent according to
manufacturer’s instructions. After preparation, antibiotics were sterilised by 0.22
pm filter (Sartorius Stedim Biotech; Germany) and aliquoted as 1ml stock
solutions and stored at -20°C. Stock concentrations for antibiotics used in this
thesis are listed in Table 1.1.

Table 1. 1 Antibiotics used in this thesis.

Antibiotic Supplier Solvent concset:ttl:-';tion Cor‘:zg:ll::ggion
Trimethoprim Sigma-Aldrich 100% Ethanol 20 mg/ml 20 pg/ml
/DMSO
Novobiocin Sigma-Aldrich RO water 1 mg/ml 1 pg/ml
Nalidixic acid Sigma-Aldrich RO water 12.5 mg/ml 12.5 pg/ml
Lincomycin Sigma-Aldrich RO water
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1.1.13 Proteinase kinase

Approximately 0.1 g of proteinase K (Sigma-Aldrich) was dissolved in 5 ml
of RO water (20 mg/ml) for GenElute Bacterial Genomic DNA kit, sterilised by filter
(0.22 pm) then aliquoted as 60 pl stock solutions and stored at -20°C. It
commonly used to digest protein and remove contamination from DNA because it

inactivates nucleases that might degrade the DNA or RNA during purification.
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Appendix 2.1 Table 2.1.1 The PCR ampilicon product results of three
conserved genes of class 1 integrons of broiler caecal samples biosecure
birds

Sample feed type age intI1 Ravi intI1 EB intT1 H inti1 C sull qacEA1
1.22.1 ctl-nonc 22 + neq + + + +
1.22.2 ctl-nonc 22 + neq + + + +
1.22.3 ctl-nonc 22 + neq + + + +
1.22.4 ctl-nonc 22 + neq + + + +
1.22.5 ctl-nonc 22 + neq + + + +
1.22.6 ctl-nonc 22 + neq + + + +
1.22.7 ctl-nonc 22 + neq + + + +
1.24.1 ctl-nonc 24 + neq + + + +
1.24.2 ctl-nonc 24 + neq + + + +
1.24.3 ctl-nonc 24 + neq + + + +
1.24.4 ctl-nonc 24 + neq + + + +
1.24.5 ctl-nonc 24 + neq neg neg neg +
1.24.6 ctl-nonc 24 + neq + + + +
1.24.7 ctl-nonc 24 + neq + + + +
1.28.1 ctl-nonc 28 + neq + + + +
1.28.2 ctl-nonc 28 + neq + + neg +
1.28.3 ctl-nonc 28 + neq + + + +
1.28.4 ctl-nonc 28 + neq + neg + +
1.28.5 ctl-nonc 28 + neq + + + +
1.28.6 ctl-nonc 28 + neq + neg neg +
1.28.7 ctl-nonc 28 + neq + + + +
1.35.1 ctl-nonc 35 + neq + + + +
1.35.2 ctl-nonc 35 + neq + + + +
1.35.4 ctl-nonc 35 + neq + + + +
1.35.5 ctl-nonc 35 + neq + + + +
1.35.6 ctl-nonc 35 + neq + + + +
1.35.7 ctl-nonc 35 + neq + neg + +
2.22.1 GOS-nonc 22 + neq + + + +
2.22.2 GOS-nonc 22 + neq + + + +
2.22.3 GOS-nonc 22 + neq + neg + neg
2.22.4 GOS-nonc 22 + neq + + + neg
2.22.5 GOS-nonc 22 + neq + + + neg
2.22.6 GOS-nonc 22 + neq + + + +
2.22.7 GOS-nonc 22 + neq + + + +
2.24.1 GOS-nonc 24 + neq + + + +
2.24.2 GOS-nonc 24 + neq + + + +
2.24.3 GOS-nonc 24 + neq + + + +
2.24.4 GOS-nonc 24 + neq + + + +
2.24.5 GOS-nonc 24 + neq + + neg neg
2.24.6 GOS-nonc 24 + neq + + + +
2.24.7 GOS-nonc 24 + neq + + neg +
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Continued. Table 2.1 The PCR ampilicon product results of three
conserved genes of class 1 integrons of broiler caecal samples biosecure
birds

Sample | feed type | age 'g;ﬁ i’:stél intI1 H intil1 C sull gacEA1
2.28.1 GOS-nonc 28 + neq + + + +
2.28.2 | GOS-nonc | 28 + neq + + + +
2.28.3 | GOS-nonc | 28 + neq + + + +
2.28.4 GOS-nonc 28 + neq + + + +
2.28.5 | GOS-nonc | 28 + neq + + + +
2.28.6 GOS-nonc 28 + neq + + + +
2.28.7 GOS-nonc 28 + neq + + + +
2.35.1 | GOS-nonc | 35 + neq + + + +
2.35.2 GOS-nonc 35 + neq + + + +
2.35.3 GOS-nonc 35 + neq + + + +
2.35.4 GOS-nonc 35 + neq + + + +
2.35.5 GOS-nonc 35 + neq + + + +
2.35.6 GOS-nonc 35 + neq + neg neg neg
2.35.7 GOS-nonc 35 + neq + + + +
3.22.1 ctl-sal 22 + neq + + + +
3.22.2 ctl-sal 22 + neq + + + +
3.22.3 ctl-sal 22 + neq + + + +
3.22.4 ctl-sal 22 + neq + + + +
3.22.5 ctl-sal 22 + neq + + + +
3.22.6 ctl-sal 22 + neq + + + +
3.22.7 ctl-sal 22 + neq + + + +
3.24.1 ctl-sal 24 + neq + neg + +
3.24.2 ctl-sal 24 + neq + + + +
3.24.3 ctl-sal 24 + neq + + + +
3.24.4 ctl-sal 24 + neq + + + +
3.24.5 ctl-sal 24 + neq + + + +
3.24.6 ctl-sal 24 + neq + + + +
3.24.7 ctl-sal 24 + neq + + + +
3.28.1 ctl-sal 28 + neq + + + +
3.28.2 ctl-sal 28 + neq + + + +
3.28.3 ctl-sal 28 + neq + + + +
3.28.4 ctl-sal 28 + neq + + + +
3.28.5 ctl-sal 28 + neq + + + +
3.28.6 ctl-sal 28 + neq + + + +
3.28.7 ctl-sal 28 + neq + + + +
3.35.1 ctl-sal 35 + neq + neg + +
3.35.2 ctl-sal 35 + neq + + + +
3.35.3 ctl-sal 35 + neq + + + +
3.35.4 ctl-sal 35 + neq + + + +
3.35.5 ctl-sal 35 + neq + + + +
3.35.6 ctl-sal 35 + neq + + + neg
3.35.7 ctl-sal 35 + neq + neg + +
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Continued. Table 2.1 The PCR ampilicon product results of three
conserved genes of class 1 integrons of broiler caecal samples biosecure
birds

Sample :3:: age 'g;ﬁ i"Et;I intI1 H inti1 C sull gacEA1
4..22.1 | GOS-sal 22 + neq + neg + +
4..22.2 | GOS-sal 22 + neq + neg + +
4..22.3 GOS-sal 22 + neq + neg + +
4..22.4 GOS-sal 22 + neq + + +
4..22.5 GOS-sal 22 + neq + + + +
4..22.6 | GOS-sal 22 + neq + + +
4..22.7 GOS-sal 22 + neq + + + +
4.24.1 GOS-sal 24 + neq + neg + +
4.24.2 GOS-sal 24 + neq + neg + +
4.24.3 GOS-sal 24 + neq + neg + +
4.24.4 GOS-sal 24 + neq + + + +
4.24.5 GOS-sal 24 neg neq + neg + neg
4.24.6 GOS-sal 24 + neq + neg + +
4.24.7 GOS-sal 24 + neq + + + +
4.28.1 GOS-sal 28 + neq + neg + +
4.28.2 GOS-sal 28 + neq + neg + +
4.28.3 GOS-sal 28 + neq + neg + +
4.28.4 GOS-sal 28 + neq + + + +
4.28.5 GOS-sal 28 + neq + neg + +
4.28.6 GOS-sal 28 + neq + + + +
4.28.7 GOS-sal 28 + neq + + + +
4.35.1 GOS-sal 35 + neq + neg + +
4.35.2 GOS-sal 35 + neq + + + +
4.35.3 GOS-sal 35 + neq + neg + +
4.35.4 GOS-sal 35 + neq + + + +
4.35.5 GOS-sal 35 + neq + + + +
4.35.6 GOS-sal 35 + neq + + + +
4.35.7 GOS-sal 35 + neq + + + +
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Appendix 2.2 The PCR ampilicon product of class 1 integron (int/1 Ravi
primer) of biosecure birds

6o e 88098 10 il 190 1380 14 015016 17 18

Figure 2.2.1 Agarose gels amplification products of PCRs by using Ravi primers
showing target genes the 546 bp PCRs products of class 1 integrase gene (int/1
Ravi, Chapter 2 Table 2.4) obtained from biosecure condition chicken caecal DNA

samples of control group (G1) electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntI1 Ravi sample 1.22.1, Lane 3 IntI1 Ravi sample
1.22.2, Lane 4 IntI1 Ravi sample 1.22.3, Lane 5 IntI1 Ravi sample 1.22.4, Lane 6 Intl1
Ravi sample 1.22.5, Lane 7 IntI1 Ravi sample 1.22.6, Lane 8 IntI1 Ravi sample 1.22.7,
Lane 9 IntI1 Ravi sample 1.24.1, Lane 10 IntI1 Ravi sample 1.24.2, Lane 11 IntI1 Ravi
sample 1.24.3, Lane 12 IntI1 Ravi sample 1.24.4, Lane 13 IntlI1 Ravi sample 1.24.5, Lane
14 IntI1 Ravi sample 1.24.6, Lane 15 IntI1 Ravi sample 1.24.7, Lane 16 IntI1 Ravi -ve

control Lane 17 IntI1 Ravi +ve control, Lane 18 100 bp ladder (BioLab).

8 9 10 11 12 13 14 15 16

Figure 2.2.2 Agarose gels amplification products of PCRs by using Ravi primers
showing target genes the 546 bp PCRs products of class 1 integrase gene (int/1
Ravi, Chapter 2 Table 2.4) obtained from biosecure condition chicken caecal DNA
samples of G1 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntlI1 Ravi sample 1.28.1, Lane 3 IntI1 Ravi sample
1.28.2, Lane 4 IntI1 Ravi sample 1.28.3, Lane 5 IntI1 Ravi sample 1.28.4, Lane 6 IntI1
Ravi sample 1.28.5, Lane 7 IntI1 Ravi sample 1.28.6, Lane 8 IntI1 Ravi sample 1.28.7,
Lane 9 IntI1 Ravi sample 1.35.1, Lane 10 IntI1 Ravi sample 1.35.2, Lane 11 Inti1 Ravi
sample 1.35.4, Lane 12 IntI1 Ravi sample 1.35.5, Lane 13 IntI1 Ravi sample 1.35.6, Lane
14 IntI1 Ravi sample 1.35.7. Lane 15 IntI1 Ravi -ve control, Lane 16 IntI1 Ravi +ve control,

Lane 17 100 bp ladder (BioLab).
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Figure 2.2.3 Agarose gels amplification products of PCRs by using Ravi primers
showing target genes the 546 bp PCRs products of class 1 integrase gene (inti1
Ravi, Chapter 2 Table 2.4) obtained from biosecure condition chicken caecal DNA
samples of GOS supplemented diet (G2) electrophoresed on a 1 % TAE gel

Lane 1 100 bp ladder (BioLab), Lane 2 int/1 Ravi sample 2.22.1, Lane 3 IntI1 Ravi sample
2.22.2 , Lane 4 intl1 Ravi sample 2.22.3, Lane 5 IntlI1 Ravi sample 2.22.4, Lane 6 int/1 Ravi
sample 2.22.5, Lane 7 Intll Ravi sample 2.22.6, Lane 8 int/1 Ravi sample 2.22.7, Lane 9
IntI1 Ravi sample 2.24.1, Lane 10 IntI1 Ravi sample 2.24.2, Lane 11 IntIl Ravi sample
2.24.3, Lane 12 Inti1 Ravi sample 2.24.4, Lane 13 IntI1l Ravi sample 2.24.5, Lane 14 intl/1
Ravi sample 2.24.6, Lane 15 IntI1 Ravi sample 2.24.7, Lane 16 int/1 Ravi -ve control, Lane

17 Intl1 Ravi +ve control, Lane 18 100 bp ladder (BioLab).
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Figure 2.2.4 Agarose gels amplification products of PCRs by using Ravi primers
showing target genes the 546 bp PCRs products of class 1 integrase gene (int/1
Ravi, Chapter 2 Table 2.4) obtained from biosecure condition chicken caecal DNA
samples of G2 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntI1 Ravi sample 2.28.1, Lane 3 IntlI1 Ravi sample
2.28.2, Lane 4 IntI1 Ravi sample 2.28.3, Lane 5 IntI1 Ravi sample 2.28.4, Lane 6 Intl1
Ravi sample 2.28.5, Lane 7 IntlI1 Ravi sample 2.28.6, Lane 8 IntI1 Ravi sample 2.28.7,
Lane 9 IntI1 Ravi sample 2.35.1, Lane 10 Inti1 Ravi sample 2.35.2, Lane 11 Inti1 Ravi
sample 2.35.3, Lane 12 IntI1 Ravi sample 2.35.4, Lane 13 IntI1 Ravi sample 2.35.5, Lane
14 IntI1 Ravi sample 2.35.6, Lane 15 IntI1 Ravi sample 2.35.7, Lane 17 IntIl Ravi -ve

control, Lane 18 100 bp ladder (BioLab).
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Figure 2.2.5 Agarose gels amplification products of PCRs by using Ravi primers
exhibiting target genes the 546 bp PCRs products of class 1 integrase gene (int/1
Ravi, Chapter 2 Table 2.4) obtained from biosecure condition chicken caecal DNA
samples of control group challenged with Salmonella (G3) electrophoresedona 1
% TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntI1 Ravi sample 3.22.1, Lane 3 IntI1 Ravi sample
3.22.2, Lane 4 IntlI1 Ravi sample 3.22.3, Lane 5 IntlI1 Ravi sample 3.22.4, Lane 6 Intl1
Ravi sample 3.22.5, Lane 7 IntI1 Ravi sample 3.22.6, Lane 8 IntI1 Ravi sample 3.22.7,
Lane 9 IntlI1 Ravi sample 3.24.1, Lane 10 IntI1 Ravi sample 3.24.2, Lane 11 IntI1 Ravi
sample 3.24.3, Lane 12 IntI1 Ravi sample 3.24.4, Lane 13 IntI1 Ravi sample 3.24.5, Lane
14 IntI1 Ravi sample 3.24.6, Lane 15 IntlI1 Ravi sample 3.24.7, Lane 16 IntlI1 Ravi -ve

control, Lane 17 Inti1 Ravi +ve control, Lane 18 100 bp ladder (BiolLab).
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Figure 2.2.6 Agarose gels amplification products of PCRs by using Ravi primers
showing target genes the 546 bp PCRs products of class 1 integrase gene (intl/1
Ravi, Chapter 2 Table 2.4) obtained from biosecure condition chicken caecal DNA
samples of G3 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntI1 Ravi sample 3.28.1, Lane 3 Intl1 Ravi sample
3.28.2, Lane 4 IntI1l Ravi sample 3.28.3, Lane 5 IntI1 Ravi sample 3.28.4, Lane 6 IntI1l
Ravi sample 3.28.5, Lane 7 IntIl Ravi sample 3.28.6, Lane 8 IntI1 Ravi sample 3.28.7,
Lane 9 IntI1 Ravi sample 3.35.1, Lane 10 Intl1 Ravi sample 3.35.2, Lane 11 IntlIl Ravi
sample 3.35.3, Lane 12 IntI1 Ravi sample 3.35.4, Lane 13 IntI1 Ravi sample 3.35.5, Lane
14 IntI1 Ravi sample 3.35.6, Lane 15 IntIl Ravi sample 3.35.7, Lane 17 IntlIl Ravi -ve

control, Lane 17 IntlI1 Ravi +ve control.
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Figure 2.2.7 Agarose gels amplification products of PCRs by using Ravi primers
showing target genes the 546 bp PCRs products of class 1 integrase gene (int/1
Ravi, Chapter 2 Table 2.4) obtained from biosecure condition chicken caecal DNA
samples of GOS supplementary dietary challenged by Salmonella (G4)

electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntI1 Ravi sample 4.22.1, Lane 3 IntI1 Ravi sample
4.22.2, Lane 4 IntlI1 Ravi sample 4.22.3, Lane 5 IntI1 Ravi sample 4.22.4, Lane 6 Intl1
Ravi sample 4.22.5, Lane 7 IntI1 Ravi sample 4.22.6, Lane 8 IntI1 Ravi sample 4.22.7,
Lane 9 IntI1 Ravi sample 4.24.1, Lane 10 IntI1 Ravi sample 4.24.2, Lane 11 IntlI1 Ravi
sample 4.24.3, Lane 12 IntI1 Ravi sample 4.24.4, Lane 13 IntI1 Ravi sample 4.24.5, Lane
14 IntI1 Ravi sample 4.24.6, Lane 15 IntI1 Ravi sample 4.24.7, Lane 16 IntlI1 Ravi -ve

control, Lane 17 IntI1 Ravi +ve control, Lane 18 100 bp ladder (BioLab).
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Figure 2.2.8 Agarose gels amplification products of PCRs by using Ravi primers
showing target genes the 546 bp PCRs products of class 1 integrase gene (int/1
Ravi, Chapter 2 Table 2.4) obtained from biosecure condition chicken caecal DNA
samples of G4 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntI1 Ravi sample 4.28.1, Lane 3 IntI1 Ravi sample
4.28.2, Lane 4 IntlI1 Ravi sample 4.28.3, Lane 5 IntI1 Ravi sample 4.28.4, Lane 6 Intl1
Ravi sample 4.28.5, Lane 7 IntI1 Ravi sample 4.28.6, Lane 8 IntI1 Ravi sample 4.28.7 ,
Lane 9 IntlI1 Ravi sample 4.35.1, Lane 10 IntI1 Ravi sample 4.35.2, Lane 11 IntI1 Ravi
sample 4.35.3, Lane 12 IntI1 Ravi sample 4.35.4, Lane 13 IntlI1 Ravi sample 4.35.5, Lane
14 IntI1 Ravi sample 4.35.6, Lane 15 IntI1 Ravi sample 4.35.7, Lane 16 IntI1 Ravi -ve

control, Lane 17 IntI1 Ravi +ve control, Lane 18 100 bp ladder (BioLab).
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Appendix 2.3 The PCR ampilicon product of class 1 integron (intil1 H
primer) of biosecure birds

5 6 7 8 9 4011 1245 14 15 16 8% 13

Figure 2.3.1 Agarose gels amplification products f PCRs by using inti1
HS464/HS463a primers (Chapter 2 Table 2.4) showing target genes the 471 bp
PCRs products of class 1 integrase gene obtained from biosecure condition
chicken caecal DNA samples of G1 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntlI1 H sample 1.22.1, Lane 3 IntI1 H sample 1.22.2,
Lane 4 IntI1 H sample 1.22.3, Lane 5 Intl1 H sample 1.22.4, Lane 6 IntlI1 H sample 1.22.5,
Lane 7 IntI1 H sample 1.22.6, Lane 8 IntI1 H sample 1.22.7, Lane 9 IntlI1 H sample 1.24.1,
Lane 10 IntlI1 H sample 1.24.2, Lane 11 IntlI1 H sample 1.24.3, Lane 12 IntlI1 H sample
1.24.4, Lane 13 IntlI1 H sample 1.24.5, Lane 14 IntI1 H sample 1.24.6, Lane 15 IntI1 H
sample 1.24.7, Lane 16 IntI1 H -ve control, Lane 17 IntI1 H +ve control, Lane 18 100 bp

ladder (BioLab).
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Figure 2.3.2 Agarose gels amplification products of PCRs by using int/1
HS464/HS463a primers showing target genes the 471 bp PCRs products of class
1 integrase gene obtained from biosecure condition chicken caecal DNA samples
of G1 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntlI1 H sample 1.28.1, Lane 3 IntI1 H sample 1.28.2,
Lane 4 IntI1 H sample 1.28.3, Lane 5 Intl1 H sample 1.28.4, Lane 6 IntlI1 H sample 1.28.5,
Lane 7 IntI1 H sample 1.28.6, Lane 8 IntI1 H sample 1.28.7, Lane 9 IntlI1 H sample 1.35.1,
Lane 10 IntI1 H sample 1.35.2, Lane 11 IntlI1 H sample 1.35.4, Lane 12, IntI1 H sample
1.35.5, Lane 13 IntlI1 H sample 1.35.6, Lane 14 IntI1 H sample 1.35.7, Lane 15 IntI1 H -

ve control, Lane 16 IntI1 H +ve control, Lane 17100 bp ladder (BioLab).
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Figure 2.3.3 Agarose gels amplification products of PCRs by using inti1
HS464/HS463a primers showing target genes the 471 bp PCRs products of class
1 integrase gene (obtained from biosecure condition chicken caecal DNA samples
of G2 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntI1 H sample 2.22.1, Lane 3 IntI1 H sample 2.22.2,
Lane 4 IntI1 H sample 2.22.3, Lane 5 IntI1 H sample 2.22.4, Lane 6 IntI1 HS464 sample
2.22.5, Lane 7 Intl1 H sample 2.22.6, Lane 8 IntlI1 H sample 2.22.7, Lane 9 IntI1 H sample
2.24.1, Lane 10 IntI1 H sample 2.24.2, Lane 11 IntI1 H sample 2.24.3, Lane 12 Inti1 H
sample 2.24.4, Lane 13 IntlI1 H sample 2.24.5, Lane 14 IntI1 H sample 2.24.6, Lane 15
IntlI1 H sample 2.24.7, Lane 16 IntI1 H -ve control, Lane 17 IntI1 H +ve control, Lane 18
100 bp ladder (BioLab).
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Figure 2.3.4 Agarose gels amplification products of PCRs by using int/1
HS464/HS463a primers showing target genes the 471 bp PCRs products of class
1 integrase gene obtained from biosecure condition chicken caecal DNA samples
of G2 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntlI1 H sample 2.28.1, Lane 3 IntI1 H sample 2.28.2,
Lane 4 Intl1 H sample 2.28.3, Lane 5 IntI1 H sample 2.28.4, Lane 6 IntI1 H sample 2.28.5,
Lane 7 IntI1 H sample 2.28.6, Lane 8 IntI1 H sample 2.28.7, Lane 9 IntlI1 H sample 2.35.1,
Lane 10 IntI1 H sample 2.35.2, Lane 11 IntI1 H sample 2.35.3, Lane 12 IntI1 H sample
2.35.4, Lane 13 IntI1 H sample 2.35.5, Lane 14 Inti1 H sample 2.35.6, Lane 15 IntI1 H
sample 2.35.7, Lane 16 IntI1 H -ve control, Lane 17 IntI1 H +ve control, Lane 18 100 bp

ladder (BiolLab).
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Figure 2.3.5 Agarose gels amplification products of PCRs by using int/1
HS464/HS463a primers showing target genes the 471 bp PCRs products of class
1 integrase gene (obtained from biosecure condition chicken caecal DNA samples
G3 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntlI1 H sample 3.22.1, Lane 3 IntI1 H sample 3.22.2,
Lane 4 Intl1 H sample 3.22.3, Lane 5 IntI1 H sample 3.22.4, Lane 6 IntI1 H sample 3.22.5,
Lane 7 IntI1 H sample 3.22.6, Lane 8 IntI1 H sample 3.22.7, Lane 9 IntI1 H sample 3.24.1
Lane 10 IntI1 H sample 3.24.2, Lane 11 IntI1 H sample 3.24.3, Lane 12 IntI1 H sample
3.24.4, Lane 13 IntlI1 H sample 3.24.5, Lane 14 IntlI1 H sample 3.24.6, Lane 15 IntI1 H
sample 3.24.7, Lane 16 IntI1 H -ve control, Lane 17 IntI1 H +ve control, Lane 18 100 bp

ladder (BioLab).
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Figure 2.3.6 Agarose gels amplification products of PCRs by using int/1
HS464/HS463a primers showing target genes the 471 bp PCRs products of class
1 integrase gene obtained from biosecure condition chicken caecal DNA samples
of G3 electrophoresed on a 1 % TAE gel

Lane 1 100 bp ladder (BioLab), Lane 2 IntlI1 H sample 3.28.1, Lane 3 IntlI1 H sample 3.28.2,
Lane 4 IntI1 H sample 3.28.3, Lane 5 IntI1 H sample 3.28.4, Lane 6 IntI1 H sample 3.28.5,
Lane 7 IntlI1 H sample 3.28.6, Lane 8 IntlI1 H sample 3.28.7, Lane 9 IntI1 H sample 3.35.1
Lane 10 IntlI1 H sample 3.35.2, Lane 11 IntlI1 H sample 3.35.3, Lane 12 IntlI1 H sample
3.35.4, Lane 13 IntlI1 H sample 3.35.5, Lane 14 IntI1 H sample 3.35.6, Lane 15 IntlI1 H
sample 3.35.7, Lane 16 IntI1 H -ve control, Lane 17 IntI1 H +ve control, Lane 18 100 bp

ladder (BiolLab).
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Figure 2.3.7 Agarose gels amplification products of PCRs by using inti1
HS464/HS463a primers showing target genes the 471 bp PCRs products of class
1 integrase gene (obtained from biosecure condition chicken caecal DNA samples
G4 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntI1 HS464 sample 4.22.1, Lane 3 IntI1 H sample
4.22.2, Lane 4 Intl1 H sample 4.22.3, Lane 5 IntlI1 H sample 4.22.4, Lane 6 IntI1 H sample
4.22.5, Lane 7 Intl1 H sample 4.22.6, Lane 8 Intl1 H sample 4.22.7, Lane 9 IntlI1 H sample
4.24.1, Lane 10 IntlI1 H sample 4.24.2, Lane 11 IntI1 H sample 4.24.3, Lane 12 IntI1 H
sample 4.24.4, Lane 13 IntI1 H sample 4.24.5, Lane 14 IntI1 H sample 4.24.6, Lane 15
Intl1 H sample 4.24.7, Lane 16 IntlI1 H -ve control, Lane 17 IntI1 H +ve control, Lane 18

100 bp ladder (BioLab).
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Figure 2.3.8 Agarose gels amplification products of PCRs by using int/1
HS464/HS463a primers showing target genes the 471 bp PCRs products of class
1 integrase gene obtained from biosecure condition chicken caecal DNA samples
of G4 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntlI1 H sample 4.28.1, Lane 3 IntlI1 H sample 4.28.2,
Lane 4 IntI1 H sample 4.28.3, Lane 5 Intl1 H sample 4.28.4, Lane 6 IntI1 H sample 4.28.5,
Lane 7 IntlI1 H sample 4.28.6, Lane 8 IntI1 H sample 4.28.7, Lane 9 IntlI1 H sample 4.35.1
Lane 10 IntlI1 H sample 4.35.2, Lane 11 IntlI1 H sample 4.35.3, Lane 12 IntlI1 H sample
4.35.4, Lane 13 IntlI1 H sample 4.35.5, Lane 14 IntI1 H sample 4.35.6, Lane 15 IntI1 H
sample 1.35.7, Lane 16 IntI1 H -ve control, Lane 17 IntlI1 H +ve control, Lane 18 100 bp

ladder (BiolLab).
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Appendix 2.4 The PCR ampilicon product of class 1 integron (Clinical
integrons gene, intl1 C) of biosecure birds
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Figure 2.4.1 Agarose gels amplification products of PCRs by using int/1 clinical
primers (F165/R476, Chapter 2, Table 2.4) showing target genes the 311 bp PCRs
products of class 1 integrase gene (obtained from biosecure condition chicken
caecal DNA samples G1 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntlI1 C sample 1.22.1, Lane 3 IntlI1 C sample 1.22.2,
Lane 4 IntlI1 C sample 1.22.3, Lane 5 IntI1 C sample 1.22.4, Lane 6 IntlI1 C sample 1.22.5,
Lane 7 IntlI1 C sample 1.22.6, Lane 8 IntI1 C sample 1.22.7, Lane 9 IntlI1 C sample 1.24.1,
Lane 10 IntI1 C sample 1.24.2, Lane 11 IntI1 C sample 1.24.3, Lane 12 IntlI1 C sample
1.24.4, Lane 13 IntlI1 C sample 1.24.5, Lane 14 IntlI1 C sample 1.24.6, Lane 15 Intl1 C
sample 1.24.7, Lane 16 IntI1 C-ve control, Lane 17 IntI1 C +ve control, Lane 18 100 bp

ladder (BioLab).
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Figure 2.4.2 Agarose gels amplification products of PCRs by using int/1 clinical
primers (F165/R476, Chapter 2, Table 2.4) showing target genes the 311 bp PCRs
products of class 1 integrase gene (obtained from biosecure condition chicken
caecal DNA samples of G1 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntI1 C sample 1.28.1, Lane 3 IntlI1 C sample 1.28.2,
Lane 4 IntlI1 C sample 1.28.3, Lane 5 IntI1 C sample 1.28.4, Lane 6 Intl1 C sample 1.28.5,
Lane 7 IntlI1 C sample 1.28.6, Lane 8 IntI1 C sample 1.28.7, Lane 9 IntlI1 C sample 1.35.1,
Lane 10 IntlI1 C sample 1.35.2, Lane 11 IntlI1 C sample 1.35.4, Lane 12 IntlI1 C sample
1.35.5, Lane 13 IntlI1 C sample 1.35.6, Lane 14 Inti1 C sample 1.35.7, Lane 15 Intl1 C+ve

control, Lane 16 IntlI1 C-ve control, Lane 17 100 bp ladder (BiolLab).
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Figure 2.4.3 Agarose gels amplification products of PCRs by using int/1 clinical
primers (F165/R476, Chapter 2, Table 2.4) showing target genes the 311 bp PCRs
products of class 1 integrase gene (obtained from biosecure condition chicken
caecal DNA samples of G2 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntlI1 C sample 2.22.1, Lane 3 IntlI1 C sample 2.22.2,
Lane 4 IntlI1 C sample 2.22.3, Lane 5 IntI1 C sample 2.22.4, Lane 6 IntlI1 C sample 2.22.5,
Lane 7 IntlI1 C sample 2.22.6, Lane 8 IntI1 C sample 2.22.7, Lane 9 IntlI1 C sample 2.24.1,
Lane 10 IntlI1 C sample 2.24.2, Lane 11 IntlI1 C sample 2.24.3, Lane 12 IntI1 C sample
2.24.4, Lane 13 IntlI1 C sample 2.24.5, Lane 14 IntI1 C sample 2.24.6, Lane 15 IntI1 C
sample 2.24.7, Lane 16 IntI1 C-ve control, Lane 17 IntlI1 C +ve control, Lane 18 100 bp

ladder (BioLab).
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Figure 2.4.4 Agarose gels amplification products of PCRs by using int/1 clinical
primers (F165/R476, Chapter 2, Table 2.4) showing target genes the 311 bp PCRs
products of class 1 integrase gene (obtained from biosecure condition chicken
caecal DNA samples of G2 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntI1 C sample 2.28.1, Lane 3 IntI1 C sample 2
.28.2, Lane 4 IntI1 C sample 2.28.3, Lane 5 IntI1 C sample 2.28.4, Lane 6 IntI1 C sample
2.28.5, Lane 7 IntI1 C sample 2.28.6, Lane 8 IntlI1 C sample 2.28.7, Lane 9 IntlI1 C sample
2.35.1, Lane 10 IntI1 C sample 2.35.2, Lane 11 IntI1 C sample 2.35.4, Lane 12 IntI1 C
sample 2.35.5, Lane 13 IntlI1 C sample 2.35.6, Lane 14 IntI1 C sample 2.35.7, Lane 15

Intl1 C+ve control, Lane 16 IntlI1 C-ve control, Lane 17 100 bp ladder (BioLab).
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Figure 2.4.5 Agarose gels amplification products of PCRs by using int/1 clinical
primers (F165/R476, Chapter 2, Table 2.4) showing target genes the 311 bp PCRs
products of class 1 integrase gene (obtained from biosecure condition chicken
caecal DNA samples G3 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntlI1 C sample 3.22.1, Lane 3 IntlI1 C sample 3.22.2,
Lane 4 IntI1 C sample 3.22.3, Lane 5 IntI1 C sample 3.22.4, Lane 6 IntlI1 C sample 3.22.5,
Lane 7 IntlI1 C sample 3.22.6, Lane 8 IntI1 C sample 3.22.7, Lane 9 IntlI1 C sample 3.24.1,
Lane 10 IntlI1 C sample 3.24.2, Lane 11 IntlI1 C sample 3.24.3, Lane 12 IntlI1 C sample
3.24.4, Lane 13 IntlI1 C sample 3.24.5, Lane 14 IntlI1 C sample 3.24.6, Lane 15 Intli1 C
sample 3.24.7, Lane 16 IntlI1 C-ve control, Lane 17 IntlI1 C +ve control, Lane 18 100 bp

ladder (BioLab).
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Figure 2.4.6 Agarose gels amplification products of PCRs by using int/1 clinical
primers showing target genes the 311 bp PCRs products of class 1 integrase gene
(obtained from biosecure condition chicken caecal DNA samples G3
electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntlI1 C sample 3.28.1, Lane 3 IntlI1 C sample 3.28.2,
Lane 4 IntlI1 C sample 3.28.3, Lane 5 IntlI1 C sample 3.28.4, Lane 6 IntlI1 C sample 3.28.5,
Lane 7 IntlI1 C sample 3.28.6, Lane 8 IntI1 C sample 3.28.7, Lane 9 IntlI1 C sample 3.35.1,
Lane 10 IntI1 C sample 3.35.2, Lane 11 IntI1 C sample 3.35.4, Lane 12 IntI1 C sample
3.35.5, Lane 13 IntI1 C sample 3.35.6, Lane 14 Inti1 C sample 3.35.7, Lane 15 IntI1 C+ve

control, Lane 16 IntI1 C-ve control, Lane 17 100 bp ladder (BioLab).
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Figure 2.4.7 Agarose gels amplification products of PCRs by using int/1 clinical
primers showing target genes the 311 bp PCRs products of class 1 integrase gene
(obtained from biosecure condition chicken caecal DNA samples G4
electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntlI1 C sample 4.22.1, Lane 3 IntlI1 C sample 4.22.2,
Lane 4 IntlI1 C sample 4.22.3, Lane 5 IntI1 C sample 4.22.4, Lane 6 IntlI1 C sample 4.22.5,
Lane 7 IntlI1 C sample 4.22.6, Lane 8 IntI1 C sample 4.22.7, Lane 9 IntlI1 C sample 4.24.1,
Lane 10 IntlI1 C sample 4.24.2, Lane 11 Intl1 C sample 4.24.3, Lane 12 IntI1 C sample
4.24.4, Lane 13 IntlI1 C sample 4.24.5, Lane 14 IntlI1 C sample 4.24.6, Lane 15 IntlI1 C
sample 4.24.7, Lane 16 IntI1 C-ve control, Lane 17 IntI1 C +ve control, Lane 18 100 bp

ladder (BioLab).
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Figure 2.4.8 Agarose gels amplification products of PCRs by using int/1 clinical
primers showing target genes the 311 bp PCRs products of class 1 integrase gene
(obtained from Biosecure condition chicken caecal DNA samples G4
electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 IntlI1 C sample 4.28.1, Lane 3 IntlI1 C sample 4.28.2,
Lane 4 IntlI1 C sample 4.28.3, Lane 5 IntI1 C sample 4.28.4, Lane 6 IntlI1 C sample 4.28.5,
Lane 7 Inti1 C sample 4.28.6, Lane 8 IntlI1 C sample 4.28.7, Lane 9 IntI1 C sample 4.35.1,
Lane 10 IntI1 C sample 4.35.2, Lane 11 IntI1 C sample 4.35.4, Lane 12 IntlI1 C sample
4.35.5, Lane 13 IntI1 C sample 4.35.6, Lane 14 IntI1 C sample 4.35.7, Lane 15 Inti1 C+ve

control, Lane 16 IntI1 C-ve control, Lane 17 100 bp ladder (BioLab).

338



Appendix 2.5 Sulfonamides resistance gene (sul/1) of biosecure birds

P
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Figure 2.5.1 Agarose gel shows PCRs amplification products of sulphonamides
resistance gene at 3 conserved regions. The target gene was 364 bp PCR products
of class 1 integrase gene obtained from biosecure condition chicken caecal DNA
samples G1 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 su/l sample 1.22.1, Lane 3 su/l sample 1.22.2, Lane
4 sull sample 1.22.3, Lane 5 sull sample 1.22.4, Lane 6 sul/l sample 1.22.5, Lane 7 sull
sample 1.22.6, Lane 8 su/l sample 1.22.7, Lane 9 su/l sample 1.24.1, Lane 10 su/1 sample
1.24.2, Lane 11 sul/l sample 1.24.3, Lane 12 sul/l sample 1.24.4, Lane 13 sull sample
1.24.5, Lane 14 sull sample 1.24.6, Lane 15 sul/l sample 1.24.7, Lane 16 sull-ve control,

Lane 17 sull+ve control, Lane 18 100 bp ladder (BioLab).
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Figure 2.5.2 Agarose gel shows PCRs amplification products of sulphonamides
resistance gene at 3 conserved regions. The target gene was 364 bp PCR products
of class 1 integrase gene obtained from biosecure condition chicken caecal DNA
samples G1 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 su/l sample 1.28.1, Lane 3 su/l sample 1.28.2, Lane
4 sull sample 1.28.3, Lane 5 sull sample 1.28.4, Lane 6 sul/l sample 1.28.5, Lane 7 sull
sample 1.28.6, Lane 8 su/1 sample 1.28.7, Lane 9 su/l sample 1.35.1, Lane 10 sul/l1 sample
1.35.2, Lane 11 su/l sample 1.35.4, Lane 12 sull sample 1.35.5, Lane 13 su/l sample
1.35.6, Lane 14 sull sample 1.35.7, Lane 15 su/l+ve control, Lane 16 suli-ve control,

Lane 17 100 bp ladder (BioLab).

339



9 10 11 12 13 14 1516 17 18

Figure 2.5.3 Agarose gel shows PCRs amplification products of sulphonamides
resistance gene at 3 conserved regions. The target gene was 364 bp PCR products
of class 1 integrase gene obtained from biosecure condition chicken caecal DNA

samples G2 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 su/l sample 2.22.1, Lane 3 sul/l sample 2.22.2, Lane
4 sull sample 2.22.3, Lane 5 sull sample 2.22.4, Lane 6 sull sample 2.22.5, Lane 7 sull
sample 2.22.6, Lane 8 su/l sample 2.22.7, Lane 9 sull sample 2.24.1, Lane 10 su/1 sample
2.24.2, Lane 11 sull sample 2.24.3, Lane 12 sull sample 2.24.4, Lane 13 sul/l sample
2.24.5, Lane 14 sull sample 2.24.6, Lane 15 sull sample 2.24.7, Lane 16 sul/1-ve control,

Lane 17 sull+ve control, Lane 18 100 bp ladder (BioLab).
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Figure 2.5.4 Agarose gel shows PCRs amplification products of sulphonamides
resistance gene at 3 conserved regions. The target gene size was 364 bp of class
1 integrase gene obtained from biosecure condition chicken caecal DNA samples

G2 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 su/l sample 2.28.1, Lane 3 su/1 sample 2.28.2, Lane
4 sull sample 2.28.3, Lane 5 sul/l sample 2.28.4, Lane 6 sull, sample 2.28.5, Lane 7 sull
sample 2.28.6, Lane 8 su/l sample 2.28.7, Lane 9 su/l sample 2.35.1, Lane 10 su/1 sample
2.35.2, Lane 11 sull sample 2.35.3, Lane 12 sull sample 2.35.4, Lane 13 sul/l sample
2.35.5, Lane 14 sul/l sample 2.35.6, Lane 15 sul/l sample 1.35.7, Lane 16 sul/1-ve control,

Lane 17 sull+ve control, Lane 18 100 bp ladder (BioLab).
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Figure 2.5.5 Agarose gel shows PCRs amplification products of sulphonamides
resistance gene at 3 conserved regions. The target gene size was 364 bp of class
1 integrase gene obtained from biosecure condition chicken caecal DNA samples
G3 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 su/l sample 3.22.1, Lane 3 su/l sample 3.22.2, Lane
4 sull sample 3.22.3, Lane 5 sul/l sample 3.22.4, Lane 6 sull, sample 3.22.5, Lane 7 sull
sample 3.22.6, Lane 8 su/1 sample 3.22.7, Lane 9 sull sample 3.24.1, Lane 10 su/1 sample
3.24.2, Lane 11 sul/l sample 3.24.3, Lane 12 sull sample 3.24.4. Lane 13 sul/l sample
3.24.5, Lane 14 sull sample 3.24.6, Lane 15 sull sample 3.24.7, Lane 16 sul/l1-ve control,

Lane 17 sull+ve control, Lane 18 100 bp ladder (BioLab).
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Figure 2.5.6 Agarose gel shows PCRs amplification products of sulphonamides
resistance gene at 3 conserved regions. The target gene size was 364 bp of class
1 integrase gene obtained from biosecure condition chicken caecal DNA samples
G3 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 su/l sample 3.28.1, Lane 3 su/l sample 3.28.2, Lane
4 sull sample 3.28.3, Lane 5 sull sample 3.28.4, Lane 6 sul/l sample 3.28.5, Lane 7 sull
sample 3.28.6, Lane 8 sull sample 3.28.7, Lane 9 sul/1 sample 3.35.1, Lane 10 su/1 sample
3.35.2, Lane 11 sull sample 3.35.3, Lane 12 su/l sample 3.35.4 Lane 13 sull sample
3.35.5, Lane 14 sul1 sample 3.35.6, Lane 15 su/l1 sample 3.35.7, Lane 16 sul/1-ve control,

Lane 17 sull+ve control.
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Figure 2.5.7 Agarose gel shows PCRs amplification products of sulphonamides
resistance gene at 3 conserved regions. The target gene size was 364 bp of class
1 integrase gene obtained from biosecure condition chicken caecal DNA samples
G4 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 su/l sample 4.22.1, Lane 3 sull sample 4.22.2, Lane
4 sull sample 4.22.3, Lane 5 sull sample 4.22.4, Lane 6 sull sample 4.22.5, Lane 7 sull
sample 4.22.6, Lane 8 sul/1 sample 4.22.7, Lane 9 sull sample 4.24.1, Lane 10 sul/1 sample
4.24.2, Lane 11 sull sample 4.24.3, Lane 12 sul/l sample 4.24.4, Lane 13 sull sample
4.24.5, Lane 14 sull sample 4.24.6, Lane 15 sul/l sample 4.24.7, Lane 16 sul1-ve control,
Lane 17 sull+ve control, Lane 18 100 bp ladder (BioLab).
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Figure 2.5.8 Agarose gel shows PCRs amplification products of sulphonamides
resistance gene at 3 conserved regions. The target gene size was 364 bp of class
1 integrase gene obtained from biosecure condition chicken caecal DNA samples
G4 electrophoresed on a 1 % TAE gel.

Lane 1 100 bp ladder (BioLab), Lane 2 su/l sample 4.28.1, Lane 3 su/l sample 4.28.2, Lane
4 sull sample 4.28.3, Lane 5 sull sample 4.28.4, Lane 6 sull sample 4.28.5, Lane 7 sull
sample 4.28.6, Lane 8 su/1 sample 4.28.7, Lane 9 sull1 sample 4.35.1, Lane 10 su/1 sample
4.35.2, Lane 11 sull sample 4.35.3, Lane 12 sul/l sample 4.35.4, Lane 13 sull sample
4.35.5, Lane 14 sull sample 4.35.6, Lane 15 su/l sample 4.35.7, Lane 16 sull-ve control,

Lane 17 sull+ve control, Lane 18 100 bp ladder (BioLab).
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Appendix 2.6 Quaternary ammonium compounds resistance (gacEA1) of
biosecure birds

9 10 11 12 13 14 15 16 17 18

Figure 2.6.1 Agarose gel shows PCRs amplification products of quaternary
ammonium compound resistance gene (gacEA1) at 3 conserved region of class 1
integrase gene obtained from biosecure condition chicken caecal DNA samples G1
electrophoresed on a 1 % TAE gel. The target gene size is 200 bp.

Lane 1 100 bp ladder (BioLab), Lane 2 gacEAl sample 1.22.1, Lane 3 gacEAl1l sample
1.22.2, Lane 4 gacEA1 sample 1.22.3, Lane 5 gacEA1 sample 1.22.4, Lane 6 gacEA1 sample
1.22.5, Lane 7 gacEAl1l sample 1.22.6, Lane 8 gacEA1l, sample 1.22.7, Lane 9 gacEA1
sample 1.24.1, Lane 10 gacEA1 sample 1.24.2, Lane 11 gacEA1 sample 1.24.3, Lane 12
gacEA1 sample 1.24.4, Lane 13 gacEA1 sample 1.24.5, Lane 14 gacEA1 sample 1.24.6,

Lane 15 gacEA1 sample 1.24.7 Lane 16 gacEA1 -ve control, Lane 17 gacEA1 +ve control,

Lane 18 100 bp ladder (BioLab).

Figure 2.6.2 Agarose gel shows PCRs amplification products of quaternary
ammonium compound resistance gene (gqacEA1) at 3 conserved region of class 1
integrase gene obtained from biosecure condition chicken caecal DNA samples
Glelectrophoresed on a 1 % TAE gel. The target gene size is 200 bp.

Lane 1 100 bp ladder (BioLab), Lane 2 gacEA1 sample 1.28.1, Lane 3 gacEA1 sample
1.28.2, Lane 4 gacEAl1l sample 1.28.3, Lane 5 gacEAl sample 1.28.4 , Lane 6 qacEAl
sample 1.28.5, Lane 7 gacEA1 sample 1.28.6, Lane 8 gacEA1 sample 1.28.7, Lane 9 gacEA1
sample 1.35.1, Lane 10 gacEA1l sample 1.35.2, Lane 11 gacEA1 sample 1.35.4, Lane 12
gacEA1 sample 1.35.5, Lane 13 gacEA1 sample 1.35.6, Lane 14 gacEA1 sample 1.35.7,

Lane 15 gacEA1 -ve control, Lane 16 gacEA1 -ve control, Lane 17 100 bp ladder (BioLab).
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Figure 2.6.3 Agarose gel shows PCRs amplification products of quaternary
ammonium compound resistance gene (gacEA1) at 3 conserved region of class 1
integrase gene obtained from biosecure condition chicken caecal DNA samples G2
electrophoresed on a 1 % TAE gel. The target gene size is 200 bp.

Lane 1 100 bp ladder (BioLab), Lane 2 gacEA1l sample 2.22.1, Lane 3 gacEA1l sample
2.22.2, Lane 4 gacEA1 sample 2.22.3, Lane 5 gacEA1 sample 2.22.4 Lane 6 gacEA1 sample
2.22.5, Lane 7 gacEA1 sample 2.22.6, Lane 8 gacEA1 sample 2.22.7, Lane 9 gacEA1 sample
2.24.1, Lane 10 gacEAl sample 2.24.2, Lane 11 gacEAl sample 2.24.3, Lane 12 gacEAl
sample 2.24.4, Lane 13 gacEA1l sample 2.24.5, Lane 14 gacEA1l sample 2.24.6, Lane 15
gacEA1 sample 2.24.7, Lane 16 gacEA1 -ve control, Lane 17 gacEA1 +ve control, Lane 18

100 bp ladder (BiolLab).
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Figure 2.6.4 Agarose gel shows PCRs amplification products of quaternary
ammonium compound resistance gene (gacEA1) at 3 conserved region of class 1
integrase gene obtained from biosecure condition chicken caecal DNA samples G2
electrophoresed on a 1 % TAE gel. The target gene size is 200 bp

Lane 1 100 bp ladder (BioLab), Lane 2 gacEA1 sample 2.28.1, Lane 3 gacEA1 sample
2.28.2, Lane 4 gacEA1 sample 2.28.3, Lane 5 gacEA1 sample 2.28.4, Lane 6 gacEA1 sample
2.28.5, Lane 7 gacEAl1 sample 2.28.6, Lane 8 gacEA1l, sample 2.28.7, Lane 9 gacEA1l
sample 2.35.1, Lane 10 gacEA1l sample 2.35.2, Lane 11 gacEA1 sample 2.35.3, Lane 12
gacEA1l sample 2.35.4, Lane 13 gacEA1l sample 2.35.5, Lane 14 gacEA1 sample 2.35.6,
Lane 15 gacEAl1l sample 2.35.7, Lane 16 gacEAl -ve control, Lane 18 100 bp ladder

(BioLab).
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Figure 2.6.5 Agarose gel shows PCRs amplification products of quaternary

ammonium compound resistance gene (qacEA1) at 3 conserved region of class 1
integrase gene obtained from biosecure condition chicken caecal DNA samples G3
electrophoresed on a 1 % TAE gel. The target gene size is 200 bp.

Lane 1 100 bp ladder (BioLab), Lane 2 gacEA1l sample 3.22.1, Lane 3 gacEA1l sample
3.22.2, Lane 4 gacEA1 sample 3.22.3, Lane 5 gacEA1 sample 3.22.4, Lane 6 gacEA1 sample
3.22.5, Lane 7 gacEA1 sample 3.22.6, Lane 8 gacEA1 sample 3.22.7, Lane 9 gacEA1 sample
3.24.1, Lane 10 gacEA1 sample 3.24.2, Lane 11 gacEA1 sample 3.24.3, Lane 12 gacEA1
sample 3.24.4, Lane 13 gacEA1 sample 3.24.5, Lane 14 gacEA1 sample 3.24.6, Lane 15
gacEA1 sample 3.24.7, Lane 16 gacEA1-ve control, Lane 17 gacEAl1+ve control, Lane 18

100 bp ladder (BioLab).
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Figure 2.6.6 Agarose gel shows PCRs amplification products of quaternary
ammonium compound resistance gene (gqacEA1) at 3 conserved region of class 1
integrase gene obtained from biosecure condition chicken caecal DNA samples G3
electrophoresed on a 1 % TAE gel. The target gene size is 200 bp.

Lane 1 100 bp ladder (BioLab), Lane 2 gacEAl1 sample 3.28.1, Lane 3 gacEA1 sample
3.28.2, Lane 4 gacEA1 sample 3.28.3, Lane 5 qacEA1 sample 3.28.4, Lane 6 gacEA1 sample
3.28.5, Lane 7 gacEA1 sample 3.28.6, Lane 8 gacEA1 sample 3.28.7, Lane 9 gacEA1 sample
3.35.1, Lane 10 gacEA1 sample 3.35.2, Lane 11 gacEA1 sample 3.35.3, Lane 12 gacEA1
sample 3.35.4, Lane 13 gacEA1l sample 3.35.5, Lane 14 gacEA1 sample 3.35.6, Lane 15

gacEA1 sample 3.35.7, Lane 16 gacEA1 -ve control, Lane 18 100 bp ladder (BioLab).
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Figure 2.6.7 Agarose gel shows PCRs amplification products of quaternary
ammonium compound resistance gene (gqacEA1) at 3 conserved region of class 1
integrase gene obtained from biosecure condition chicken caecal DNA samples G4
electrophoresed on a 1 % TAE gel. The target gene size is 200 bp.

Lane 1 100 bp ladder (BioLab), Lane 2 gacEAl sample 4.22.1, Lane 3 gacEA1 sample
4.22.2, Lane 4 gacEA1 sample 4.22.3, Lane 5 gacEA1 sample 4.22.4, Lane 6 gacEA1 sample
4.22.5, Lane 7 gacEA1 sample 4.22.6, Lane 8 gacEA1 sample 4.22.7, Lane 9 gacEA1 sample
4.24.1, Lane 10 gacEA1 sample 4.24.2, Lane 11 gacEA1 sample 4.24.3, Lane 12 gacEA1
sample 4.24.4, Lane 13 gacEA1l sample 4.24.5, Lane 14 gacEA1l sample 4.24.6, Lane 15
gacEA1 sample 4.24.7 Lane 16 gacEA1 -ve control, Lane 17 gacEAl1l +ve control, Lane 18
100 bp ladder (BioLab).
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Figure 2.6.8 Agarose gel shows PCRs amplification products of quaternary
ammonium compound resistance gene (gqacEA1) at 3 conserved region of class 1
integrase gene obtained from biosecure condition chicken caecal DNA samples G4
electrophoresed on a 1 % TAE gel. The target gene size is 200 bp.

Lane 1 100 bp ladder (BioLab), Lane 2 gacEA1 sample 4.28.1, Lane 3 gacEA1 sample
4.28.2, Lane 4 gacEA1 sample 4.28.3, Lane 5 gacEA1 sample 4.28.4, Lane 6 gacEA1 sample
4.28.5, Lane 7 gacEA1 sample 4.28.6, Lane 8 gacEA1 sample 4.28.7, Lane 9 gacEA1 sample
4.35.1, Lane 10 gacEA1 sample 4.35.2, Lane 11 gacEA1 sample 4.35.3, Lane 12 gacEA1
sample 4.35.4, Lane 13 gacEA1 sample 4.35.5, Lane 14 gacEA1 sample 4.35.6, Lane 15
gacEA1 sample 4.35.7, Lane 16 gacEA1 -ve control, Lane 17 gacEA1 +ve control, Lane 18

100 bp ladder (BioLab).
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Appendix 2.7 Table 2.7.1 The prevalence of conserved genes of class 1
integrons of caecal contents of commercial birds

Sample feed type age 'g;f: intI1 EB intT1 H intl1 C sul1 qacEA1
1 ctl 30 - - - - - +
2 ctl 30 + - + + + .
3 ctl 30 + - + + + +
4 ctl 30 - - + - + +
5 ctl 30 + + + + + +
6 ctl 30 + - + - + +
7 ctl 30 + - + - + +
8 ctl 30 + + + + + +
9 ctl 30 + - + + + +
10 ctl 30 + - + + + +
11 GOS 30 + - + + + +
12 GOS 30 + - + + + +
13 GOS 30 + - - - + +
14 GOS 30 + + - + + +
15 GOS 30 + - + + + +
16 GOS 30 + + + + + +
17 GOS 30 + - + - + +
18 GOS 30 + + + + + +
19 GOS 30 + - + + + +
20 GOS 30 + + + + + +
21 GOS 37 + + + + + +
22 GOS 37 + - + - + +
23 GOS 37 + + + + + +
24 GOS 37 + + + + + +
25 GOS 37 + + + + + +
26 GOS 37 - - + + + +
27 GOS 37 + + + + + +
28 GOS 37 + + + + + +
29 GOS 37 + + + + + +
30 GOS 37 + + + + + +
31 ctl 37 + - + + + +
32 ctl 37 + - + + + +
33 ctl 37 + - + + + +
34 ctl 37 + - + + + +
35 ctl 37 + - + + + +
36 ctl 37 + - + - + +
37 ctl 37 + - + + + +
38 ctl 37 + - + + + +
39 ctl 37 + - + - + +
40 ctl 37 + + + - + +
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Appendix 2.8 The PCR ampilicon product of class 1 integron (int/i1 Ravi,
intl1 EB, sull and qacEA1) of commerical birds (Samples 1-7)
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Figure 2.8.1 The PCR amplification using the IntI1 Ravi (546 bp), IntI1 EB (254
bp) and sul/1 (346 bp) primers to examine the presence of resistance genes in
commercial chicken’s caecal DNA (sample 1-7).

Lane 1 100 bp ladder (BioLab), Lane 2 IntI1 Ravi sample 1, Lane 3 IntI1 Ravi sample 2,
Lane 4 Intl1 Ravi sample 3, Lane 5 IntlI1 Ravi sample 4, Lane 6 IntI1 Ravi sample 5, Lane
7 Inti1 Ravi sample 6, Lane 8 IntI1 Ravi sample 7, Lane 9 IntI1 Ravi -ve control, Lane 10
IntlI1 EB sample 1, Lane 11 IntI1 EB sample 2, Lane 12 IntI1 EB sample 3, Lane 13 Intl1
EB sample 4, Lane 14 IntI1 EB sample 5, Lane 15 IntI1 EB sample 6, Lane 16 IntI1 EB

sample 7, Lane 17 IntlI1 EB +ve control, Lane 18 sull sample 1, Lane 19 sull sample 2,

Lane 20 su/1 sample 3.

Figure 2.8.2 PCR amplification using the sul/1 (346 bp) and int/l1 H primer (471
bp) to examine the presence of sulphonamides and integrase resistance genes in
commercial chicken’s caecal DNA (sample 1-7).

Lane 1 100 bp ladder (BioLab), Lane 2 sul/l sample 4, Lane 3 su/l sample 5, Lane 4 sull
sample 6, Lane 5 sull sample 7, Lane 6 sull S.T.U288, Lane 7 sull -ve control, Lane 8
int/1 H sample 1, Lane 9 int/1 H sample 2, Lane 10 int/1 H sample 3, Lane 11 jnt/1 H sample
4, Lane 12 int/l1 H sample 5, Lane 13 int/1 H sample 6, Lane 14 int/1 H sample 7, Lane 15
int/l1 H -ve control, Lane 16 int/l1 H S.T.U288, Lane 17 int/1 Ravi +ve, Lane 18 +ve EB,

Lane 19 -ve gacEA1, Lane 20 +ve control

348



8 9 10 11 12 13 14 15 16 17 18 19 20

Figure 2.8.3 The PCR amplification using the int/i1 C (311 bp) and gacEA1 (200
bp) to examine the presence of integrase resistance genes in commercial
chicken’s caecal DNA (sample 1-7).

Lane 1 100 bp ladder (BioLab), Lane 2 int/1 C sample 1, Lane 3 intl C sample 2, Lane 4
intl1 C sample 3, Lane 5 int/1 C sample 4, Lane 6 int/1 C sample 5, Lane 7 int/ C sample 6,
Lane 8 int/1 C sample 7 Lane 9 int/1 C —ve, Lane 10 intl1 C +ve, Lane 11 gacEA sample 1,
Lane 12 gacEA1 sample 2, Lane 13 gacEA1 sample 3, Lane 14 gacEA1 sample 4, Lane 15
gacEA1 sample 5, Lane 16 gacEA1 sample 6, Lane 17 gacEA1 sample 7, Lane 18 gacEA1
S.T U288, Lane 19 gacEA1 -ve control, Lane 20 100 bp ladder DNA.

Appendix 2.9 The PCR ampilicon product of class 1 integron (int/1 Ravi,
intl1 EB, sull and gacEA1) of commerical birds (Samples 8-16)
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Figure 2.9.1 The PCR amplification using the IntI1 Ravi (546 bp) and IntI1 EB
(254 bp) primers to examine the presence of resistance genes in commercial
chicken’s caecal DNA (sample 8-16).

Lane 1 100 bp ladder (BioLab), Lane 2 IntI1 Ravi sample 8, Lane 3 IntI1 Ravi sample 9,
Lane 4 IntlI1 Ravi sample 10, Lane 5 IntI1 Ravi sample 11, Lane 6 IntI1 Ravi sample 12,
Lane 7 IntlI1 Ravi sample 13, Lane 8 IntI1 Ravi sample 14, Lane 9 IntI1 Ravi sample 15,
Lane 10 IntlI1 Ravi sample 16, Lane 11 IntI1 Ravi +ve control, Lane 12 IntI1 -ve control,
Lane 13 IntI1 EB sample 8, Lane 14 IntlI1 EB sample 9, Lane 15 IntlI1 EB sample 10, Lane
16 IntlI1 EB sample 11, Lane 17 IntI1 EB sample 12, Lane 18 Inti1 EB sample 13, Lane 19

IntlI1 EB sample 14, Lane 20 100 bp ladder (BiolLab).
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Figure 2.9.2 The PCR amplification using the IntI1 EB (254 bp), sul1 (346 bp) and
inti1 H (471 bp) primers to examine the presence resistance genes in commercial
chicken’s caecal DNA (sample 8-16).

Lane 1 100 bp ladder (BioLab), Lane 2 IntI1 EB sample 15, Lane 3 IntIl EB sample 16,
Lane 4 IntlI1 EB +ve control, Lane 5 Intl1l EB -ve control, Lane 6 sul/l sample 8, Lane 7 sull
sample 9, Lane 8 su/l sample 10, Lane 9 su/l sample 11 Lane 10 su/l sample 12, Lane 11
sull sample 13, Lane 12 sul/l sample 14, Lane 13 sull sample 15, Lane 14 sul/1 sample 16,
Lane 15 su/1 S.T.U 288, Lane 16 sul/l -ve, Lane 17 intl1 H sample 8, Lane 18 int/1 H sample

9, Lane 19 int/1 H sample 10, Lane 20 100 bp ladder (BioLab).
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Figure 2.9.3 The PCR amplification using the int/l1 H (471 bp) and int/1 C (311 bp)
to examine the presence of integrase resistance genes in commercial chicken’s

caecal DNA (sample 8-16).

Lane 1 100 bp ladder (BioLab), Lane 2 int/1 H sample 11, Lane 3 int/1 H sample 12, Lane
4 int/1 H sample 13, Lane 5 int/1 H sample 14, Lane 6 int/1 H sample 15, Lane 7 int/1 H
sample 16, Lane 8 int/1 H S.T.U288 (+ve control ), Lane 9 int/1 H -ve control, 10 empty,
Lane 11 int/ C sample 8, Lane 12 int/ C sample 9, Lane 13 int/ C sample 10, Lane 14 int1/
C sample 11, Lane 15 int/ C sample 12, Lane 16 intl C sample 13, Lane 17 int1/ C sample

14, Lane 18 intl C sample 15, Lane 19 int/ C sample 16, Lane 20 100 bp ladder (BioLab).
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Figure 2.9.4 The PCR amplification using the int/i1 C (311 bp) and gacEA1 (200
bp) to examine the presence of integrase resistance genes in commercial
chicken’s caecal DNA (sample 8-16).

Lane 1 100 bp ladder (BioLab), Lane 2 int/ C +ve , Lane 3 int/ C -ve, Lane 4 gqacEA sample
8, Lane 5 gacEAlsample 9, Lane 6 gacEA1 sample 10, Lane 7 gqacEA1 sample 11, Lane 8
gacEA1 sample 12, Lane 9 gacEA1 sample 13, Lane 10 gacEA1 sample 14, Lane 11 gacEA1
sample 15, Lane 12 gacEA1 sample 16, Lane 13 gacEA1 S.T U288, Lane 14 gacEA1 -ve
control, Lane 15 100 bp Ladder DNA.

Appendix 2.10 The PCR ampilicon product of class 1 integron (intl/1 ravi,
intl1 EB, sull and gacEA1) of commerical birds (Samples 17-26)
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Figure 2.10.1 The PCR amplification using the IntI1 Ravi (546 bp) and IntI1 EB
(254 bp) primers to examine the presence of resistance genes in commercial
chicken’s caecal DNA (sample 17-26).

Lane 1 100 bp ladder (BioLab), Lane 2 IntI1 Ravi sample 17, Lane 3 IntI1 Ravi sample 18,
Lane 4 IntlI1 Ravi sample 19, Lane 5 IntlI1 Ravi sample 20, Lane 6 IntI1 Ravi sample 21,
Lane 7 IntlI1 Ravi sample 22, Lane 8 IntI1 Ravi sample 23, Lane 9 IntI1 Ravi sample 24,
Lane 10 IntI1 Ravi sample 25, Lane 11 IntlI1 Ravi sample 26, Lane 12 IntlI1 +ve control,
Lane 13 IntI1 Ravi -ve control, Lane 14 Intll EB sample 17, Lane 15 IntI1 EB sample 18,
Lane 16 Inti1 EB sample 19, Lane 17 Intli1 EB sample 20, Lane 18 IntI1 EB sample 21,

Lane 19 Inti1 EB sample 22, Lane 20 100 bp ladder (BiolLab).
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Figure 2.10.2 The PCR amplification using the IntI1 EB (254 bp) and sull (346
bp) to examine the presence resistance genes in commercial chicken’s caecal DNA
(sample 17-26).

Lane 1 100 bp ladder (BioLab), Lane 2 IntI1 EB sample 23, Lane 3 IntI1 EB sample 24,
Lane 4 IntI1 EB sample 25, Lane 5 IntI1 EB sample 26, Lane 6 IntlI1 EB +ve control, Lane
7 Inti1 EB -ve control, Lane 8 sul/1 sample 17, Lane 9 su/l sample 18, Lane 10 su/l sample
19, Lane 11 sull sample 20, Lane 12 sul/l sample 21, Lane 13 sul/l sample 22, Lane 14
sull sample 23, Lane 15 sul/l sample 24, Lane 16 sull sample 25, Lane 17 sull sample 26,

Lane 18 su/1 S.T.U 288, Lane 19 sul/l -ve, Lane 20 100 bp ladder (BioLab).

Figure 2.10.3 The PCR amplification using the int/i1 H (471 bp) and inti1 C (311

bp) to examine the presence of integrase resistance genes in commercial
chicken’s caecal DNA (sample 17-26).

Lane 1 100 bp ladder, Lane 2 int/1 H sample 17, Lane 3 int/1 H sample 18, Lane 4 int/l1 H
sample 19, Lane 5 int/1 H sample 20, Lane 6 int/1 H sample 21, Lane 7 int/l1 H sample 22,
Lane 8 int/l1 H sample 23, Lane 9 int/1 H sample 24 Lane 10 int/1 H sample 25, Lane 11
intl1 H sample 26, Lane 12 jnt/1 H S.T.U288 (+ve control )Lane 13 intl/ H -ve, Lane 14
intl1 C sample 17, Lane 15 int/1 C, sample 18, Lane 16 int/1 C sample 19, Lane 17 int/l1 C
sample 20, Lane 18 int/1 C sample 21, Lane 19 int/1 C sample 22, Lane 20 100 bp ladder

DNA.
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Figure 2.10.4 The PCR amplification using the int/1 C (311 bp) and gacEA1 (200
bp) to examine the presence of integrase resistance genes in commercial chickens

caecal DNA (sample 17-26).

Lane 1 100 bp ladder, Lane 2 intl1 C sample 23, Lane 3 int/1 C sample 24, Lane 4 int/1 C
sample 25, Lane 5 int/1 C sample 26, Lane 6 int/1 C +ve, Lane 7 intl1 C —ve, Lane 8 gacEA1
samplel7, Lane 9 gacEA1 sample 18, Lane 10 gacEA1 sample 19, Lane 11 gacEA1 sample
20, Lane 12 gacEA1 sample 21, Lane 13 gacEA1 sample 22, Lane 14 gacEA1 sample 23,
Lane 15 gacEA1 sample 24, Lane 16 gacEA1 sample 25, Lane 17 gacEA1 sample 26, Lane

18 gacEA1 EAl-ve.

Appendix 2.11 The PCR ampilicon product of class 1 integron (intl/1 ravi,

intl1l EB, sull and gacEA1) of commerical birds (Samples 27-40)

Figure 2.11.1 The PCR amplification using the IntI1 Ravi (546 bp) and IntI1 EB
(254 bp) primers to examine the presence of resistance genes in commercial

chickens caecal DNA (sample 27-40).

Lane 1 100 bp ladder (BioLab), Lane 2 IntI1 Ravi sample 27, Lane 3 IntI1 Ravi sample 28,
Lane 4 IntI1 Ravi sample 29, Lane 5 IntlI1 Ravi sample 30, Lane 6 IntlI1 Ravi sample 31,
Lane 7 IntI1 Ravi sample 32, Lane 8 IntlI1 Ravi sample 33, Lane 9 IntI1 Ravi sample 34,
Lane 10 IntI1 Ravi sample 35, Lane 11 IntI1 Ravi sample 36, Lane 12 IntI1 Ravi sample
37, Lane 13 IntI1 Ravi sample 38, Lane 14 IntlI1 Ravi sample 39, Lane 15 IntI1 Ravi sample
40 Lane 16 IntI1 +ve control, Lane 17 Intl1 Ravi -ve control, Lane 18 IntI1 EB sample 27,

Lane 19 IntlI1 EB sample 28, Lane 20 100 bp ladder (BiolLab).
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Figure 2.11.2 The PCR amplification using the IntI1 EB (254 bp) and sul/l1 (346
bp) to examine the presence resistance genes in commercial chickens caecal DNA
(sample 27-40).

Lane 1 100 bp ladder (BioLab), Lane 2 IntI1 EB sample 29, Lane 3 IntI1 EB sample 30,
Lane 4 IntI1 EB sample 31, Lane 5 IntI1 EB sample 32, Lane 6 IntI1 EB sample 33, Lane 7
Inti1 EB sample 34, Lane 8 IntI1 EB sample 35, Lane 9 IntI1 EB sample 36, Lane 10 Intl1
EB sample 37, Lane 11 IntI1 EB sample 38, Lane 12 IntI1 EB sample 39, Lane 13 IntlI1 EB
sample 40, Lane 14 IntI1 EB +ve control, Lane 15 Intl1 EB-ve control, Lane 16 sul/1 sample
27, Lane 17 sull sample 28, Lane 18 sul/1 sample 29, Lane 19 su/1 sample 30, Lane 20 100

bp ladder (BioLab).

7 8 9 10 11 12 13 14 15 16 17 18 19 20

Figure 2.11.3 The PCR amplification using the su/1 (346 bp) and inti1 H (471 bp)
to examine the presence of integrase resistance genes in commercial chickens

caecal DNA (sample 27-40).

Lane 1 100 bp ladder (BioLab), Lane 2 sul/l sample 31, Lane 3 sul/l sample 32 Lane 4 sull
sample 33, Lane 5 sul/l sample 34, Lane 6 sul/l sample 35, Lane 7 sul/l sample 36, Lane 8
sull sample 37, Lane 9 sull sample 38,Lane 10 su/l sample 39, Lane 11 sul/l sample 40,
Lane 12 su/l S.T.U 288, Lane 13 sull-ve, Lane 14 intl1 H sample 27, Lane 15 int/l1 H
sample 28, Lane 16 int/1 H sample 29, Lane 17 int/l1 H sample 30, Lane 18 int/1 H sample

31, Lane 19 int/l1 H sample 32, Lane 20 100 bp ladder (BioLab).
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Figure 2.11.4 The PCR amplification using the int/i1 C (311 bp) and gacEA1 (200
bp) to examine the presence of integrase resistance genes in commercial chickens

caecal DNA (sample 27-40).

Lane 1 100 bp ladder (BioLab), Lane 2 int/1 H sample 33, Lane 3 int/1 H sample 34, Lane
4 jntl1 H sample 35, Lane 5 int/1 H sample 36, Lane 6 int/l1 H sample 37, Lane 7 int/1 H
sample 38, Lane 8 int/1 H sample 39, Lane 9 int/1 H sample 40, Lane 10 int/1 H S.T.U288,
Lane 11 int/l1 H —ve control, Lane 12 gacEA1 sample 27, Lane 13 gacEA1 sample 28, Lane
14 gacEA1 sample 29, Lane 15 gacEA1 sample 30, Lane 16 gacEA1 sample 31, Lane 17
gacEA1 sample 32, Lane 18 gacEA1 sample 33,Lane 19 gacEA1 sample 34,Lane 20 100 bp

ladder DNA.

10 11 12 13 14 15 16 17 18 19

Figure 2.11.5 The PCR amplification using the int/i1 C (311 bp) and gacEA1 (200

bp) to examine the presence of integrase resistance genes in commercial chickens

caecal DNA (sample 27-40).

Lane 1 100 bp ladder (BioLab), Lane 2 gacEA1 sample 35, Lane 3 gacEA1 sample 36, Lane
4 qacEA1 sample 37, Lane 5 gacEA1 sample 38, Lane 6 gacEA1 sample 39, Lane 7 qacEA1
sample 40, Lane 8 gacEA1 S.T U288, Lane 9 gacEA1 -ve control, Lane 10 int/1 C sample
27, Lane 11 intl1 C sample 28, Lane 12 int/1 C sample 29, Lane 13 int/1 C sample 30, Lane
14 intl1 C sample 31,Lane 15 int/1 C sample 32, Lane 16 int/1 C sample 33, Lane 17 int/1

Csample 34, Lane 18 int1/ C sample 35, Lane 19 int/1 C sample 36, Lane 20 100 bp ladder
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Figure 2.11.6 The PCR amplification using the int/1 C (311 bp) to examine
the presence of integrase resistance genes in commercial chickens caecal

DNA (sample 27-40).

Lane 1 100 bp ladder (BioLab), Lane 2 int/1 C sample 37, Lane 3 int/1 C sample
38 Lane 4 intl1 C sample 39, Lane 5 int/1 C sample 40, Lane 6 int1/ C +ve, Lane

7 intl1 C -ve
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Appendix 2.12 Initial test for selecting GCs primers

long range Ravi MRG 284/285 ntf2/qcr2
r 1 r 1 [ |
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Figure 2.12. 1A The PCR amplification of GCs of broiler caecal DNA by using four
different primers (Table 2.5, Chapter 2) for selecting optimum primers (1 min

extension time) electrophoresed on 0.8% TAE agarose gel.

Lane 1 100 bp ladder (BioLab), Lane 2 long range Ravi sample 1, Lane 3 long range Ravi
sample 2, Lane 4 long range Ravi sample 3, Lane 5 long range Ravi sample 4, Lane 6 long
range Ravi sample 5, Lane 7 long range Ravi +ve control, Lane 8 long range Ravi -ve
control. Lane 9 MRG 284/285 sample 1, Lane 10 MRG 284/285 sample 2, Lane 11 MRG
284/285 sample 3, Lane 12 MRG 284/285 sample 4, Lane 13 MRG 284/285 sample 5, Lane
14 MRG 284/285 +ve, Lane 15 MRG 284/285 -ve, Lane 16 ntf2/qcr2 sample 1, Lane 17

ntf2/qcr2 sample 2, Lane 18 ntf2/qcr2 sample 3, Lane 19 ntf2/qcr2 sample 4, Lane 20 1

kb ladder (BioLab).
ntf2/qcr2 F-Ravi/R-gacEA1

Figure 2.12.2A The PCR amplification of GCs of broiler caecal DNA by using four
different primers (Table 2.5, Chapter 2) for selecting optimum primers (1 min

extension time) electrophoresed on 0.8% TAE agarose gel.

Lane 1 100 bp ladder (BioLab), Lane 2 ntf2/qcr2 sample 5, Lane 3 ntf2/qcr2 -ve, Lane 4
ntf2/qcr2 +ve control, Lane 5 F-Ravi/R-gacEA1 sample 1, Lane 6 F-Ravi/R- gacEA1 sample
2, Lane 7 F-Ravi/R-gacEA1 sample 3, Lane 8 F-Ravi/R-gacEA1 sample 4, Lane 9 F-Ravi/R-
gacEA1, sample 5, Lane 10 F-Ravi/R-gacEA1 +ve control, Lane 11 F-Ravi/R-gacEA1 -ve

control, Lane 12 1 kb ladder (BioLab).
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Figure 2.12.1B The PCR amplification of GCs of broiler caecal DNA by using four
different primers (Table 2.5, Chapter 2) for selecting optimum primers (3 min

extension time) electrophoresed on 0.8% TAE agarose gel.

Lane 1 100 bp ladder (BioLab), Lane 2 long range Ravi sample 1, Lane 3 long range Ravi
sample 1 (Replicate), Lane 4 long range Ravi sample 2, Lane 5 long range Ravi sample 2,
Lane 6 long range Ravi sample 3, Lane 7 long range Ravi sample 3, Lane 8 long range Ravi
sample 4, Lane 9 long range Ravi sample 4, Lane 10 long range Ravi +ve control, Lane 11
long range Ravi -ve control, Lane 12 MRG 284/285 sample 1, Lane 13 MRG 284/285 sample
1, Lane 14 MRG 284/285 sample 2, Lane 15 MRG 284/285 sample 2, Lane 16 MRG 284/285
sample 3, Lane 17 MRG 284/285 sample 3, Lane 18 MRG 284/285 sample 4, Lane 19 MRG

284/285 sample 4, Lane 20 1 kb ladder DNA.

MRG 284/285 ntf2/qcr2
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Figure 2.12.2B The PCR amplification of GCs of broiler caecal DNA by using four
different primers (Table 2.5, Chapter 2) for selecting optimum primers (3 min
extension time) electrophoresed on 0.8% TAE agarose gel.

Lane 1 100 bp ladder (BioLab), Lane 2 MRG 284/285 +ve, Lane 3 MRG 284/285 -ve, Lane
4 ntf2/qcr2 sample 1, Lane 5 ntf2/qcr2 sample 2, Lane 6 ntf2/qcr2 sample 3, Lane 7
ntf2/qcr2 sample 4, Lane 8 ntf2/qcr2 sample 5, Lane 9 ntf2/qcr2 sample 6, Lane 10
ntf2/qcr2 sample 7, Lane 11 ntf2/qcr2 sample 8, Lane 12 ntf2/qcr2 sample 9, Lane 20

1 kb ladder (BiolLab).
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Appendix 2.13 The gene cassettes sequence data
Figure 2.13.1 class_1_integron_group_A (aadAl, linF).
Pintl

G

Lex A_CCAGAACCTTGACCGAACGCAGCGGTGOTAACGGCCAGTEoceTTTTcATcoc

GCCTCGGGCATCCAAGCAGCAAGCGCGTTACGCCG

W

TGGGTCGATGT

aadA2 atC site AAACAAAGTTAGACATCHIBAGGGTAGCGETGACCATCGARATTTCGAACCAACTATCAG

F2.GCs-A

AAGAAGATCACTTGEECTCACGCGCAGATCACTTGGAAGARTTTATTCGCTTTGTGARAG A
GCGAGATCATCAAGTCAGTTGCCTAAA N NN~ » ™[Nl Il -~ cccceeT
acGCGCGGCCH T ccoc Il T G2 CGAAAARAAACAAARATCTGCGTATAC
CTTTCCTCATAATCTGTGGCTTCAATAAAAGGATATTTCTATGCTTCAACTCARARATCAT
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EFFAGATGCACTAAGCACATAATTGCTCACAGCCAAACTATCAGGTCAAGTC TG
BTATTTTTAAGCGTGCATAATAAGCCCTACACAAATTGGGAGATATATCATCHENGEENE v’
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Figure 2.13.2 Class_ 1 _integron group_B-1 (dfrA1l), hypothetical protein, and

aminoglycoside-3'-adenyltransferase (aadA24) genes, and QacEdeltal gene.

AAGCCTGTTCGGTTCGTAAGCTGTAATGCAAGTAGCGTATGCGCTCACGCAACTGGTCC
AGAACCTTGACCGAACGCAGCGGTGGTAACGGCGCAGTGGCGGTTTTCATGGCTTGTTA
e - C C T CGGGCATCCAAGCAGCAAGCGCGTTACGCCG
TGGGTCGATGTTTGATGTTATGGAGCAGCAACGATGTTACGCAGCAGGGCAGTCGCCCT
AAAACAAAGTTAACCTCTGAGGAAGAATTEHEGAAACTATCACTAATGGTAGCTATATCG
AAGAATGGAGTTATCGGGAATGGCCCTGATATTCCATGGAGTGCCAAAGGTGAACAGCT
CCTGTTTAAAGCTATTACCTATAACCAATGGCTGTTGGTTGGACGCAAGACTTTTGAAT
CAATGGGAGCATTACCCAACCGAAAGTATGCGGTCGTAACACGTTCAAGTTTTACATCT
GACAATGAGAACGTATTGATCTTTCCATCAATTAAAGATGCTTTAACCAACCTAAAGAA
AATAACGGATCATGTCATTGTTTCAGGTGGTGGGGAGATATACAAAAGCCTGATCGATC
AAGTAGATACACTACATATATCTACAATAGACATCGAGCCGGAAGGTGATGTTTACTTT
CCTGAAATCCCCAGCAATTTTAGGCCAGTTTTTACCCAAGACTTCGCCTCTAACATAAA
TTATAGTTACCAAATCTGCERARRRGEETTARCALGTGGCAGCAACGGATTCGCAAACCT
GTCACGCCTTTTGTACCAAAAGCCGCGCCAGGTTTGCGATCCGCTGTGCCAGGCGTTAG
GTCGCACAGGTACCACATGGAAAGARATACTGCCGAAGATATATTTGCTGCCTGCGAGC
GTGCATTAGCGAATCTTATGGAGGCAGAGATTGCAATTGCTCAAATCTCCGATCCAGTA
GAGCGCGCCGAGCTCATGAAGGCACTTTTGAGTTCACTCGCCGARATAACTGCAGGTGT
TAGGGCCTCGGCTTTGCGCCAGTATCCTGACATTCATCCGCCGGAGCCACATGGAGCGC
CTGATACAACAATCGTTGAAGAAGATGTCGCTATAGTCTCCCAACTGACCACTATTGAC
ATTACCGCCATAGACAAAGCCCTCCTAGCAGAGTGCGCATCTTCTTGGCAARAGGTTGC
CCGTGTTGTGGGGGATGCATTGCACTCTTCCTCCCCARACCTCAAAAAAGTTCCAGTTG
GCTATTACGCCCAAAGGATTATTGCGCTGGTCGAGCTCGGAAAGCTTGAATCTCAAGGA
AATCTTCATTACATCCGAAGCAGTGAGGTCAGGCTTCCAAATGACAGTAAAAGTGEMGC
CEC CCTTCAATCAACAGGGACAGTCCARAGCTAGCGCTTTGTCCTGCCCCTTATTTC
AAACGTTAGACATCATGAGGGACGCAGTGATCGCCGAAATTTCGACACAACTGTTAGAG
GTGCTTAGTGTCATTGAGCGCCATCTGGAGCCGACGTTGCTGGCCEEECATTTGTACGG
CTCCGCAGTGAATGGCGGCCTGAAGCCATACAGCGATATTGATTTGCTGGTTACTGTGA
CTGTAAGGCTTAATGAAACAACGCGGCGAGCTTTGCTCAACGACCTTCTGGAGGTTTCG
ACTTTCCCCGGCGAGAGTGAGGCTCTCCGCGCTATAGAAGTCACCATTGTCGTGCACGA
CGACATCATTCCGTGGCGTTATCCAGCTAAGCGAGAACTGCAATTTGGAGAATGGCAGC
GCAATGACATTCTTGCGGGTATCTTCGAGCCAGCCACGATCGACATTGATCTGGCTATC
TTGCTGACAAAAGCAAGAGAACATAGCGTTGCCTTGGTAGGTCCAGCGGCGGAGGAACT
CTTTGATCCGGTCCCTGAACAGGATCTATTCGAGGCACTAAATGAAACCTTGAAGCTAT
GGAACTCGCAGCCCGACTGGGCTGGCGATGAGCGAAATGTAGTGCTTACGTTGTCTCGT
ATTTGGTACAGCGCAGTAACCGGCAAAATCGCGCCGAAGGATGTCGCTGCCGACTGGGC
AATGGAGCGCCTACCGGCCCAGTATCAGCCCGTCTTGCTTGAAGCTAGACAGGCTTATC
TTGGACAAGAAGAAGATCGCTTGGCCTTGCACGCTGATCAGTTGGAAGAATTTGTTCAC
TACGTGAAAGGCGAGAGCACCAAGGTAGTCGGCAAATGATGTCTAACAATTCGTTCAAG
CCGACGCCGCTTCGCGGCGCGGCTTAACTCGAGCGTTAGATGCACTAAGCACATAATTG
CTCACAGCCAAACTATCAGGTCAAGTCTGCTTTTATTATTTTTAAGCGTGCATAATAAG
CCCTACACAAATTGGGAGATATATCHICEEEES
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Figure 2.13.3 class_1_integron_group_B-2 (dfrAl1, aadAl)

GTCCAGAACCTTGACCGAACGCAGCGGTGGTAACGGCGCAGTGGCGGTTTTCATGC I

CTGTTTTTTTGTACAGT GCCTCGGGCATCCAAGCAGCAAGCGCGTTACGC

C6DHGGTC AT T TGATGT TATGEAGCAGCAACGATGTTACGCAGCAGGGCAGTCRCCC
NS 772 CCTCTGAGGAAGAA T TG IGARACTATCAC TAATGGTACCTATATCS

TACCARATCTGGCARAAGCGTIMC 2 cTGGCAGCAACGGAT I T C ~CGCC
TTTTGTACCAAAAGCCGCGC - ccccTeTccBRBBccTTAAACATCRTCH

C TCGCTTGGCCTCGC

GCAAATNE "B~ T B C G~ cGecGeTTCGCGGCGCC I T

GCl 1 GCACTAAGCACATAATTGCTCACAGCCAAACTATCAGGTCAAGTCTGCTTT
TATTATTTTTAAGCGTGCATAATAAGCCCTACACAAATTGGGAGATATATC RICHARGEE
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Figure 2.13.4 class_1_integron_group_C-2 (aadA1l)

CCAGAACCTTGACCGAACGCAGCGGTGGTAACGGCGCAGTGGCGGTTTTCATCGC I

CTGTTTTTTT  GTACAGT GCCTCGGGCATCCAAGCAGCAAGCGCGTTACG
CCGTGGGTCGATGT TICATCITATCCAGCAGCAACGATGT TACGCAGCAGEECAGTCEET
CTAARACAAAGTT:ATCATCATGAGGGAAGCGGTGATCGCCGAAGTATCCACTCAACTAT

GCAATGACATTCTTGCAGGTATCTTCGAGCCAGCCACGATCGACATTGATCTGGCTATCT

AAGGCGAGATCACCAAGGTAGTCGGCAAA N I+ I

GCTTCGCGGCGC G C22G Il T GCACTAAGCACATAATTGCTCACAGCC

AAACTATCAGGTCAAGTCTGCTTTTATTATTTTTAAGCGTGCATAATAAGCCCTACACAA

AUIGGGAGATALAICATGAAAGGCTGECTTTTTCTTGITATCGCARTAGTTGGCGAAGTA
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Figure 2.13.5 class_1_integron_group_ (aadA9)

GACA SIS C GG T TCGTAAGCTGTAATGCAAGTAGCGTATGCGCTCACGC

AACTGGTCCAGAACCTTGACCGAACGCAGCGGTGGTAACGGCGCAGTGGCGGTTT

CTGTTTTTTTGTACAGT GCCTCGGGCATCCAAGCA
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EraTTcABlTEEEECGAAGCCGCTTCGCGGCTCG T CAGGCENE

CACTAAGCACATAATTGCTCACAGCCAAACTATCAGGTCAAGTCTGCTTTTATTA

TTTTTAAGCGTGCATAATAAGCCCTACACAAATTGGGAGATATATC HICHENCES
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Appendix 2.14 The insertion of three Gs in integrase gene sequence found
in commercial flock samples compared with the same GC components in

controlled housing chicken Forward reads for 2.35.4 and sample 40.
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Appendix 3

Figure 3.1 Rarefactions curves of observed OTUs of caecal samples

microbiota collected from A biosecure birds and B commercial birds.

A-biosecured birds
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Figure 3.2 The relative abundance of Proteobacteria phylum in control

diet groups.

A-biosecure birds

Normal QQ plot
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Data not normally distributed at 22 da (Shapiro-Wilk normality test= 0.0215),

however other sampling points show data normally distributed across cohorts (p-

value 0.0957, 0.05, 0.0807 respectively).

B-commercial birds

Normal QQ plot
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The abundance of Proteobacteria was not normally distributed at 30 da (Shapiro-

Wilk normality test= 0.0001), while this abundance of Proteobacteria was normally

distributed at 37 da (p-value=0.2762)
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Figure 3.3 Phylogenetic tree of GCs distribution among sampling points in A biosecure birds, and B commercial birds.

A. Control _diet_biosecure birds 22 vs 24 da

== Otud00T we= e OtuQ00T
gene_cassette genea_cassatte
B2 B2
A HMND A MWD
Otud 169 Otu0 169

The phylogenetic tree of Proteobacteria phylum shows the OTUs associated with distribution of GCs groups in broiler chicken microbiota

reared in biosecure conditions. No Proteobacteria detected at 28 and 35 da with bootstrap value =20.
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B. Control _diet _commercial birds_30 vs 37 da

sesesss DtU0176

eeeesssene OQUOOOT

gene_cassette
“00s OtU0169 8
a B
sesssss OtUOOT0
sswee Otu0276

TITITITIT] 0[u0041

+= Otu0176
ve Otu0471 gene_cassette
A
a ACZ
a B
seesssvs QUODOT G
sesssssnes OlOOTO

sessssses OWIO276

The phylogenetic tree of Proteobacteria phylum shows the OTUs associated with distribution of GCs groups in broiler chicken microbiota

reared under commercial conditions. It is constructed by a neighbour-joining method with Bootstrap value = 20.
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Figure 3.4 QQ plot of control fed birds (all sampling days) reared in

controlled housed conditions

A-inverse-Simpson index

Normal QQ plot
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Normality test for invsimpson index CH birds

Data not normally distributed (Shapiro-Wilk normality test) mainly at 24 da (p-
value 0.0279) however other sampling days are normally distributed p-value

>0.05 as it passes normality tests.

B-Chao index

Normal QQ plot
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Normality test for Chao index CH birds

Data not normally distributed based Shapiro-Wilk normality test indicated that at
day 28 data not normally distributed but the other sampling days are normally
distributed as it passes both normality tests (p-value respectively of all Sampling

da are: 0.8737, 0.7649, 0.0378 and 0.4811.
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Figure 3.5 QQ plot of control fed birds (all sampling days) reared in

commercial conditions
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Normality test for invsimpson index commberical birds

Data normally distributed at 30 and 37 da (Shapiro-Wilk normality test= 0.7348,

0.2637 respectively) therefore it passes normality tests.

B-Chao index

Normal QQ plot
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Normality test for Chao index commberical birds

Data normally distributed at 30 and 37 da (Shapiro-Wilk normality test= 0.4431,

0.3210 respectively) therefore it passes normality tests.
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Appendix 4

Figure 4.1 Rarefactions curves of observed OTUs of caecal samples

microbiota collected from A biosecure birds and B commercial birds.

A-biosecure birds
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Figure 4.2 The relative abundance of Proteobacteria phylum in control and

GOS diets of commercial and biosecure birds.

A-Biosecure birds
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The data were not normally distributed in control diet at 22 da (Shapiro-Wilk

normality test= 0.0215), however other sampling points show the data are

normally distributed across cohorts (p-value > 0.05).
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B-Commercial birds

Normal QQ plot Normal QQ plot
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The abundance of Proteobacteria was not normally distributed at control-30 da
(Shapiro-Wilk normality test= 0.0001), while all other sampling points for both

diets showing the Proteobacteria abundance was normally distributed (p-

value>0.05).
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Appendix 4.3.1 The coincidence of resistance GCs arrays in Proteobacteria phylum

and Figure B demonstrates feed type

1-Biosecured birds-22 da

A

""" Otu0324
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ND

of biosecure birds. Figure A shows distribution of GCs
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diet

ssessssiansana (0007 . ol
4 gos
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The scale bar represents a sequence divergence of 3%. The bacterial OTUs are: OTU 0324 is Gamma-proteobacteria (Enterobacteriaceae_unclassified),

OTUO0007 is Gamma-proteobacteria (Enterobacteriaceae_unclassified), OTU 0169 is Gamma-proteobacteria (Proteus).

* ND not detected.
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Appendix 4.3.2 The abundance of resistance GCs arrays in Proteobacteria phylum in biosecure housing birds. Figure A shows distribution

of GCs and Figure B demonstrates feed type

2-Biosecure birds-24 da
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gene_cassette diet
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s NO & gos
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The scale bar represents a sequence divergence of 3%. The bacterial OTUs are: OTUO0007 is Gamma-proteobacteria (Enterobacteriaceae_unclassified),

OTU 0169 is Gamma-proteobacteria (Proteus).

* ND not detected.
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Appendix 4.3.3 The abundance of resistance GCs arrays in Proteobacteria phylum in biosecure housing birds. Figure A shows distribution
of GCs and Figure B demonstrates feed type

3-Biosecure birds-28 da
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The scale bar represents a sequence divergence of 3%. The bacterial OTUs are: OTU 0324 is Gamma-proteobacteria (Enterobacteriaceae_unclassified),

OTUO0007 is Gamma-proteobacteria (Enterobacteriaceae_unclassified), OTU 0169 is Gamma-proteobacteria (Proteus).

* ND not detected.
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Appendix 4.3.4 The abundance of resistance GCs arrays in Proteobacteria phylum in biosecure housing birds. Figure A shows distribution

of GCs and Figure B demonstrates feed type
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The scale bar represents a sequence divergence of 3%. The bacterial OTUs are: OTU 0324 is Gamma-proteobacteria (Enterobacteriaceae_unclassified),

OTU0007 is Gamma-proteobacteria (Enterobacteriaceae_unclassified), OTU 0169 is Gamma-proteobacteria (Proteus).

* ND not detected.
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Appendix 4.4.1 The abundance of resistance GCs arrays in Proteobacteria phylum in commercial birds. Figure A shows distribution of GCs
and Figure B demonstrates feed type
1-Commerical birds-30 da
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The scale bar represents a sequence divergence of 3%. The bacterial OTUs are: OTU0007 is Gamma-proteobacteria (Enterobacteriaceae_unclassified),

OTU 0169 is Gamma-proteobacteria (Proteus), OTUO0176 is Alpha-proteobacteria (Aestuariispira), OTU0070 is Beta-proteobacteria (Parasutterella),

OTUO0276 is Proteobacteria_unclassified.

* ND not detected.
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Appendix 4.4.2 The abundance of resistance GCs arrays in Proteobacteria phylum in commercial birds. Figure A shows distribution of GCs

and Figure B demonstrates feed type

2-Commerical birds-37 da
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The scale bar represents a sequence divergence of 3%. The bacterial OTUs are: OTU0041 is Epsilonproteobacteria (Campylobacter), OTU0176 is Alpha-
proteobacteria (Aestuariispira), OTUQ0474 is Alpha-proteobacteria_unclassified, OTU0471 is Alpha-proteobacteria (Alphaproteobacteria_unclassified

OTU0007 is Gamma-proteobacteria (Enterobacteriaceae_unclassified), 0OTU0070 is Beta-proteobacteria (Parasutterella), OTU0276 is

Proteobacteria_unclassified. * ND not detected.
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Appendix 4.5 QQ plot of normality test of control and GOS diets (all

sampling days) for controlled housed birds or biosecure reading birds

A-inverse-Simpson index
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The Shapiro-Wilk normality test shows that inverse Simpson data were not not
normally distributed at control-24 da (p-value 0.0279) however other sampling

days are of both diets were normally distributed p-value (>0.05).
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B-Chao index
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The Shapiro-Wilk normality test shows that Chao index data were not normally

distributed at control-28 da (p-value 0.0378) however other sampling days are of

both diets were normally distributed p-value (>0.05).
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Appendix 4.6 QQ plot of normality test of control and GOS diets (all

sampling days) for commercial birds

A-inverse-Simpson index
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The Shapiro-Wilk normality test shows that data normally distributed at 30 and
37 da (p-value = 0.7348, 0.8189 for control-com vs GOS-com 30da; p-value

0.2637, 0.1736 among control-com vs GOS -com at 37 da).
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The Shapiro-Wilk normality test shows that data normally distributed across

cohorts (p-value >0.05).
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Appendix 5.1 Rarefactions curves of observed OTUs of caecal samples

microbiota collected from challenged groups fed both control and GOS

diets reared in controlled housing condition
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Appendix 5.2 The relative abundance of Proteobacteria phylum in control

and GOS diets of controlled housing birds.
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The Shapiro-Wilk test of normality displayed that the data of abundance

Proteobacteria were not normally distributed at 24 da in gos-sal barns(p-

value=0.0358) as well as in ctl-sal barns at 35 da old birds (p-value=0.0304)

otherwise all data showed normal distribution (p- value >0.05).
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Appendix 5.3 Correlation coefficient between the relative abundance of Proteobacteria and proportional of trimethoprim

resistance population (Ratio). Significance calculated by using Pearson’s correlation coefficient method.
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Appendix 5.4 A The abundance of resistance GCs arrays in Proteobacteria phylum in control fed birds colonised and non-colonised birds

housing in controlled condition. Figure A shows distribution of GCs and Figure B demonstrates feed type
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Appendix 5.4 B The abundance of resistance GCs arrays in Proteobacteria phylum in control fed birds colonised and non-colonised birds

housing in controlled condition. Figure A shows distribution of GCs and Figure B demonstrates feed type

2. gos_nonc and gos_sal groups_ at 22 da
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Appendix 5.4 C The abundance of resistance GCs arrays in Proteobacteria phylum in control fed birds colonised and non-colonised birds

housing in controlled condition. Figure A shows distribution of GCs and Figure B demonstrates feed type
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Appendix 5.4 D The abundance of resistance GCs arrays in Proteobacteria phylum in control fed birds colonised and non-colonised birds

housing in controlled condition. Figure A shows distribution of GCs and Figure B demonstrates feed type
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Appendix 5.4 E The abundance of resistance GCs arrays in Proteobacteria phylum in control fed birds colonised and non-colonised birds

housing in controlled condition. Figure A shows distribution of GCs and Figure B demonstrates feed type
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Appendix 5.4 F The abundance of resistance GCs arrays in Proteobacteria phylum in control fed birds colonised and non-colonised birds

housing in controlled condition. Figure A shows distribution of GCs and Figure B demonstrates feed type
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Appendix 5.4 G The abundance of resistance GCs arrays in Proteobacteria phylum in control fed birds colonised and non-colonised birds
housing in controlled condition. Figure A shows distribution of GCs and Figure B demonstrates feed type
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Appendix 5.4 H The abundance of resistance GCs arrays in Proteobacteria phylum in control fed birds colonised and non-colonised birds

housing in controlled condition. Figure A shows distribution of GCs and Figure B demonstrates feed type
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Appendix 5.5 QQ plot of normality test of control and GOS diets (all

sampling days) for controlled housed birds or biosecure reading birds

A-inverse Simpson
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The Shapiro-Wilk test of normality displayed that the data of inverse Simpson
indices were not normally distributed at 35 da in gos-sal barns (p-value= 0.0064)

otherwise all data showed normal distribution (p-value >0.05).
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B-Chao index
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The Shapiro-Wilk test of normality displayed that the data of Chao indices were
not normally distributed at 22 da in gos-sal barns (p-value= 0.0116) as well as at

28 da in ctl-sal groups (p-value=0.0163) otherwise all data showed normal

distribution (p-value >0.05).
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