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Abstract
Antibiotic resistance may have the potential to spread from animals to humans through
the food chain. It has been observed that prebiotics such as mannan rich fraction
(MRF) improve broiler growth and performance in a similar manner to antibiotic
growth promotors. They have also been linked to a reduction in antibiotic resistance
gene numberst was hypothesised that MRF has the ability to decrease resistance by

reducing the variety or transfer of plasmids.

The most effective and efficient method to extract plasmids from the complex broiler
caecum was investigated, and determined to be xbgeaous plasmid isolation
method. Analysis into the plasmids present in the broiler caecum was performed for a
greater understanding of the genetic basis of this resistance. Plasmids were identified
that matched to previously isolated plasmids from anendl human samples from
locations worldwide. The microbiome and mobile resistome was assessed over time.
A more stabilised microbiota was found to develop as the birds age, which may be
better established to harbour the increased number of resistancelplasEntified in

the older birds.

The effect of MRF on the metagenome of broilers was examined. No significant
changes were observed in the microbiome, which we attributed to the already resident
community of beneficial bacteria. Changes in the aburelafdhe resistome was
observed at day 27, which may be the result of MRF, but high levels of variability
were noted within the sampled groups. A study incorporating both metagenomic and
plasmid based analysis concluded that MRF may have the ability trerdbe

microbiome of broilers after antibiotic treatment. A lower percentage of -ohuigj

Xii



resistance plasmids and a reduced profile of resistance was observed in birds that had
received MRF. Mannan rich fraction may have the ability to decrease theyatne

capability of the plasmids, and thus reducesime@ad of antibiotic resistance
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Chapter 1

Introduction



1.1 Antibiotic discovery and emergence of resistance

The discovery of the first antimicrobial, Salvarsan, in 1909 by Dr. Paul Ehrlich, altered
theimpact of infectious disease on human?lifealvarsan was successfully used to
treat syphilis until the discovery of penicillin by Sir Alexander Fleming in 1928, and

its subsequemhass production ahdistribution in 1945 Antibioticsare the only class

of medicinal agents whose maarget is nohuman tissue or its produgténtibiotics

have not only drastically reduced rates of morbidity and mortality from infectious
diseases, but have also had a crucial role in accomplishing key advances in medicine
and surgery, such as organ transplantations and cara@otherapy, in their ability

to control infectioA. Shortly after its imbduction, penicillin resistance became a

significant clinical problem

However, this was not the beginning of baieteresistance to antibiotics. Resistance
has been detected in samples that are 80g000 yearld®. Most antibiotics in
clinical use are produced by bacteria themselves. For exafabilepmyceteproduce
streptomycin, tetracycline,chloramphenicol, erythromyei and vancomycin
antibiotics. Thigequiresthe bacteria to be resistant themselt@svoid succumbimn
to theirown metabolite It was rather theveruse and misuse of antibiotics to treat
nonbacterial inéctions,and inadequatantibiotic stewardship in clinical settings that

has been attributed to the escalation of the development and spread of résistance

The 6golden eradé of antibiotic °dbusngovery

this time it was believed thamfectious diseases would sooncbmea controlled



public healh issueas was the rapid rate of antibiotic discov&ryith multiple new
classes of antibiotics introduced over the two dedddeSubsequently, antibiotic
discovery came to a halt, while resistance continuesk&zerbateln 2016, ateast

700,000deaths worldwide were caused by resistant infectfons

1.2 Plasmid-mediated antibiotic resistance

Antibiotic resistance occurs through several mechanisms, the central ones being
enzymatic degrdation or alteration of the antibiot@lteration ofthe targefroteins
for the antibioticand changes ithe membrane permeability to antibiotlésSome
bacteria are intrinsically resistant to certain classes of antildtbtidswever, it is
acquired resistance that is of the greatest concern, whereby a pregisstyptible

population of bacteria becomes resistant to an antibiotic

Plasmids are small, extrachromosomal pieces of DNA and are one of the main drivers
in the spread of antibiotic resistance. They have the ability toeggltate and many

are conjugative, allowinthem to easily transfer to other bact&ti@road host range
plasmids also possess the abilibyttansfer to taxonomically distant specighile

stably maintaiing the genes that they harbburPlasmids often carry antibiotic
resistance genes, which can provide a benefit to the host bacterial cell under antibiotic
pressure. However, these genes may also incur a high fithess cost, and so may not be
continually maintmed by the same hd&t Multi-drug resistance occurs by the
accumulatiorof resistance gengsach coding for resistance to a@pe antibiotic,

usually on plasmid€. Multi-drug resistance has grave consequences for health,



particularly if harboured by a pathogen, as the options for treatment are greatly

limited?®.

Resistance to antibiotics which were \poeisly only chromosomally encoded are
being identified on plasmids. These include ¢ime genes that confer resistance to
quinolones, which were first detected only in 189&imilarly, themcr genes were
first identified in 2016; these genes confer resistance to the polymyxin ¢éliEten
more concerning is that colistin is considerad amtibiotic of last resort for the

treatment of multdrug resistant infections caused by Graegative bacterfd

1.3 Antibiotics in agriculture

The rapid rise in resistance cannot be confined to just a clinical context. Antibiotics
are administered tanamals forthetreatment of diseasbut also to prevent and control

the spread of diseas. 2013, it was estimated most of th@0,006200000 tonnes

of antibiotics manufactured every yegoesto the agricultural, horticultural, and
veterinary sectofé. It is important to note that thentibiotics which are used in
agriculturehavethe same modeof actionor belong to the samantibiotic classe as

those used in human medicihe

In the 19505, it was discovered that sdberaputic quantities of antibioticsould
enhance the feet-weight ratio for poultry, swinegnd beef catth8. These antibiotic
growth promotorsAGP) reduce normal microbial communities preisia the animal

gut, which comgete with the host for nutrient$hey also reduce the abundance of

4



harmful bacteria that may reduce performance by causing subclinical disdase
combimation, thisresuls in an increase in growthtdowever, towards the end of the
1960s, plasmigtncoded wytetracycline resistance was identified in the zoonotic
pathogerSalmonellaTyphimuriumin farm animalé. In 1975, a study on a chicken
farm using oxytetracycline as an AGP found not only the chickens but also the farm
family to be colonised by resistant straindgEstherichia cof®. In 1993, Batest al,

linked the emergence of vancomycin resistant enterococci, which was causing huge
clinical concern, with the use of the AGP avopaitiin 2005,Hershbergeet al,

found that there was significant resrvoir of antibiotiecresigant enterococciamong

farm animalghat were administered antibiottés

Due tothese concerns in thiecreases of antibiatiresistance, AGPs were banned by
the European Union in 208 and later in America in 203% However, Caseweét

al., highlighted the important prophylactic activity of AGPs and associated their
withdrawal with a deterioration in animal healffhis included reports dhcreased
diarrhoea, weight loss and mortality edto infections withEscherichia coliand
Lawsonia intracellularisn pigs, anctlostridial necroticenteritis in broiler chickerig
Therefore, products with a similar growpinomoting and pathogereducing effect are

required for the maintenance of animal health in the absence of AGPs.

1.4 Antibiotic resistance in poultry production and the risk to human health

Poultry meat is the maidriver of growth in totalmeat productiomlobally®>. As the

human population continues to increase, so too will the demand for poultry meat,



which is one of the most widely consumed protein sources for hdPnhasyescale
intensive farming is expected to upscale to meet this demand, however this often
involves housing a large quantity of birds in cramped conditioif$is allows for
disease, but also resistanto spread rapidly throughout the flock. Antibiotics are used
therapeutically, prophylactically, metaphylactically or as growth promotors (in certain
countries) within poultry production, with the antibiotic generally being administered
to the entire flak®®. This has been a factor that has contributed to the ability of modern

production facilities to produce market ready chickensxinveeks®.

There is a risk of resistance transfer from animals to humans through the food chain.
Consumers may be exposedrésistant bacteria through tbensumption of animal
products Foods from numerous défent animal sources and at all stages of
productioncortain éundant quantities of antibiotic resistardcteria and gents
Randallet al, found that the use of fluoroquinolones in broilers resulted in resistant
Campyobacterthat was linked to 10% of huma@ampylobacteiinfections in the
same ar€a. Sorenseret al, demonstrated thaflycopeptideresistantEnterococcus
faecium that wasingestedvia chicken or pork, persisted human stool for up to 14
days after ingestidd Commensal bacterizn food animals mayalso serve as a
reservoir for resistaneencoding plasmidshe proportion of which isnhanced bthe

use ofantibiotics in agriculture When ingestd byhumansthe animalcommensals

cantransfer their resistande bacteria in thedman microbiom®.



1.5An alternative to antibiotic growth promotors

Prebiotics are feed supplementsthat ovi de beneyt s -digestible h e
productsstimulate specific changes in the composition or actividly both of the
intestinal microbiota that confers benefits to the olshlike normal sugarshey are

not digested by the hgsand act as an energy source for bacterehiotics can be
fermented bybeneficial bacteria in the intestine and prodiagdc acid, shordchain
fatty acidor evensome antibacterial substan@ginst pathogenic species. This has
the potential to benefithe intestinalmicrobiota while improving the integrity of
intestinal epithelial cells. This results in increas#osorption of nutrients and
therefore, enhancd growth performance of animéfs Prebiotics are therefore

regarded as an altextive to antibiotic growth promotors (AGPS).

MannanroligosaccharideMOS) areyeast cell wall fragmesthat arederived from
Saccharomyces cerevisfdeMOS areextraced by a process of openitigeyeast cell

wall, followed by steps ofentrifugation, spray drying and alkaline extractiorl}

ho

mannoproteins which a r e concentrated by me mbr ane

drying®®. MOS has been found tedu@ pat hogeni c bacter.i
bacteriajncrea villus height and decreasrypt depth, modulatimmune response

and improe performance in broiler chickefis

Disturbances to the intestinal microbiome have been shown to lead to susceptibility to

infection in the host. Prebiotics have been demonstratedclsaising the commensal

bacteria in the microbiome, to increase the hosts ability to inhibit patrSgsi®S

a,



has been shown to enhartbe abundance f b e n e y cin théintebtines bfe r i a
broilers This effect hasmainly been seen irLactobacillusandBi ydobact er i
speciest. Baurhocet al found thatMiOS boostedhe populationoBi y d o bspet er i a

in the intestines of broilerby increasing goblet cells and mucin producfion

ManyGramnegative bacteriasuch agscherichia colandSalmonellause mannose
specific fimbriaeto attachto the intestinal epitheliunof the host.. MOS provides
competitive binding site for thefimbriae onpathogenic bacteria, and thus prevents
themfrom attaching tahe gut wall. Thigprevents theistabilisation, coloniation and
multiplicationwithin the host and therefore their potential to cause di¥edsMOS

is not enzymaticallyligested, théacteriawhich becomdound to MOSarelikely to
exit the irtestinal tractvithout attaching to the epithelittm Due to this, MOS is seen
as a vable option for use in antibiotitee farming as an alternative to growth

promotors®,

Mannan rich fraction (MRF) is the next generation of MOS technology, developed
from particular sugars present in the cell wall of a specific strafaotharomices
cerevisiaé®. It can be added to diets at lower inclusion rates while still providing the
same benefits as MGBcluding enhancing nutrient utilisation, maintaining digestive
function and enzyme activity, and controlling inflammatigénstudy by Smitret al.,
found that MRF reduceé. coli adherence to intestinal porcine epithelial célls
M'Sadecgt al.,discovered that MRF was effective in preventing performance decline

from necrotic enteritis in broiler chickefisThe MRF is more purified than MQS



allowing for greater attachment of pathog&€ngroviding it with enhanced suitability

as an alternative to4feed antibiotics.



Chapter 2

10



A Comparison of Methods for the Extraction of Plasmids Capable of
Conferring Antibiotic Resistance in a Human Rithogen from Complex Broiler

Caecal Samples

Sarah Delanéy’, Richard Murphy, Fiona Walsh

IAntimicrobial Resistance and Microbiome Research Group, Department of Biology,

Maynooth University, Maynooth, Co. Kildare, Ireland.

2Alltech European Bioscieec Centre, Sarney, Summerhill road, Dunboyne, Co.

Meath, Ireland.

*Correspondencesarah.delaney@mu.ie

Keywords: Plasmids, Extraction Methods, Broiler, Antibiotic Resistance, Pathogen

PublishedDelaneyS.,R. Murphy,R. & Walsh F.(2018) A Comparison of Methods
for the Extraction of Plasmids Capable of Conferring Antibiotic Resistance in a

Human Pathogen From Complex Broiler Cecal Samplesit. Microbiol.9, 1731.

11


mailto:sarah.delaney@mu.ie

2.1 ABSTRACT

The direct extraction of pbmid DNA containing antibiotic resistance genes from
complex samples is imperative when studying plasmedliiated antibiotic resistance
from a One Health perspective, in order to obtain a wide representation of all the
resistance plasmids present in theserobial communitiesThere are also relatively

few bacterial species from natural environments which can be culioredro.
Extracting plasmids from the cultivable fraction of these complex microbiomes may
only represent a fraction of the total amtiic resistance plasmids present. We
compared different methods of plasmid extraction from brodeca samples, whose
resistance could be expressed in a human pathdgégeherichia coli We found that

kits designed for DNA extraction from complex gaes such as soil or faeces did not
extract intact plasmid DNA. Commercial kits specific for plasmid extraction were also
generally unsuccessful, most likely due to the complexity of our sample and intended
use of the kits with bacterial culture. An alkedilysis method specific for plasmid
extraction was ineffective, even with further optimisation. Transpased capture

of plasmids (TRACA) allowed for the acquirement of a small range of resistance
plasmids. Multiple displacement amplification providéde broadest range of
resistance plasmids by amplifying all extracted circular plasmid DNAthieutesults

were not reproducible across all samples. Exogenous plasmid isolation enabled the
extraction of resistance plasmids from the microbial fradiyarelying on the mobility

of the plasmids in the sample. This was the most consistent method from which we
obtained a range of resistance plasmids from our samples. We therefore recommend
the use of the exogenous plasmid isolation method in order to rebabdyn the

greatest representation of the total antibiotic resistance plasmidome in complex

12



samplesWhile this method has limitations, it is one which will vastly increase our
current knowledge of antibiotic resistance plasmids present in complex engirtsnm
and which are capable of transferring to a human and animal pathogen and

environmental contaminant.

13



2.2 INTRODUCTION

The rapid rise of antibiotic resistance has led to further studies into mobile genetic
elements. Plasmids have been shown to b&alerectors of gene sharing amongst
bacterid, and therefore play a key role in microbial evolution and the spread of
antibiotic resistance, leading to the rise of mrésistant pathogenic bactetia
Bacterial plasmids allow resistance genes to trarsfazontally between taxa and
between animals and humanisis the mobility of these antibiotic resistance plasmids
that is causing the most concern, as probably the most common mechanism for
the dissemination of resistance génesid many plasrds have the ability to move

from a nonclinical environment to clinical pathogenic or human commensal bacteria.

To study the antibiotic resistance plasmidome of a microbial population, there must
be efficient methods of extracting the plasmid populativactly from the sample
being examined. However, plasmids make up only a small proportion of the total DNA
present in complex sampfesand the cultivable component of the sample is even
smaller. Traditional culturbased methods are less than ideal fatking with animal

or environmental samples as only a small fraction of these bacteria can be cultured in
a laboratory environmehtTherefore, a large proportion of the plasmids present in
such samples are missed if relying solely on cubaeed method#dditionally, the

use of metagenomidsased sequencing methods also has its limitations. The
sequencing depth is usually insufficient to extract whole plasmids from the data,
assembly is difficult due to the small size of the fragments, and genes pneleent
abundances are mis$edlso, plasmids often contain repeat sequences that are shared

with genomic DNA, making assembly from shogtd data difficult Therefore, there
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is a need to determine what methods are capable of extracting these resistance
plasmids directly from complex samples and which will provide a wide representation

of the antibiotic resistance plasmid population present in the microbial environment.

In this study, we examined six methods of plasmid extraction and used baeital ¢
samples as representatives of complex samples. The gastrointestinal tract of broilers
hosts a complex microbial community of hundreds of bacterial speties plasmid

DNA was transformed int&scherichia coliand selected on antibiotido identify
resstance plasmids. This allowed us to identify antibiotic resistance that could be
expressed in a human pathogen, and further analyse the resistance mechanism in a
well-characterised pathogen. There are also other plasmid extraction methods which
have not ben evaluated in this study but show good results. For example, Sentchilo
et al., (2013 used a CsGEB method to isolate a variety of plasmids from activated

sludge systems.

At present, there are no commercial kits designed to extract plasmid DNA directly
from complex samples. Current plasmid extraction kits are intended to work weth pu
bacterial culture, which is less than ideal when dealing with complex environmental
samples. Kits which are devised for use with complex samples such as soil or faeces
target only genomic DNA. Alkaline lysiis a widely used method for the extraction

of plasmid DNA by separating it from chromosomal DNA based on the small size and
supercoiled nature of plasmids. However, it is also only intended for use with bacterial

culture, not with complex samples which contains other material as well as bacteria.
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Exogenous plasmid isolation works by capturing the plasmids directly from the
complex sample in biparental matings using a recipient bacteria. While this method
allows for plasmids to be obtained directly from the sample, it relies strongly on the
plasmidbeing stably maintained in the host, and on the conjugative ability of the
plasmids present in the sample. Therefore, this method may give a misrepresentation
of the total plasmids present in the sample, as thecapjugative fraction may not be
extractel with this methotf. However, plasmids can become mobilised by a self
transmissible plasmid and could therefore also be captured by this method.
Additionally, the exogenous method can in general also isolate linear plasmids, which

are frequently founih diverse microbial environments

The Transposcaided capture (TRACA) of plasmids allows for the acquirement of
antibiotic resistance plasmids from complex santplds works by removing any
contaminating chromosomal DNA from a total DNA sample, #rah inserting a
transposon onto the plasmids with a known selectable marker. Linear plasmids may
not be captured by this method, as T origin of replication is not capable of
replicating their extreme termini, and they could be degraded by the dease
unless specialised enzymes are isethe main advantage of this method is that it
has the capability to capture plasmids that do not have a selectable makkerdior

and may not have the ability to replicate. It has been noted that this nietioods

the isolation of small plasmids, so it may give a misrepresentation of the total plasmid

populatiort®.
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The multiple displacement amplification method works by removing all sheared
genomic DNA from a total DNA sample with plasrgdfe DNase. Theemaining
circular plasmid DNA is amplified by phi29 DNA polymerase, which has a relling
circle mechanism. In short, by using random hexamers, phi29 allows for the unspecific
amplification of the circular plasmid DNA present. The benefit of this methtizhis

even when plasmids are present in very small numbers compared to the total DNA in
the sample, this method allows for the generation of large amounts of plasmil DNA
Similarly, this method also favours the selection of small plagfiisd like TRACA
disregards linear plasmids, some of which could be degraded by DNase tr&atment
should also be noted that large plasmids could be sheared during the extraction, by
which they may also be degraded by the exonuclease treatment. Netnahn
(2014)° described an electroelution step which could be applied prior to amplification

to attempt to increase the number of lasgeed plasmids obtained.

Our study compared these methods to identify which extracted the largest variety of
antibiotic resisance plasmids (based on the banding patterns and resistance profiles of
transformants or transconconjugants) present in the complex bragleal samples.

We found that the exogenous isolation method best met these criteria, in both a time
efficient andconsistent manner. While this method does not remove all bias, it does

allow for the acquirement of antibiotic resistance plasmids which can be further

phenotypically tested.
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2.3 MATERIALS & METHODS

2.3.1Samples

The broiler @ecal samples were collect from a commercial poultry production unit
in the United Kingdom. Samples were lyophilised and store8C. Each of the
plasmid extraction methods were carried out with the saswatsample (Sample A).
All methods were also carried out witscherchia coli NCTC 13400 containing

plasmid pEK499 as a control.

2.3.2Plasmid Extractions and ldentifications

2.3.2.1Culture Dependent Method

Caecal sample (0.01 g) was mixed with 0.1 mL of 0.85% NaCl. The 0.1 mL mix was
spread on a MulleHinton (Merck)agar plate and incubated overnight at 37°C. All

bacterial growth on the plate was scraped off, inoculated into 6 mL e$elentive
Muller-Hinton broth and incubated overnight at 37°C with shaking at 225 rpm.
Plasmid DNA was extracted from this bactedalture using the NucleoSpin Plasmid

Kit (MachereyNagel, Germanypccor di ng to the manufactu
resulting DNA samples were visualised on a 1% agarose gel stainetdivi@krIRed

(Biotium) and run at 70 volts for 60 minutes.
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2.3.2.2Commercial DNA Extraction Kits

A. DNA was extracted from 0.05 g ohecal sample using the Mobio PowerSoil DNA

Extraction Kit (now Qiagen), according t ¢

B. DNA was extracted from 0.01 g ofexral sample using the Qiagen Plasidini

Kit, according to the manufacturero6s gui ¢

C. DNA was extracted from 0.01 g oberal sample using the Machersgpgel

Nucl eoSpin Plasmid Kit, according to the

Extracted DNA was visualised on a 1% agarose geledamth1X GelRed and run

at 70 volts for 60 minutes. The DNA was electroporatedfntooliDH5 U, sel ect ¢
on ampicillin (32 mg/L), tetracycline (16 mg/L), kanamycin (25 mg/L), colistin (16

mg/L) or ciprofloxacin (4 mg/L), and incubated at 37°C overnight. Plasmid DNA was
extracted from the transformants using the Macidagel NucleoSpin Plasmikit

and digested witEcoRlrestriction enzyme. Plasmids were visualised on a 1% agarose

gel stained withLX GelRed. Antibiotic susceptibility testinga the disk diffusion

method was carried out on transformants according to the Clinical and Laboratory

Standards Institute (CLSI) guidelingz016)-’.

2.3.2.3Alkaline Lysis Method

Plasmid DNA was extracted using an alkaline lysis méthathe @ecal sample (0.03
g) was resuspended in 100 pL4celd resuspension buffer (50 mM glucose, 25 mM

TrisCl (pH 8.0), 10 mM EDTA (pH 8.0)). Bacterial cells were lysed with 200 L lysis

19



solution (0.2 N NaOH, 1% (wt/vol) sodium dodecyl sulfate (SDS)) for 4 minutes and
neutralised with 150 pL of chilled 3 M potassium acetate, pH 4.8. The samples were
centrifuged at 4000 rpm for 10 minutes at 4°C. The supernatant containing the
plasmid was mixed with an equal volume of isopropanol and incubat@@°at for

15 minutes. Samples were centrifuged at 14000 rpm for 30 minutes at 25°C. The
supernatant was removed and 500qfL70% ethanol was added to the pellet and
centrifuged at 14000 rpm for 5 minutes at 25°C. The pellet was resuspended in 50 pL
MilliQ water. Extracted DNA was visualised on a 1% agarose gel stainedlith
GelRed and run at 70 volts for 60 minutes. TheADMas electroporated inté. coli
DH5U, selected on ampicillin (32 mg/L),
mg/L), colistin (16 mg/L) or ciprofloxacin (4 mg/L), and incubated at 37°C overnight.
Plasmid DNA was extracted from the transformants using the Madtteggl
NucleoSpin Plasmidit and digested witlEcoRIrestriction enzyme. Plasmids were
visualised on a 1% agarose gel stained WXGelRed run at 70 volts for 60 minutes.
Antibiotic susceptibility testingvia the disk diffusion method was carried out on

transformants accordirtg CLSI guideline¥’.

2.3.2.4Exogenous Plasmid Isolation

Plasmid DNA was exogenously isolated in biparental maffn@secal sample (0.01

g) was added to 0.9 mL of n@elective Tryptic Soy Broth (TSB) (Sigma Aldrich)

and incubated at 20°C with shag§ at 50 rpm overnight. The supernatant containing
the bacterial fraction (0.8 mL) was centrifuged at 2800 xg for 10 mins at room
temperature (RT). The pellet was resuspended in 80 uL of TSB. This comprised the

donor culture. A culture of rifampicin resatE. coiDH5 U was grown ovVve.
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28°C and shaking at 180 rpm. The bacterial content was pelleted by centrifugation at
2800 xg for 5 minutes at RT, washed in 140 pL LB broth (DucBsdahemie) and
resuspended in 140 pL LB broth. This comprises the recipietureulDonor and
recipient culture (50 ul each) were mixed and centrifuged at 2800 xg for 5 mins at RT.
The supernatant was removed and the pellet resuspended in 50 ul of TSB. This was
applied to a 0.2 um filter on an LB agar plate and incubated at 2820 foours. The

filter was removed from the plate and the cells resuspended in 0.85% NaCl by
vortexing. A volume of 100 uL was plated on Eosin Methylene Blue (EMB) agar
(Sigma) with rifampicin (100 mg/L) and one of the following antibiotics: ampicillin

(32 mg/L), tetracycline (16 mg/L), kanamycin (25 mg/L), colistin (16 mg/L) or
ciprofloxacin (4 mg/L). Plates were incubated at 28°C feR Hays until
transconjugant colonies appeared. Plasmids were extracted from each of the colonies
using the MachereMagel NucleoSpin Plasmid Kit and digested withcoRI
restriction enzyme. Plasmids were visualised on a 1% agarose gel staindcKwith
GelRed run at 70 volts for 60 minutesntibiotic susceptibility testingia the disk

diffusion methodvas carried out on traesnjugantsaccording to CLSI guideliné$

2.3.2.5TransposonAided Capture of Plasmids (TRACA)

TransposorAided Capture of plasmids (TRACA) was carried out as previously
described’. TRACA is based on the insertion of a transposon with a knowmanfgi

replication and antibiotic resistance marker into the plasmids, which can then
subsequently be Acapturedo. aBcalsamplesbyal c el
adding 0.1 g ofacal sample to 0.9 mL of neselective TSB and incubating at 20°C

ard 50 rpm overnight. The supernatant (0.8 mL) was centrifuged at 2800 xg for 10
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mins at RT and DNA was extracted by performing alkaline lysis (as previously

described) on the pellet.

The removal of sheared chromosomal DNA prior to performing the TRACAioaac

ensures that the transposon is only inserted onto plasmid DNA. DNA was treated with
PlasmidS a f e DNase (Epicentre), according t
Amplification of the 16S rRNA genes by PCR was performed to ensure the ratio of
plasmid:chomosomal DNA in the sample was reversed. This was carried out using

the following primer%>

Forward

A

506
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGRGCWGCA

G-3 0 Renedse

590

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATC
TAATCC-3 6 ; and uowidgeconditiomse95°C ot 3 minutes; 35 cycles of:
95°C for 30 seconds, 55°C for 30 seconds, 72°C for 30 seconds; and finally 72°C for

5 minutes.

TRACA was performed using the Eh5 <R 6 K2 o r-2>/ IKsArfion Kit
(Epicentre), according to the manufactur

diluted with 450 pL sterile water and purified with Vivaspin 500 MWCO 100,000
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Protein Concentrator Spin Columns (GE Healthcare Life Scienceshwdduced the
reaction volume to 10 pL. 5 pL was electroporated at 1.8 kV into 100 pL TransforMax
EC100D pirl16 Electrocompetert. coli (Epicentre). The transformed cells were
spread onto LB agar plates with 50 mg/L kanamycin to select ferrieZPlasnid

DNA was extracted from TRACA clones using the Qiagen HiSpeed Plasmid Midi kit
and visualised on a 1% agarose gel stained WilGelRed, run at 70 volts for 60
minutes. Bands of plasmid DNA (B1 and B2) were harvested from a 1% agarose gel
stained with §BR Safe using th€leaver Scientific runVIEW system run at the same
conditions as beforeThe harvested DNA bands were electroporated itaoli
DH5U, selected on ampicillin (32 mg/L),
mg/L), colistin (16 mg/L) oriprofloxacin (4 mg/L), and incubated at 37°C overnight.
Transformants were obtained on ampicillin, tetracycline and ciprofloxacin with DNA
from band 2 and on ciprofloxacin with DNA from band 1. Plasmid DNA was extracted
from the transformants using the Nt@cy-Nagel NucleoSpin Plasmid kit and digested
with EcoRlrestriction enzyme. Plasmids were visualised on a 1% agarose gel stained
with 1X GelRed. Antibiotic susceptibility testinga the disk diffusion method was

carried out on transformants accordingioSI guidelines’.

2.3.2.6Multiple Displacement Amplification

The multiple displacement amplification method utilises the rolling circle
amplification mechanism of phi29 DNA polymerase to obtain large amounts of
plasmid DNA from a complex sample.aBmid DNA was extracted from theecal
sample by following protocol Brom Kav et al., (2013F, which was adapted from

Hansen & Olsen (197%) The @ecal sample (0.225 g) was resuspended in 8.1 mL of
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25% sucrose, 50 mM Tris (pH 8). Lysozyme (10 mg/n2%0 mM Tris (pH 8)) (0.6

mL) was added and the reaction was incubated on ice for 5 minutes.
Ethylenediaminetetraacetic agiEDTA) (3 ml of 250 mM, pH 8) was added and
incubated on ice for 5 minutes. Sodium dodecyl sulfate (SDS) (6 mL of 10%) was
added andhixed by inversion. Samples were incubated for eight cycles of heat pulsing
and mixing (15 seconds at 55°C, 15 seconds at RT). NaOH (3 mL of 3 M) was added
and mixed by inversion for 3 minutes. Tris (6 mL of 2 M, pH 7.0) was added and
mixed by inversionSDS (7.92 mL of 10%) was added, followed immediately by 7.5
mL of 5 M NaCl. Samples were incubated at 4°C overnight. Samples were centrifuged
at 3000 xgor 30 minutes at 4°C and the supernatant transferred to a new tube. 0.1
volume of 3 M sodium acetatpH 5.2) and 0.6 volume of isopropanol were added

and samples incubated overnight at 4°C.

As with TRACA, sheared chromosomal DNA was removed with plasaid DNase

prior to amplification to ensure only circular plasmid DNA was amplified. Removal
of chromsomal DNA and amplification of plasmid DNA was carried out as described
previously by Kawet al.,(2013°. A 50 pL reaction composed of 20 uL DNA, 24 uL
MilliQ water, 1 uL ATP, 2.5 L reaction buffer and 2.5 uL plasrs@afe DNase was
incubated at 37°C owveight and deactivated at 70°C for 30 minutes. Amplification of
the 16S rRNA genes by PCR as previously described was performed to ensure the
ratio of plasmid:chromosomal DNA was reversed in the sameldéigh plasmid to

low chromosomal DNA ratio. If bads were visible the assay was repeated. 0.1
volumes of 3 M sodium acetate (pH 5.2) and 0.6 volumes of isopropanol were added
and incubated overnight at 4°C. Samples were centrifuged at 14000 rpm 4°C for 30
min. The supernatant was removed and 70% etleaft#d. Samples were mixed and
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centrifuged at 14000 rpm 4°C for 15 min. The supernatant was removed and the pellet

resuspended in 10 ¢l Mill i1 Q water.

Pl asmid DNA was ampl i f ExeResitant RandlamiPringer 1 ¢ |
(Thermo Scientific) 2 hi29IDNAp Polymerase Reaction Buffer (New England

Bi olabs) and 8.2 ¢l of MilliQ water to 5
i ncubated at 95AC for 5 min and i mmedi at
DNA polymerase (New England Biolabg),, 02 el of i norganic pyr
yeast) (New England Biolabs) and 2 ¢l of

added and incubated at 30°C for 16 hours.

Amplified plasmid DNA (5 pL) was electroporated at 1.8 kV into 15 pLEofcoli
DH5 U s.cTeaisformants were plated on LB agar plates with one of the following
antibiotics: ampicillin (32 mg/L), tetracycline (16 mg/L), kanamycin (25 mg/L),
cefotaxime (16 mg/L), colistin (16 mg/L) or ciprofloxacin (16 mg/L). Plasmids were
extracted using thQiagen HiSpeed Midi kit and digested wiHtoRI restriction
enzyme. Plasmids were visualised on a 1% agarose gel stainddkv@dlRed run at

70 volts for 1 hour. Antibiotic susceptibility testing the disk diffusion method was

carried out on transforamts according to CLSI guidelinés
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2.4 RESULTS

2.4.1 Culture Dependent Method

All cultivable bacteria grew on a neelective rich medium and the DNA was
extracted using a commercial plasmid extraction kit. Several bands were visible on an
agarose gdFig 1), however when transformation was carried out it failed to yield any
transformants on antibiotic plates. This could indicate that the plasmids present in the
cultivable fraction did not harbour any resistance genes to the antibiotics tested. The
plasmid pEK499 inE. coli was used as a pure bacterial culture control, and was

successfully extractaasing this method (Fi§l).

2.4.2Commercial DNA Extraction Kits

The MoBio kit resulted in a single band of DNA located near the top of thesagaro
gel (Fig 2). Initially we thought that this band was genomic DNA or large plasmids.
However, as no transformants were obtained after electroporation on any antibiotic
plates (ampicillin (32 mg/L), tetracycline (16 mg/L), kanamycin (25 mg/L), colistin
(16 mg/L)and ciprofloxacin (4 mg/L)) we concluded that this was genomic DNA. We
also used this kit with 5 ml &. coli culture harbouring our control plasmid pEK499,
which resulted in &ery bright band (Fig2). It appears that as the DNA is at such a
high concatration, and pEK499 is a large plasmid which diffuses slowly through the

agarose gel, it is likely present along with genomic DNA.
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The Qiagen Plasmid Mini kit and the Machétggel NucleoSpin Plasmid kit are both
designed for the extraction of plasmfdsm bacterial culture. Both kits work well for

this purpose, whit can be seen in Fi§2, where they both extracted our control
plasmid pEK499 fronE. coli culture. However, when we used these kits with our
caecal sample, we did not obtain clear bandplagmid DNA. The NucleoSpin kit
resuled in a smear on the gel (Y and yielded transformants on ciprofloxacin and
tetracycline selective plates only. After subjecting these tranformants to a further
plasmid extraction, digestion and antibiotic susitdy testing, they had the same
banding pattern and resistance profile. The Qiagen plasmid kit did not appear to
retrieveany DNA from our samples (Fig) and did not yield any transformants on
any antibiotic selective plates (ampicillin (32 mg/L), aeycline (16 mg/L),

kanamycin (25 mg/L), colistin (16 mg/L) and ciprofloxacin (4 mg/L)).

Plasmid DNA extracted from theagcal sample using the Macheridgagel

NucleoSpin Plasmid kitvastransformed int&E. coiDH5 U. Tr ansfoor mant s
ciprofloxacin @ mg/L) and tetracyatie (16 mg/L) plates only (Fi§). Antibiotic
susceptibility testingia a disk diffusionassayprovided the resistance profile of the

resulting transformants (Table 1).

2.4.3Alkaline Lysis Method

A smear of DNA on a gel was detedtafter performing alkaline lysis directly on the
caecal sample (Fig). This was the best result, even after reducingatheunt of

sampleused(0.03 g), adding additional bead beating steps at varying time lengths,
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and the addition of varying concentosis of RNase A, proteinase K and lysozyme at
different time points and incubation temperatures. We obtained transformants on
ciprofloxacin (4 mg/L), which hadimilar banding patterns (Fi§) and resistance
profiles to the transformants selected on cilepadcin obtained with the NucleoSpin

kit. The extracted DNA was electroporated infb coli D H 5, (selected on
ciprofloxacin (4 mg/L)extracted from the transformants and digested BattiR | (Fig

5). The method was repeated with cohplasmid pEK499 (Fig3).

2.4.4Exogenous Plasmid Isolation

The exogenous plasmids were obtained by the exdiph biparental matings, and
selected on ampicillin (32 mg/L), tetracycline (16 mg/L), kanamycin (25 mg/L),
colistin (16 mg/L) and ciprofloxacin (4 mg/L). Transformants were isolated from the
plates containing ampicillin, tetracycline (with two colonyrptmlogies big colonies
(BC) and small colonies $C) and kanamycin. This method isolated plasmids

obtained from theaecal sample and control plasnuEK499 (Fig 6; Figs4).

2.4.5TransposonAided Capture of Plasmids (TRACA)

TRACA allowed for the acgsition of plasmids from theaecal samples by inserting

a transposon with a selectable resistance marker and transforming the DNEA into
coli. The two largest bands of plasmid DNA were exgadirectly from the gel (Fig

7) (B1- lower band; B2 higherband) and electroporated ino coli. Transformants
were selected on ampicillin (32 mg/L), tetracycline (16 mg/L), kanamycin (25 mg/L),

colistin (16 mg/L) and ciprofloxacin (4 mg/L), with ampicillin, tetracycline and
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ciprofloxacin plate yielding transfanants (Fig8). We found that all but one of the
transformants tested had a similar banding pattern and resistance profile to the

plasmids extracted using the alkaline lysis and NucleoSpin kit.

2.4.6Multiple Displacement Amplification

The multiple disphcement amplification method allows for unspecific but selective
amplification of circular DNA after DNase digestidFig 9), through which we
acquired antibiotic resistance plasmids frona&cal sampleThis method gave us the
largest range of plasmidsom our @ecal samples. That is, the greatest number of
antibiotic platesgmpicillin (32 mg/L), tetracycline (16 mg/L), kanamycin (25 mg/L)
and ciprofloxacin (16 mg/L)\vhich yielded transformants and each antibiotic plate
transformants had a differentrithing pattern after digestion witcoRI(Fig 10) and
resistance profile (Table 1). However, the results shown are from a diffessat c

sample (Sample B) as the method was unsuccessful for sample A.

Antibiotic susceptibility testingia a disk difusion method gave the resistance profile

of the plasmids (Table 1). This, along with the banding patterns of the digested
plasmids on agarose gels, allowed for the identification of the variety of plasmids
obtained from each extraction method. It alsovedld for a comparison of the
plasmids acquired using the different methods from the same sample, to determine if
the same or different plasmids were obtained. There was no single antibiotic that
selected for transformants using all methods. However, plasmith identical

antibiotic resistance patterns were identified using the different methods.
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Transformants isolated using the exogenous method had four different antibiotic
susceptibility patterns, suggesting the presence of at least four different glaShad
exogenous transformants had the widest range of resistance, with three transformants
resistant to four different classes of antibiotics. T_B1_Cip transformant had the same
resistance profile as M_Kan and M_Cip selected transformants. Based on visual
analysisof the banding patterns (Fiyl) and antimicrobial susceptibility patterns
(Table 2) combined, the plasmids identified in MN_Cip, MN_Tet, A_Cip, T_B2_Cip
and T_B2_Tet are probably the same plasmids or highly similar. Further analysis
methods, sutas sequencing, are required to confirm that these plasmids are identical.

The remaining transformants had unique resistance profiles.
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2.5 DISCUSSION

Plasmids isolated from complex samples have previously been examined using
methods such as gradient|geesolution of PCR products, quantification of
incompatibility groups using gPCRor Southern blotting. Recently, the study of
plasmids involves the extraction of plasmid DNA followed by various sequencing
approachés. However, if multiple plasmids arpresent in a sample or if they are at

l ow copy number , tviaseguenciwgpdaoeddthe blepth of duerentt i f i ¢
metagenomic sequencing technologies. Similarly, assembly is difficult with- short
reads, especially if plasmids are present indoywy numbers or if the reads match to
genomic DNA3. We performed this work to identify a method suitable for the
extraction of plasmids harbouring antibiotic resistance genes from complex broiler
caecal samples, which could be transformed into a humamgen, in this case
Escherichia coli This would then allow for further analysis, sequencing and assembly
of the plasmid in a welllefined bacterium. The variety of resistance plasmids obtained
was determined by analysis of the banding patterns (shoviguire$) and resistance

profiles (shown in tables) of the transformants or transconjugants obtained.

In order to carry out studies on the overall resistance plasmid population present in a
complex sample, the method to extract plasmid DNA must be opfiniis give as

best a representation as possible of the total resistance plasmids present. The first
method we performed was a culttependent method on nselective media.
Another way of performing a more specific cultgependent extraction would be t

use selective agars. This would assist in the identification of which bacterial species a

certain plasmid may have come from. However, this would introduce a bias to the
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results, aonewould be choosing which agars and, hence, which bacteria to select.
The main disadvantage of a cultdependent method for complex samples is that
only a small number of environmental bacteria can currently be cultured in the
laboratory”. This means that by using only a cultix@sed method, it would greatly

limit the number of plasmids isolated. Therefore, the representation of results from a
culturedependent study would give a limited view of the total resistance plasmidome.
Our experiment did not yield any transformants on antibiotic plates, indicating that the
plasmds present in the cultivable fraction did not harbour any resistance genes to the

antibiotics tested.

The MoBio PowerSoil DNA Isolation kit is specifically designed to extract DNA from
complex soil samples. This kit did not extract any plasmids harboantibiotic
resistance genes from ousecal sample as we failed to obtain any transformants,
indicating it is more suitable for studies analysing chromosomal DNA or fragmented
DNA, rather than intact plasmid DNA. The Qiagen Plasmid Mini kit and the Mgcher
Nagel NucleoSpin Plasmid kit are both designed for the extraction of plasmids from
bacterial culture. It seems that theecal samples are too complex for these kits. The
sample blocked the spin columns used in these kits, therefore little to no DNA was
retrieved. Minimal success resulted with these commercial plasmid extraction kits, as
few antibiotic resistance plasmids were obtained. It thus appears that these kits were

not capable of dealing with the complexities associated with our samples.

The alkaline lysis methdflis a common method of plasmid extraction, on which most

commercial plasmid extraction kits are based. A benefit of using this method is that
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the chemicals used and their concentrations in the solutions can be decided upon and
adaped for individual needs. There are standard protocols available for constituting
resuspension, lysis and neutralisation buffers, but, for example, additional enzymes
can be added to the buffers. This type of adaptation is difficult with commercial kits
asmost do not share the components of their buffers. This is also why the alkaline
lysis method and two commercial plasmid extraction kits were tested in this study, as
they cannot be directly compared. However, this method still yielded few antibiotic
resstance plasmids, even after additional modifications (as mentioned in methods

section) to the protocol.

The exogenous method of plasmid isolation is based on the capture of conjugative
plasmids directly from a complex sampla a recipient bacteria ifiparental
matings®. This method captured resistance plasmids with different resistance profiles
and was also the most consistent and not overly-tiomsuming. The disadvantages

of this method are that it relies on the mobility of plasmids in the damople and

the donor sample comprises an overnight culture of the total bacterial community.
Therefore, the nomobile plasmids present in the sample may not be captured with
this method and the bacteria not capable of growth at the specific conditionstwill

be included as donors. However, many resistance plasmids are conjugative, and others
can be mobile when assisted by a conjugative plasmid also residing in the same
bacterial cef®. We are suggesting this method, not as a solution to all plasmidianaly
problems, but rather as a first step in optimising the analysis of antibiotic resistance

plasmids from complex samples.
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TRACA allowed for the acquisition of resistance plasmids from our sample but with
similar banding patterns and resistance profilHserefore, it seems the expense
associated with this method is not justified given the small variety of plasmids
captured. Three of the four plasmids isolated using TRACA were also isolated using

the alkaline lysis method or the Macheifdgigel NucleoSpiPlasmid kit.

The multiple displacement amplification method allowed plasmids with the greatest
range of resistance profiles to be obtained from our compématsamples. However,

it should be noted that there were also difficulties and inconsistendilsthis
method. While good results were achieved using this method on Sample B (shown in
results), many difficulties arose while carrying out the method on both Sample A and
the control sample. The DNase step can be variable and time consuming, wailking w
after one or two treatments at some times and not working after several more at other
times. This also led to further downstream complications, as the more DNase
treatments the sample was subjected to, the more salt that was present in the sample.
This caused difficulties when performing electroporation, where salt concentration
must be low. Therefore, the plasmid DNA isolated from both Sample A and control

plasmid pEK499 did not transform ino coli.

Plasmids now encode resistance to almostasisels of antibiotics currently in clinical

use&®. Therefore, the study of plasmids is crucial to fight the battle against antibiotic
resistance that we are currently facing. Our comparative study shows the advantages
and disadvantages of six methods fa éxtraction of plasmids harbouring antibiotic

resistance genes from complex broilee@al samples, which can be applied to other
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complex environmental samples. This will assist researchers with the selection of the
best method to use in their plasmiddsés. DifferentGramnegative bacteria other
thanE. colicould be used for similar studies and the isolated plasmid DNA could be
transformed into aGram-positive bacterium to further broaden the study. The
exogenous plasmid isolation method was the foesibtaining a range of multdrug
resistance plasmids in a realistic timeframe with consistent results. However, even this

method only resulted in a small range of resistance plasmids being isolated.
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2.6 CONCLUSION

Overall, the multiple displacemeamplification method provided the greatest range

of resistance plasmids from the investigatedcal samples. However, due to the
inconsistencies of the results and the difficulties experienced with this method, it is
not the ideal protocol to use when wimg with a large volume of samples under short
deadlines. The commercial kits, alkaline lysis method and TRACA did not provide a
wide range of resistance plasmids from our sample compared to the others tested.
Therefore, the exogenous plasmid isolatiorthoé resulted in the widest range of
resistance plasmids with ease of application and consistency across samples. While
this method relies on the conjugative ability of the plasmids present, it is both an
efficient (plasmids can be obtained in a short tfraene) and effective (a good range

of plasmids can be acquired) method which worked with all of #eeat samples
tested. Therefore, we recommend the exogenous plasmid isolation method when
extracting antibiotic resistance plasmids of clinical relevdrara a large number of

complex samples.
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2.7 TABLES

Table 1.Disk diffusion results of resistant transformants obtained from each of the extraction mBeéadrdResistantYellow= Intermedite,

Greerr Susceptible; determined according to the CLSI guidelines (2016). MN= Machery Nagel kit, A= Alkaline Lysis, E=Exogeatus, Isol

T=TRACA, M=MDA. Amp = selected on ampicillin, Tet = selected on tetracycline, Kan = selected on kanamycin,|€aped ®@ ciprofloxacin.

B1 = Lower band on gel, B2 = Higher band on gel; both extracted and electroporateddoi® H5 U. ( BC) And ( SC)
colony morphologies, big or small colonies, present on the same antibiotic plate.
Ampicillin | Tetracycline| Kanamycin | Cefotaxime | Nalidixic Acid| Ciprofloxacin| Imipeniem

Commercal Kits (A) | MN_Cip | R | S R R S
MN_Tet | R | S R R S

Alkaline Lysis (A) A_Cip I R I S R R 5
E_Amp R R R R R R S

Exogenous Isolation

(A) E_Tet BC R R R S S R S
E_Tet SC R R I S S S S
E_Kan R R R [ R R S
T B1 Cip R R R S R R S

TRACA (A) T B2 Qi | R | S R R S
T _B2_Amp R S S S I R S
T B2 Tet | R | S R R S
M_Amp_BC R R I I R R S
M_Amp_SC R R S S R R S

MDA (B) M Tet BC R R R R R R S
M_Tet SC R R S S S S S
M_Kan R R R S R R S
M_Cip R R R S R R S
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Table 2. Transformants with identitaesistance profiles from a disk diffusion assay. Along with a similar banding pattern, this indicates the

strains are probably harbouring the same plasmids.
Red= Resistantyellow= IntermediateGreerr Susceptible; determined according to the CLSI dunds (2016).

MN= Machery Nagel kit, A= Alkaline Lysis, T=TRACA. Tet = selected on tetracycline, Cip = selected on ciprofl@&aceinHigher band on

gel; extracted and electroporated iftocoliD H5 U .

Sample Ampicillin | Tetracycline| Kanamycin | Cefotaxime | Nalidixic Acid| Ciprofloxacin| Imipeniem
Commercial Kits (A) | MN_Cip I R I S R R S
MN_Tet I R I S R R S
Alkaline Lysis (A) A _Cip I R I S R R S
TRACA (A) T _B2_Cip | R | S R R S
T B2 Tet | R | S R R S
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2.8 FIGURES

10000 bp

3000 bp

1500 bp
1000 bp

Fig 1. Agarose gel image of the plasmids extractesihg the cultur@lependent
method from the broileraecal sample, which was grown on reglective Mueller

Hinton media and extracted with the MacheNggel NucleoSpin Plasmidtk

1 =1 kb ladder2 = DNA extracted from the cultivable fraction of theecal sample.
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10000 bp

>

3000bp —

1000bp —

Fig 2. Agarose geimage of DNA extracted fromaecal samples using commercial

kits.

1=1 kb ladder2 = DNA extracted from theaecal sample using the MoBio PowerSaoil
DNA Isolation Kit; 3 = DNA extracted from the aecal sample using the Qiagen
Plasmid Mini Kit; 4 = DNA extracted from theaecal sample using the Macherey

Nagel NucleoSpifPlasmid Kit.
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10000 bp

2000 bp
1500 bp

250 bp

Fig 3. Agarose gel image aligestedplasmid DNA extracted from transformants,
which were obtained by electroporating the DNA from the direct extraction with the
MachereyNagel NucleoSpin Plasmid kit int&. coli and digested withEcadRl

restriction enzyme

1= 1 kb ladder; Digested plasmid DNA extracted from transformants selected on agar
plates containing = tetracycline 16 mg/L (MN_Tet)3 = ciprofloxacin 4 mg/L

(MN_Cip).
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10000bp —

3000bp ——

1000bp ——

Fig 4. Agarose gel image @NA extracted from theaecal mple using the alkaline

lysis method.

1= 1 kb Ladder?2= DNA extracted from theaecal sample using the alkaline lysis

method.
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10000 bp

2000 bp
1500 bp

500 bp

Fig 5. Agarose gel image afigested plasmids which were obtained by transforming
E. coliwith plasmid DNA extracted usintipe alkaline lysis method and selected on

ciprofloxacin 4 mg/L(A_Cip) and digested wit&caRl.

1= 1 kb ladder2= digested plasmid DNA extracted from the transformant (alkaline

lysis method) and selected on ciprofloxacin 4 mg/L (A_Cip).
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10000 bp

2000 bp
1500 bp

500 bp

Fig 6. Agarcse gel image of exogendussolated plasmids from theaecal sample

digested witHEcoRIrestriction enzyme

1=1 kb ladder and DNA extracted from tre@cal sample using the exogenous plasmid
isolation method. Digested plasmid DNA extracted from transfotsnselected on
agar plates containirgy ampicillin 32 mg/L (E_Amp)3= tetracycline (SC) 16 mg/L
(E_Tet_SC)4= tetracycline (BC) 16 mg/L (E_Tet_BC); abd kanamycin 25 mg/L
(E_Kan). BC and SC refer to the two different colony morphology types, bmgail s

colonies, on the same antibiotic plate.
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«———— 10000 bp

«——— 2000bp

— . [T

Fig 7. DNA extracted from aecal sample using the TRACA method of plasmid

isolation.

1= DNA extracted from transformants selected on kanamycin 50 mg/L after TRACA

reactionand2= 1 kb ladder.
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10000 bp

2000 bp
1500bp

750 bp

Fig 8. Digested fasmid DNA extracted frori. colitransformed with plasmid DNA

from TRACA clones and selected on antibiotics.

1= 1 kb ladder and bands of plasmid DNA extracted from a 1% SYBR safe gel and
transformed intd. coli. Digested plasmid DNA extractémm transformants selected

on agar plates containing= B1 ciprofloxacin 4 mg/L (T_B1_CipB=B2 ampicillin

32 mg/L (T_B2_Amp);4= B2 tetracycline 16 mg/L (T_B2_ Tet) ant= B2

ciprofloxacin 4 mg/L (T_B2_Cip).
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10000bp ——

2500bp —

1000bp —

Fig 9. Plasmid DNA from the &cal samfg after amplification with phi29

polymerase

1= 1 kb ladder an@= Plasmid DNA amplified with Phi29 DNA polymerase.
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10000 bp

2500 bp
1500 bp

750bp

Fig 10. Digested pasmid DNA extracted fromE. coli transformants after

electroporation with the phi29 polymerase amplified DNA.

1= 1 kb ladder; Plasmid DNA extracted from transformants selected on agar plates
containing: 2= ampicillin 32 mg/L (M_Amp_BC); 3= ampicillin 32 mg/L
(M_Amp_SC); 4= tetracycline 16 mg/L (M_Tet BC)5= tetracycline 16 mg/L
(M_Tet_SC);6= kanamycin 25 mg/L (MKan); 7= ciprofloxacin 16 mg/L (M_Cip).

BC and SC refer to the two different colony morphology types, big or small colonies,
on the same antibiotic plate. There were no transformants on colistin or cefotaxime

selective plates.
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10000 bp

2000bp ——

750bp ——r

Fig 11. Transformantsfrom different isolation methods with identical banding
patterns after plasmid digestion. Along with similar resistance profiles, this indicates
the strains are probably harbouring the same plasimid. Kb Ladder;2= MN_Tet;

3=MN_Cip;4=A Cip;5=T_B1 Qp; 6=T_B2 Cip;7=T_B2_Tet.
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2.10 SUPPLEMENTARY DATA

10000 bp

Fig S1. Agarose gel image of the pEK499 plasmid extracted from the culEireali

using the culture dependent method.

1=1 Kb ladder2= DNA extracted fronk.coli harbouring the pEK499 plasmid.
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10000 bp -

Fig S2.Agarose gel image adlfie control plasmid pEK499 extracted using commercial

kits.

1= 1 Kb ladder;2= control plasmid pEK499 extracted using the MoBio PowerSoll
DNA lIsolation kit; 3= control plasmid pEK499 extracted using the Qiagen Plasmid
Mini kit; 4= 1 Kb ladder5= controlplasmid pEK499 extracted using the Macherey

Nagel NucleoSpin Plasmid kit.
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1000 bp ——»

Fig S3. Agarose gel image of pEK499 extracted using the alkaline lysis method.

1=1 Kb ladder2= control plasmid pEK499 extracted using the alkaline lysis method.
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10000 bp

Fig S4.Agarose gel image of pEK499 isolated using the exogenous method.

1= 1 Kb ladder; Control plasmid pEK499 extracted using the exogenous plasmid
isolation method plasmid DNA extracted from transformants and selected on agar
plates containing2= anpicillin 32 mg/L; 3= tetracycline 16 mg/L4= kanamycin 25

mg/L; and5= ciprofloxacin 4 mg/L.
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3.1 ABSTRACT

Plasmids are weknown for their involvement in increasing the genetic diversity and
adaptability of prokaryotes. This is through their ability to replicate independently of
the chromosome and their caggdo selttransfer. This has also contributed to the
rapid development and spread of antibiotic resistance. We isolated five antibiotic
resistance plasmids from the caecum of broiler chickens using the multiple
displacement amplification method. Thesesplads were sequenced using Oxford
Nanopore MinlON technology. The plasmid sizes ranged from 42,654 bp to 151,806
bp. All of the plasmids carried antibiotic resistance genes, while three possessed
conjugative machinery. The plasmids were highly similartt@ioplasmids isolated
worldwide, from chicken, pig and human samples. This highlights the importance of
the 00One Healtho initiative, and the i

resistance between humans and animals.
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3.2 INTRODUCTION

Antibiotic resistance poses a serious threat to the health of humans, animals, and the
environment worldwide. The development and spread of antibiotic resistance has been
attributed to certain factors including tercessie use of antibiotics both imumans

and animals the availability of antibiotics oveithe-counterin certain countries,
release intdhe environmenbdf nonmetabolized antibiotics or their residudsough
manure, poor sanitation anttreased internationsbvel. Bacteria acquire resence

to antibioticsvia chromosomal mutations or through the acquisition of mobile genetic

elements such as plasnids

Plasmids are key drivers in the spread of antibiotic resistance. Not only do they have
the ability to obtain and maintain resistance genes, they alsatmability to spread

to other bacteria. The majority of plasmids have the capabilitypticcate within the

species of at least one genasd are therefore readily disseminabetween species

of that genus. Ho we v ehogsttiabildydodeplibatesvihin r an g e
the species of many gen&rAccessory genesuch as antibiotic resistance gerzgs,

frequently associated with smalimobile elements such as transposowjich

facilitates intracellular mobilation amongst plasmitis

The widespread use of antibiotics in agricultwettings as therapeutics, prophylaxis,
metaphylaxis and growth promotion has created a selective pressure and driven the
increase of resistant bacteria present in fpamiucing animalfs Antibiotic resistant

pathogen®ften lead tdreatment failuren the animals, leading to economic losses.
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However, they could also be regarded asoarce ofresistant bacteria that may
represent a risk to human heéltBeveral studies have documented @némalto-
human spread of antibiotic resistandéis is throughdirector indirectcontactwith
animals contaminated food andater,or manureapplicatiori. Previous work has
linked theconsumption of foodharbouringresistant bacteriaith antibiotic resistant
infectionsin human&. Jenseret al.,identified thesatAgene which confers resistance
to streptogramina treatment for ancomycinresistanEnterococcus faeciumm both
human and anim&. faeciumisolate$. Hoet al.,found that the@acC2gene in isolates
from food-producing animalg Hong Kongwas also present in urinary tract infection
isolates?. Bertrandet al. trackedthe blactxm-2 genein Salmonella entericdrom
poultry flocks, to poultry meat, through baiman isolates in Belgiuth In animals it

is the resistantzoonotic enteropathogensicluding Salmonella enterica and
commensals such &scherichia colthatare most likely to be transferreardugh the
food chain to humar$ New advances in molecular technologies have allowed for

further investigatins into the epidemiology of such transfer evénts

Sequencing of plasmid DNA has previously been a rather wsafvie and
unsuccessful endeavour. The small fragments of DNA and repeat regions of DNA
characteristic of plasmids have led to the difficulties in assembling reads from high
throughput shortead sequencing, such as those generated using Illlumina
technologes, meaning thatomplete plasmid sequences may not be accurately
reconstructet!. This is becausdgsmids frequently contain many smalbbile repeat
structuresuch asnsertion segences and transposalgiements, thaéxtend beyond

the current insert size of pairethd shorread sequencing (~308 0 0 pepehting
complete plasmid assembtyThis therefore hindered the localisation of resistance
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genes @ specific plasmids. PacBio lorrgad gquencing technologis capable of
spanning repetitive sequences alodiog gaps from shoread data, however it incurs
high costs that are prohibitive to many laboratdfieehe Oxford Nanopore MinlON
sequencer is a relatively new, rapid, lmegd sequencing technology. The main
benefits include lower costs when compared to other technologies, making it more
accessible for many; but more importantly is ienstive detectiorabilities from
limited starting materialHigh concentrations of plasmid DNA can be difficult to
obtain, particularly from environmental samples, where plasmids are often present in
low-copy number€. While singleread error ratehave been noted to be higher for
MinlON than those for Illumina shereads,the generation ofonsensus sequences

from multiple reads allows for higher accuracyo be attainetf,

While this & only a recently developed technology, some studies have already
employed MinlON sequencing to characterise plasmids carrying antimicrobial
resistance (AMR) genes from clinical isolates. Pogteal.,characterized an IncL/M

like plasmid containing blaoxa4s-encoding gene from a clinical isolateKiebsiella
pneumonia¥. Liao et al, obtained12 chromosomes an86 gasmids fromthree
Acinetobacter nosocomialigive A. pittii, and fourSaphylococcusaureusisolates
from clinical sample®. Lemonet al., utilised MinlON sequencing to identify AMR
genes fromextendeespectrumbetalactamase (ESBEproducing Escherichia coli
andKlebsiella pneumoniaelinical isolates®. There have also been some reports of
the utilisation of MinlION sequencing for examining samples of animal origin. Taylor
et al, characterised plasmids fro®almonella enterica subsp. enterisarovar
Bareilly isolated from shrimmnd Escherichia coliO157:H7isolated from ground
beef!. Hadziabdicet al, sequencedlanow-1-carrying IncA/C2 plasmids from
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Salmonella corvallis isolates from chicken faecal sampgfesHowever, the work
undertaken here is to our knowledge the first report of plasmids from the caecum of

broiler chickens sequenced using MinlON sequencing.

In this study, we @scribe the sequences of five antibiotic resistance plasmids, four of
which were multidrug resistant. They were isolated from the caecum of a broiler
chicken, which are raised for meat production, and sequenced using MinlON
technology. We identified thesistance genes present and compared them to similar

plasmids that have been isolated in previous studies.
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3.3 MATERIALS AND METHODS

3.3.1Samples

The broiler caecabample was obtained froncammercial poultry production urit

the European Uniorsamples were lyophilised and stored&i°C before analysis.

3.3.2Plasmid Isolation, Antibiotic Susceptibility Testing and Plasmid

Extraction

Plasmids were isolated from a caecal sample using a protocol for direct extraction, the
multiple displacementamplification (MDA) method as previously descrif&d
Plasmids were then maintained in an antibistisceptibleEscherichia coliDH 5 U
host. Antibiotic susceptibility testing to ampicillin, tetracycline, kanamycin,
cefotaxime, ciprofloxacin and imipenem was perfornada disk diffusion method
according to CLSI guidelinés RecipientE. coli isolates showing amulti-drug
resistance phenotypeerne selected. Plasmid DNA was extracted using the Qiagen
HiSpeed Midi kit. Plasmid DNA concentrations and purity were checked using an
Invitrogen QubitFluoromete(dsDNA highsensitivity assay kit) andeNovix DS

11 spetrophotometer. Plasmids were visuation a 1% agarose gel stained with 1X

GelRed (Biotium) and run at 70 volts for 1 hour.
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3.3.3Plasmid Sequencing

Plasmids were sequenced using an Oxford Nanopore MinlON sequeheefl.DT
genomic DNA protocol (SQH.SK108)was followedfor a barcoded rufor 48 hours
Adapters were trimmed using PoreClfef.2.1,https://github.com/rrwick/Porechap)
Albacore [ttps://github.com/dvera/albacdreasecalled and demultiplexed the reads.
The reads wemmapped against the reference stiieoli12_MG1655n GraphMag®

to remove bacteriahost DNA Reads were assembleding Unicyclef®. Then, the

raw reads were mapped back to the contigs from the assembly usingi@paph
Contigs with low andineven coverage were discarded. The remaining contigs were
aligned againstach other using LastZto remove duplicates due to barcode leakage.
The remaining contigs wepmlished using Naspolisit® and annotated with RASS.

Raw reads wereligned with Gaphmap tahe CARD® database. @nhtigs with less
than 10% coverage ogared tahe coverage of closed replicomgere removed and
antibiotic resistance genes were annotated. Plasmid maps were generated using

SnapGenehttps://www.snapgene.cojm/

The sequences are depositedhe European Nucleotide Archive (ENA) undee

primary accessioRRJEB3898%nd secondary accessiBRP122449
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3.4 RESULTS

3.4.1Plasmids isolated from sample A

TheE. colicontaining the isolated plasmids from sample A was resistant to ampicillin,
tetracycline, cefotaxime and kanamycinldaling a disk diffusion assay. The
extracted plasmid DNA displayed four distinct bands on an agarose gel (Figsl).
extracted plasmid DNA was sequenced using the MinlON sequencer. A #0118
reads were obtained with a mean lengttb@fl2 bp. Theextracted plasmid DNA

comprised three plasmids; pBC01.1, pBC01.2 and pBC01.3.

The first of the plasmids (pBC01.1), an IncF plasmid, was 151,806 bp in length with
49% GC content. It carried the resistance genasAVIMacB, TetR, TetA, TetD,

aph( 3 -® @9gaph(6)-Ic. It also contained conjugative machinery (FigMacA and
MacB aremembrane fusion protesthat form an antibiotic efflux complex with TolC
and are associated with macrolide resistaitsR is a tetracycline resistance
repressor proteinTetA and TetD are tetracycline resistance proteins that confer
resistance by efflux. Thap h ©-3 @daph(6)-Ic genes are phosphotransferases that
confer resistance to the aminoglycoside streptomycin and are also described as
and strB gened!. The total plasmid DNA sequence had 99.64% identity and 97%
query coverage wittSalmonellaenterica subsp. entericagovar Kentucky str.
CVM29188 plasmid pCVM29188 14@his plasmid was previously identified in a
chicken breast sample in the United States of Amei@anBank accession no
CP00112¥*2. TetDwas not present on the pCVM29188 146 plasmid and was unique

to the pBCO1.1 plasmid.
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The Incll plasmid pBC01.2 was 110,152 bp in length with 51% GC content. It
harboured the antibiotic resance genesaq 6-lb,)aph( 3 -dapapdA>5, dfrAl7, sul2
andblactx-m-1. The plasmid also contained conjugative machinery (Fig 3). The genes
aaq 6-b,)aph 3 -da@ndaadAS5eachconfer aminoglycoside resistanteamikacin

and kanamycin, streptomycinéspectinomycirrespectively. ThelfrA17 gene is a
trimethoprim resistance gene. Thal2 gene confers sulphonamide resistance and
blactx-m-1is an ESBL producing gene. WhibacTx-m-15 is the dominant ESBL type

in humansthe ESBLblactx-v-1 is themog common type in livestoék®* andblacrx-

m-1, blarem-s2 and blaswv-12 being the most common ESBipes in poultry®. The
plasmid had 99% identity tBscherichia coliplasmid pC49108 with 100% query
coverage. This plasmid has previously been isolated from a chicken faecal sample in
Switzerland (GenBank accession Kd484638¥°. Thegenesaad 6-1b,)aph 3 -dad )

andsul2were present only ipBC01.2 and not in p®4108.

The third IncFIB plasmidpBC01.3 (Fig 4)identified inthis samplevas 97,991 bp

long with 48% GC contentlt carried a class A befactamase,blarem-215. This
plasmid matched t@ section of theKlebsiella pneumoniastrain ST11 plasmid
pKP122% (267,645 bp)with 98.98% identity and 83% query coverage, a plasmid
isolated from a hunrapatient with lacteraemia in South Korea (GenBank accession
no. KP453775¥". Although theblarem gene identified in pKP12226 plasmid was
blarem-1, not blatem-215. The antbiotic resistance phenotype of tke coli containing

the three plasmidsould be accounted for by the AMR genes present on at least one

of the three plasmids.
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The transformant sample A was selected on tetracycline (16 mg/L). It resulted in the
selection of pBCO1.1 which harbourest genes, but also of the plasmids pBCO01.2
and pBCO01.3. Neither of these plasmids carried any determif@ntstracycline
resistance, showing that the tetracycline allowed for thesetection of

aminoglycoside, macrolide, bef@actam, trimethoprim and sulphonamide resistance.

3.4.2Plasmids isolated from sample B

Escherichia colicontaining the plasmidsolated from sampl® was resistant to
ampicillin, tetracycline, kanamycin and ciprofloxacifhe total extracted plasmid
DNA had three distinct bands on an agarose gel (Fig 1). A total, 047 reads were
attained with a mean length 4611 bp. Two plamids, pBC02.1 and pBC02.2, were

identified within the sequenced DNA.

Plasmid pBC02.1 (Fig 5) was 135,664 bp in length with 49% GC content and belonged
to the IncF incompatibility group. The plasmid harbouredsihi®€6), aph( 3 -0, tetR,

tetB and blarem-215 resistance genes; and conjugative machinery. Each of the AMR
genes, exceptetB were also detected on plasmids isolated from sample 1. This
indicates that while the genes are contained on different plasmids within the two
samples, certain AMR genes anebile and common to more than one plasmid. It had
98.72% identity tdEscherichia coliplasmid pH2294144 with 75% query coverage.
pH2291144was isolated from a faecal sample from a healthy human in Switzerland
(GenBank accession noKJ484628%. This plasmid did not contain the

aminoglycoside phosphatases present in our sample, and it cortrec: instead
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of blarem-215 However, it contained a different streptomycin resistance gadal

Thus, while the genes are different the resistance phenotype was the same.

The other phagéke plasmid from sample B, pBC02.2 (Fig 6), was 42,654 bp in
length with 49% GC content dnbelonged to the incompatibility group IncN. It
containecaph( 3-1&,)me{B) andcmlAantibiotic resistance genes. These genes confer
resistance to streptomycin, and both macrolides and chloramphégiefilux. It also
contained ajacEquaternary ammaam compounds resistance gene, and cabat:
cadmium and copper resistance genes. It matchEddboerichia colistrain HYEC7
plasmid pHYEC?7110 with 99.56% identity and 62% query coverage. This plasmid
was identified in a pig faecal sample from Chind apntained all of the resistance
genes and IncN present in plasmid pBC02.2 (GenBank accessidtX5187445.
Neither of these two plasmids contained a known plasmid mediated quinolone
resistance gene, although the coli was phenotypically resistant taprofloxacin.
However, as these plasmids contained many hypothetical genes any one of these could

be a novel quinolone resistance gene which requires further investigation.

While the plasmids from the broiler caecal samples were not an exact mdteh to t
plasmids previously identified, fragments were identical across plasmids. Based on
these results, it show that these fragments are highly mobile. They have been seen in

both animal and human gut microbiomes, and plasmids in locations worldwide.
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3.5 DISCUSSION

We obtained five plasmids from two transformants from a broiler caecal sample. Three
plasmids were isolated from the first transformant, sample A. Sample B harboured two
plasmids. Antibiotic resistance genes were identified on all of the plasBadis
samples harboured mutlrug resistance plasmids. The ciprofloxacin resistance
detected from the disk diffusion assay could be attributed to either a chromosomal
mutation or a novel plasmichediated gene. An interesting thing to note, pBC02.2
contaned agacEgene. Previous studies have foundtrong correlation betwedime
presence athegacEgenewith resistance to soeantibiotics®. There was alsde co
occurrence of both heavy metal and antibiotic resistance determinants on pBC02.2
Copper and zinc are used in agriculture to support animal health and Growth
However, leavymetals are known to functiaas cesekecting agents in the spread of

antibioticresistance itnuman pathogefs

In sample A, two of the plasmids contained genes for conjugation, indicating their
potental ability to transfer to other bacteria. Norobilisableplasmids have been
known to transfer alongside sétinsmissible plasmid$ leading to the possibility
that all three plasmids could have the ability to disseminate further. This is equally

plausible for sample B, where pBC02.1 had conjugative genes but not pBC02.2.

Two of the plasmids ideified in sample A matched to previously identified plasmids
found in chicken meat and chicken faecal sampf@sThis shows the plasmid can

persist through the gastrointestinal tract, into faeces and on chicken meat which could
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be consumed by humans. The other plasmid present in the broiler caecal sample,
pBCO01.3, matched to a plasmid previously isolatethfeopatient with bacteraemia

From a One Health perspective, the appearance of a highly similar plasmid in both a
human and animal sample mgsthe question as to the route of transmission of the
plasmid. It confirms that the plasmid can reside in the chicken gut as well as having
the ability to persist in human pathogenic bacteria. The presence of antibiotic
resistance plasmids in such casas seriously limit the treatment options available.

In sample B, one of the plasmids, pBC02.1, matched to a plasmid isolated from a
faecal sampleéaken from a healthy human. While it is impossible to conclude as to
how the human obtained this plasmid,ighlights that antibiotic resistance plasmids
can reside within the commensal bacteria of humans. The other plasmid from this
sample, pBC02.2, showed high similarity to a plasmid from a pig faecal sample. These
results show that the same plasmid can persis various gastrointestinal

environments.

From all the plasmids sequenced, they were found to originatesrooii, S.enterica

and K. pneumoniag which are all known to be pathogenic to humans. Our
experimental design for the direct extraction & flasmids means the original host

is unknown, but th&.entericaandK. pneumoniaglasmids were stabily maintained

in E. coli. The sequenced plasmids match to plasmids previously isolated globally; in
America, Switzerland, South Korea and China. Thesgmee of these plasmids in
broilers from the European Union raises the concern as to how these plasmids have
disseminated worldwide, and their potential to transfer between animals and humans.
It also demonstrates the ability of sections of mobile DNA aaointg antibiotic
resistance genes on plasmids to move between plasmids; and that these plasmids move
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between chicken faeces, chicken meat and animal and human gut microbiota even in
different host bacteria. Thus the ability of fragments of DNA to movevdxi

plasmids is as important as the movement of plasmids between bacteria.
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3.6 CONCLUSION

Our results have highlighted the possibility of anitmahnimal and animatio-human
transfer of plasmids, and their ability to disseminate globally, drivingpinead of
antibiotic resistance. This study also demonstrated the presence of several plasmids
containing the same AMR gene or genes conferring the same AMR phenotype within
one chicken. Almost all of these plasmids were mrtig resistant plasmids anthy

be selected due to the useaaly number of antibiotics or in one case eveategrnary
ammonium compounds, which are frequently used as disinfectants. This study
highlights the importance of analysing the depth and variety of plasmids present within
a complex sample in addition to the national or global surveillance of ANMRN

animals
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3.7 FIGURES

10000 bp —» H

2500bp —»

1000bp — Ky

1Kb Sample Sample
Ladder A B

Fig 1. Agarose gel image of plasmid DNA extracted frencolitransformants.
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pBCO1.1
151,806 bp

Fig 2. Plasmid pBCOL1.1 isolated from sample A. Antibioticise&sce genes are

highlighted in red, conjugative genes in blue.
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pBC01.2

110,152 bp

CTX-M-1|—

/ [aph(3")-Iz]
dfrAl7

Fig 3. Plasmid pBCO01.2 isolated from sample A. Antibiotic resistance genes are

highlighted in red, conjugative genes in blue.
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pBCO1.3
97,991 bp

- |TEM-215

Fig 4. Plasmid pBCO01.2 isolated from sample A. Andtic resistance genes are

highlighted in red, phage proteins indicated in green.
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pBC02.1

135,664 bp

Fig 5. Plasmid pBCO02.1 isolated from sample B. Antibiotic resistance genes are

highlighted in red, conjugative genes in blue.
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|Copper Resistance
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pBC02.2
42,654 bp
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Fig 6. Plasmid pBCO02.2 isolateddim sample B. Antibiotic resistance genes are
highlighted in red, heavy metal genes in green and quaternary ammonium
compounds genes in purple.
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4.1ABSTRACT

The caecum plays host to the largest number of microorganisms within the broiler
gastrointestinal tract. These microbial comntiesi provide numerous benefits to the
host, including playing a role in nutrition and immunity. We examined the caecal
microbiome of broiler chickens over time. The phlylamicutes Proteobacteriaand
Bacteroidetesvere the most abundari@jostridia andBacteroidiathe most abundant
classes; andraecalibacteriumand Bacteroideswere the most abundant genera.
However, significant differences in the bacterial communities can be seen between
birds at day 21 and 35, but also between individual birds from gamip. We
observed a stabilisation of the microbial communities within the caecum over time.
Antibiotic resistance is an evgrowing concern worldwide, and we examined the
presence of conjugative resistance plasmids within the broiler caecum. Plasmids
hatbouring resistance to ampicillin, tetratipe, trimethoprim, cefotaximeand
chloramphenicol were detected at both tipménts. Over half of the plasmids from

day 35 were multdrug resistant. The shifts in dominance within the bacterial
communities overitne may have contributed to the increase in resistance observed at
the later timepoint. These plasmids could be captured and maintained by a human

pathogen, and may have the potential to spveathe food chain.
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4.2INTRODUCTION

Poultry is one offte mosttommonlyconsumed protein sources worldwide with over

60 billion chickens produced annudllyThe microbial populatiompresent in the
gastrointestinal tract of chickens are thought to have a number of advantages for the
host. These include influencing host nutritiera nutrient assimilation, adding
metabolic potential, vitamin and amino acid production, influencing gugldement

and physiology, and prevention of colonisation by invading pathégeositry have

a shorter gastrointestinal tract and a faster digesta transit, which selects for a highly
diverse intestinal microbiome in comparison with other fpoatiucing aimals. The
diversity of the bacterial communities in the chicken gastrointestinal tract is to a great
extent influenced by the age of the birds and location in the digestive Bativeen
days15 and 22, microbiota maturation occurs and has been found to remain in a stable
status. However, the variation in the resistome remains unkndwe. majority of

these bacteria reside in the distal intestine which includes the caeca, where densities
approach 18 to 10 cells/g, noted to be the highest density recorded for any microbial
environmerft Bacteria can also be introduced to the caecafhyx from the urodeum

and cloaca

It is estimated that less than 20% of bacterial taxa which inhabit the poultry
gastrointestinal tract have been recovered by ctibin® Cultureindependent

methods have allowed for more detailed information on microbial community
composition and diversity High-throughput sequencing technologies have allowed
for the identification of highly complex and diverse communities in the

gastrointestinal tract with greater depth and coverage. Targeted 16S rRNA gene
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amplicon sequencing is one of the main DN&sed methodsucrently used for the

analysis of bacterial community profility

Poultry production is predicted to produce around 130 million tons of chicken meat in
2020 (OECD/FA®Y) to meet the demands of an increasing global populati®his

is achieved through intensive farming, where antibiotics are used extensively.
Antibiotics have been vital for decreasing the rates of morbidity and mortality from
infectious disases in both humans and animals since their discovery. However, the
increasing rate of the development of antibiotic resistance has become a serious issue
worldwide in both the areas of medicine and agricutfund/ith treatment options
limited, especially in the case of infections resistant to antibiotics efdastt, it is
resulting in reduced clinical efficacy, increased treatment costs and higher mortality
rates*. In agriculture, antibiotics are given therapeutically to treat infections in sick
animals. However, within intensive farming systems, it can be uneconomic to treat
individual animals, which results in the treatment of an egtiogip, usually through

the feed or waté?. Antibiotics are also used for metaphylactic reasonsoturol
disease, and prophylactically to prevent disease. In some countries, antibiotics are also
administered at low and stiberapeutic doses to improve feed efficiency and promote
animal growth of the anim# It is this overuse of antibiotics thaas contributed to

the rapid increase in the rates of resistance in-fsoducing animafd. These
resistant bacteria can then be transmitted to humans through the fooéf.chain
However,changes in microbial community and bacterial resistome in thérpou

gastrointestinal tract remain largely unknown.
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All commensal, pathogenic and environmental bacteria form a reservoir of antibiotic
resistance genes, of which pathogenic bacteria can acquire these genes by horizontal
gene transfer. This has allowext &ntibiotic resistance to spread from commensal and
environmental bacteria to pathog&h#$lasmids have the ability to transfer genes to
different species, genera, and kingdoms, dependent oratraiglhost rand& It has

also been noted that plasmids lacking conjugative machinery could be mobilised by
selftrarsmissible plasmids that are also present in the doné?, @it therefore may

also be obtained using this method. It is vkelbwn thatEscherichia colis a part of

the commensdlora of humans, but is also an opportunistic pathogen, and some can
be highly virulent!. By using E. coli as the donor strain, it allowed for the
determination of the resistance profile of plasmids that could heféraed to, and

maintained in, a human pathogen.

This study aimed to 1) characterise the changes in the structure and diversity of the
bacterial communities; and 2) compare the conjugative plasmids harbouring antibiotic
resistance genes at two grovatages in the caecum of broiler chickens. This work
provides an insight in to the changing diversity of bacterial communities and plasmid
mediated antibiotic resistance in animals entering the food chain. We hypothesise that
changes in the bacterial comnityreffects the mobile resistome present in the chicken

caecal microbiome.
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4.3MATERIALS & METHODS

4.3.1Samples

Broiler caecal samples were obtained from a commercial poultduption unit in
the European UniariThe samples were collected at twod-points, day 21 and day

35 posthatch. Samples were lyophilised and store®@@tC before analysis.

4.3.2Microbiome Sequencing

Twelve random caecal samples were chosen for sequencing, six from eaphitime
Total DNA was extracted from 0.05 gedich caecal sample with the Mobio PowerSoil
DNA Extraction Kit (now Qiagen), following the manufacturer's instructions. The
concentration and purity of the extracted DNA was measured by spectrophotometry
(DeNovix DS11 spectrophotometer). The samples weepared and sequenced as
described by Dcet al., 20192 The library was prepared according to the 16S
Metagenomic Sequencing lkdry guidelines (lllumina. 16S Metagenomic
Sequencing Library Prepdi@n) and then pooled in the MiSeq v3 reagent cartridge.
An lllumina chastity filter (llluminab. Miseq Reporter Software Guide (15042295))
filtered the sequenced data, with the cluster of reads that had no more than 1 base call
and a chastity value of leshan 0.6 in the first 25 cycles passing the filter. BaseSpace
the Metagenomics workflow (16S Metagenomics app vesion 1.0.1.0 with Isis
v2.5.35.6, Greengenes data base 13.5) (DeSahti., 2006° lllumina-c. 16s

Metagenomics App) was used to demultiplex reads. It wes adéed to generate

FASTQ fil es, wi t hindexhreads 3vibh lopy gualityi scores beihg n o n
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trimmed by QualityScoreTrim. The RDP Naive Bayesian clas&ffiprovided
taxonomic level classificationThe sequences are deposited in the European
Nucleotide Archive (ENA) undethe primaryaccession PRJEB37138d secondary

accessiorctRP120433.

4.3.3Microbiome Data Analysis

Statistical aalysis of the microbiomedata was performed using Calypso
(http://cgenome.net/calypséi) The data were normalideto render it suitable for
statistical analysis. Samples with less than 1000 sequence reads were removed. Rare
taxa, which had less than 0.001% relative abundance were also removed. Principal
component analysis (PCA) and rarefaction analyses were cautedgsing default
settings. The microbial community composition was quantitatively visualized by bar
charts and heat maps. The relative abundances of phylum, class and genus taxonomic
levels were compared between tip@ints by ANOVA. The calculated-falues
(ANOVA) were adjusted for multiple testing and false discovery rate. Shannon index

was used to estimate the bacterial alpha diversity and Chaol to estimate richness.

4.3.4Exogenous Plasmid Isolation

Plasmids harbouring antibiotic resistance genes vgelated from the caecal samples

(n=34) using the exogenous plasmid isolation method, as previously de&tribed
Briefly, plasmids from the o6donordé caeca
Escherichia coliD H5 a biparental mating. Exogenousansconjugants were

selected on Eosin Methylene Blue (EMB) agar (Sigma) with rifampicin (100 mg/L)
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and ampicillin, tetracycline, gentamicin, colistin, cefotaxime or ciprofloxacin at
breakpoint concentrations arding to CLSI guideline2018¥’. From e&h antibiotic
selective plate with growth after exogenous isolation, a transconjugant from each was
selected at random. If the same plate appeared to have bacteria with different features

(colour, morphology), both were selected.

4.3.5Plasmid Analysis

Plasmids were extracted from the putative reciferblistrains using the Macherey

Nagel NucleoSpin Plasmid kit following the lesopy number protocol according to

the manufacturerdéds guidelines. The extr
agarose destained with GelRed (Biotium), run at 70 volts for 60 minutes. Antibiotic
susceptibility testing was performed on the exogenous transconjugant trains
duplicatevia the disk diffusion method acating to CLSI guidelines018Y’ against

9 antibioticsfrom 8 different classes.
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4. 4RESULTS & DISCUSSION

4.4.116S rRNA gene amplicon sequencing

The number of quality controlled reads in each sample passing filters were between
4,378 and 20,046, which were used for further analysis. 31 phyla, 65 clag28s
orders, 285 families and 867 genera were included. Rarefaction analysis was used to
identify the quality of the sequenced data representing the diversity of the bacterial
communities, which showed a sufficient sequencing depth was readbged.(Bre

sample from the day 21 tirmoint had less than 1000 sequence reads, and was

therefore excluded from further analysis.

4.4.2Microbial Community Composition

The bacterial community was analysed by comparison of the 16S rRNA amplicon
sequenceskirmicutes was the most predominant phyla, with up to 61.63% of all
classified reads from the day 21 tipeint and up to 48.96% from day 35 Fig 2(a).
This was followed byacteroidetegup to 36.73% from day 21 and 42.26% from day
35), Proteobacteria(up to 33.8% from day 21 and 16.67% from day 35) and
Actinobacteria (up to 23.26% from day 21 and 14.56% from day 35). The
predominance ofirmicutesfollowed byBacteroidetesandProteobacteriahas been
previously identified in chicken faecal analy8i®, however variation in bacterial
composition occurred between the two tipwnts (Fig 2(a)). Surprisingly, we
identified higher proportions d&ctinobacteriathan previous studies into the poultry

caecal microbiome. Xiaet al, found Actinobacteriato be almostabsent in the
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caecum, but found them to be dominant in the iRunEven studies noting
Actinobacteriaas a predominant phyla report much lower precentages compared to
our findings of 23.26% and 14.56%. Xioegal., reported 1.3% aActinobacteria

from broiler faecal samplé§ Wei et al, report 3.2% from turkey caecal samptes

and Thomast al, report a still quite low 6.77% from chicken intestinal sanfplés

these results are naoncurring, the increased proportions may be due to factors such
as broiler beed, geographical location, feed or housing conditfons higher
proportion ofFirmicutes, ProteobacteriandActinobacteriawere present in the day

21 group, while a larger amountBécteroidetesvere present in the day 35 group.

The relative abundae of the top 20 classes is displayed in Fig 2qb)stridia was

the most abundant with up to 63.77% from day 21 and 46.24% from day 35 of all
classified reads. The following dominant classes \Bacteroidia(up to 22.92% from

day 21 and 39.53% from da&p), Actinobacteria(up to 23.44% from day 21 and
14.69% from day 35) an#psilonproteobacterigup to 19.97% from day 21 and
6.33% from day 35). Again, the variation between groups can be seen in Fig 2(b), with

a higher proportion dBacteroidiain the dg 35 group compared to day 21.

The heatmap (Fig 3) shows the relative abundances of the top 20 detected genera,
ranging from most abundant (red) to least (blé&gecalibacteriumwas the most
dominant (up to 30.82% from day 21 and 15.38% from day 38lpwied by
Bacteroidegup to 4.75% from day 21 and 27.79% from day B#f)dobacterium(up

t0 26.87% from day 21 and 15.95% from day 35) Medamonasgup to 12.81% from

day 21 and 19.19% from day 35). The variation between groups can clearly be seen at
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genus level, with the day 21 group dominated Fgecalibacterium whereas
Bacteroidesis the most dominant from the day 35 group. The human pathogens
Campylobactespp., which cause foodborne gastroenteritic diseasd:elmbbacter

spp., which are assated with stomach cancer and duodenal ufeevsere both
detected within the top 20 genera. Broilers are considered to be the primary vector for
transmission ofCampylobacteto human®. Helicobacteris known to reside in the
poultry gut, with contamina&in of consumer meat products with the bacteria likely to

occur during the slaughtering process

As well as the variations between the two tipwnts, there were alsdifferences
among the microbiotaf the chickens within the same tirpeint group & all
taxonomic ranks. It has been demonstrated previously that there is a large individual
variation in the microbiota amongst chickens of the same breed, with identical diets
and under tightly controlled experimental conditidnEor example, at phylutevel

from the day 21 group, the number of classified readBrfoteobacteriavaried from
33.89% in one bird to 3.89% in another. This is also observed at class rank, with the
percentage foEpsilonproteobacteriaanging from 19.97% in one bird to 0.02%0a
different bird within the same day 21 group. Likewise, at genus Bifelpbacterium

ranged from 26.87% in one bird to 0.59% in another. Similar variations, albeit to a
much lesser extent, can be seen within the chickens from the day 35 group. These
results demonstrate the changes in the broiler microbiome, even over a short period of
time, and perhaps the establishment of a more stabilised, less variable microbiota as

the bird ages. However, this stabilisation is later than 3 weeks as previousilyetfsc

100



ANOVA was used to compare the taxa abundance at phylum, class and genus levels
between the two timpoints (Fig 4). When P <0.05, the difference in relative
abundance was considered significddirwise comparisons were performed by t
test and annotated as *: p<0.05, **: p<0.01, ***: p<0.001. Four phyla showed a
significant variance between day 21 and day ®rn{icutes Bacteroidetes,
Cyanobacteria and Chloroflex), while 5 classes Qlostridia, Bacteroidia,
Betaproteobacteria, Nostocophycideaand Anaerolineag and 9 genera
(Faecalibacterium, Bacteroides, Megamonas, Blautia, Flavobacterium, Sutterella,
Ruminococcus, OscillospiendDysgonomongsalso showed a significant difference.
Within both the phyla and class, variations occurred in two of the most abundant taxa,
indicating a significant change in the microbiome composition over time. Broilers are
typically administered a starter diet from day20and followed by a finisher diet

until slaughter (between days-80)*%. This may be a contributing factor towards the

changes observed between groups.

The relative abundance operational taxonomic us{OTUs) at phylum, class and
genus taxonomic levels were plotted using principal compaaeadysis (PCA) (Fig

5). Day 21 has a large intcuster distance alongehPC1 axis at phylum level (Fig

5). This displays the variation among the samples in this group. A similar pattern is
observed at class and genus levels, also with a largeclngtr distance along the

PC2 axis. Data from the day 35 tirpeint had a smaller intreluster distance,
indicating less variation between samples. The clusters from botipomts have a
clearly defined intecluster distance with no overlap of the ¢&rs at any taxonomic

rank. This indicates that the microbiome across birds is more stable at day 35 than day
21, and that there is significant variation in microbiome development from day 21 to
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day 35. Interestingly, Sergeaet al, found Megamonado bethe mostdominant
genera in their studyrom caecal samples taken from broilers at da¥.A®e found
Megamonaso be the third most prevalent genera in our study and was mainly detected
in the older birds at day 35. This suggests that the variationikeirmicrobial
communities continue to occur as the birds age. While our findings are mostly
concurrent with previous studies regarding the most dominant taxa in the broiler
caecum, variations are still seen from study to study. Sakeeidial, report
Terericutesas the third most prevalent phyla preé&nthereas it was found in much
lower proportions in our samples, as the seventh most prevalent. Numerous factors are
recognised to have an effect on the diversity of the poultry microbiome in commercial
facilities, including diet, stocking density, geographical location, bird environment,

and pathogen preserfée

4.4.3Alpha Diversity, Richness and Evenness

The microbial alpha diversity was analysed using Shannon index (Fig 6). A significant
differencewas identified at phylum, family and genus taxonomic levels, where P
<0.05, demonstrating few strongly dominating taxa. This was not seen at class or
order taxonomic ranks, which had a more equal OTU distribution at these levels. The
Shannon indices wetggher for samples collected at day 35 for all taxonomic ranks.
The bacterial community richness was assessed using Chaol (Fig 7). Again, the Chaol
indices were higher from the day 35 tipeint than day 21, highlighting the
differences between the twoogips. The evenness of the microbial community is

displayed in Fig 8. No significant differences were noted for any of the taxonomic
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ranks, with P >0.05. Evenness indices were similar at class and order taxonomic levels,

but were slightly higher for day 38 phylum, family and genus levels.

4 .4.4Mobile Resistomes

A total of 43 antibiotic resistant transconjugants from 15 birds at d4kfig ) and
52 antibiotic resistant transconjugants from 20 birds at d4¥ig5L0)were selected

for further analysisNo bird was free from antibiotic resistance plasmids.

From the day 21 timgoint, 98% of all transconjugants tested were resistant to
ampicillin, 72% to tetracycline, 47% to trimethoprim, 23% to cefotaxime and 9% to
chloramphenicol. 39.5% were muttiug resistant, harbouring resistance to three or
more different classes of antibiotics (Table 1). The most frequently isolated resistance
plasmids conferred resistant to ampicillin or tetracycline. One transconjugant
displayed intermediate resistance to gemiem and one transconjugant displayed
intermediate resistance to gentamicin. No transconjugants were resistant to

ciprofloxacin or kanamycin.

From the day 35 group, all transconjugants were resistant to ampicillin, 81% were
resistant to tetracycline, #éto trimethoprim, 29% to cefotaxime, 15% to gentamicin,
13% to chloramphenicol, 9.5% to kanamycin, 8% to ciprofloxacin and 2% to
imipenem. 51.9% were muitirug resistant (Table 2). Resistance patterns were

similar to those seen at day 21, again with hast resistance to ampicillin and
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tetracycline. It could be that these are the same plasmids from day 21 that are being
maintained, giving the bacteria harbouring them a survival benefit within the caecal
microbiome. However, at day 35, resistance to kgman, gentamicin, ciprofloxacin

and imipenem that was absent at the earlier-poiat was observed. A higher
percentage of transconjugants carried midtig resistance plasmids also. It appears

that as the birds age, they obtain a greater variety istarse plasmids.

All of the plasmids isolated conferred resistance to at least one antibiotic. Over half of
all transconjugants at day 35 were mudltig resistant and almost 40% from day 21.
From the day 21 group, transconjugants were found wittaese to 5 of the 9 tested
antibiotics; whereas from the day 35 group, resistance to all the tested antibiotics was
observed. This could possibly be attributed to the changes in the microbiome. The
highly variable microbiome present at day 21 may piteless favourable conditions

for the bacteria to obtain and maintain resistance plasmids. As the microbial
communities stabilise as the bird ages, it may favour harbouring plasmids which
would give them a survival advantage, and they may be better dstabtiisdeal with

any fitness cost associated with this.

All of the plasmids isolated at day 21 hasesimilar resistance profile, mainly
displaying resistance to befiectam, tetracycline and trimethoprim antibiotics. It is
possible that the same plashair group of plasmids disseminated throughout the birds
from this group. Chickens can ingest bacteria carrying resistance plasmids from litter,
feed or watel Kolar etal., found similarly high levels of resistance to tetracycline

(97%) and ampicillin (51%) irE. coli strains isolated from poultt A similar
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resistance profiling study also found high resistance to tetracycline in broilers on farms
where no antibiotickad been uséd The authors concur that the plasmiédiated
resistance determinants originated from-+sampled sources, such as farm workers,
farm runoff or wildlife. This reiterates the importance of One Health and identifying
all of the potential sages of resistance, whether human, animal or environmental.
Intensive farming practices such as overcrowtfig high-throughput commercial
facilities has also created an environment ideal for bacterial and plasmid transfer

throughout an entire flock ofials.

A greater variety of plasmids were identified in the day 35 group, with resistance to
all tested antibiotics. Perhaps one of the most notable changes in the microbiome from
day 21 to 35 was the shift from Faecalibacteriumdominated to &Bacterodes
dominant microbiota at genera level. This may correlate with the changes observed in
plasmid profile between the two grouacteroidesspp. resistant to tetracycline,
betalactams, aminoglycosides, metronidazole and the macHilicesamide
streptogamin (MLS) group of antibiotics, with all their resistance determinants
located on transmissible genetic elements, have all been previously ré&ported
Bacteroidesspp. are opportunistic pathogens with highly promiscuous conjugation
systems enabling othéacteria to obtain their resistance determirfanthis may
explain the increase in resistance plasmids and our ability to readily capture these
plasmids in ouE. colihost. This worryingly also highlights the ability of medhiug
resistance plasmid® be transferred and maintained in human pathogenic bacteria.
Studies such as Jakobssral.,have already indicated the risk of transfer of resistance
from animals to humans through the food chain and its potential to cause irffection
The presence dfigh amounts of mukdrug resistance plasmids we found in broilers,
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whi ch conferred resi stance t o antibioti

important antimicrobials for human medicthevould greatly limit treatment options

in such circumstances. Interestingly, sample E had a significantly higher percentage
of Bifidobacterium(26.87%) (Fig 3) compared to the other samples (betd/B5%
0.59%). The corresponding exogenous transconjugant did not harbour -anglti
resistance plasmid, and displayed resistance only to ampi@ifidobacteriaare
considered beneficial as they are capable of producing positive impacts for host
healtH®. Fructooligosaccharides (FOS), galaaibgosaccharides (GOS), and
mannaroligosacchades (MOS) are administered as prebiotics, to increase the
proliferation ofBifidobacteriawhich utilise them as substratgésBifidobacteriaare

also given as ipbiotics, to improve intestinal microbiétaOur results demonstrate

the possibility that a larger population Bifidobacteriumis associated with reduced
antibiotic resistance in the broiler caecum, and the potential for prebiotics and

probiotics to asist in reducing the spread of resistance.

106



4.5CONCLUSION

The broiler caecum was dominated by the phyliamicutes Proteobacteriaand
BacteroidetesThis is consistent with previous studies into the chicken microbiome.
However, we found notable variats between the two timoints, highlighting the
changes in the microbial communities over time. We also saw high levels of variation
within the microbiome of chickens from the same group, which was more evident at
day 21. This may indicate that the nubiome becomes more stabilised as the birds
age, even beyond the currently reported stabilisation age. We identifieednugiti
resistance plasmids within the broiler caecum at both-pianets. There was a higher

level and more varied resistance preseérday 35, which may be attributed to the
stabilisation of the microbiome, and therefore may be better established to harbour
these plasmids that may incur high fithess costs. The shift fieameealibacteriunto

a Bacteroidesdominant microbiota over timenay also have contributed to the
increase in resistance. If a particular group of bacteria appear to harbour high levels of
resistance determinants, the use of jreprobiotics may reducing the numbers of
these bacteria by increasing beneficial bactaife. have demonstrated that these
plasmids can be captured and maintained by a human pathogen. Thesdrugulti
resistance plasmids may have the ability to transfer to humans through the food chain,

and limit the available treatment for infections.
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4.6 TABLES

Table 1. Resistance profile of exogenous transconjugant strains harbouring

antibiotic resistance plasmids fnocaecal samples taken at daf24¢
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Plasmid
M-S | Sample A
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M -S= corresponding microbiome sample.

bPAMP=Ampicillin, TET=Tetracycline, KAN=Kanamycin, CTX=Cefotaxime,
CIP=Ciprofloxacn, CN=Gentamicin, W=Trimethoprim, IMP=Imipenem,

C=Chloramphenicol.
‘R=Resistant, I=Intermediate, S=Susceptible; according to CLSI guidelines (2018).

dSome transconjugants appeared to have diffe@iony morphologies on the same
antibiotic selective plate (BC=big colony; SC=small colony) or had both a lawn of

growth (LAWN) with some distinct colonies (COLONIES).
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Table 2. Resistance profile of exogenous transconjugant strains harbouring amtibioti

resistance plasmids from caecal samples taken at G&y%5
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M-S | Plasmid Sample | AMP | TET | KAN |CTX |CIP|CN|W |IMP | C
K [15TET R R I I S| S|S|] S |S
K |15 CEF R R I I S| S|S I S

16 AMP BC R R I R S| S|R I S
16 AMP SC R S S S S| S|R|] S |S
16 TET BC R R S I S| S|R|] S |S
16 TET SC R R S I S| S|R I S
17 AMP R S S S S| S|S| S |S
18 TET R R S S S|S|S|] S |R
19 AMP BC R S S S S| S|S|] S |S
19 AMP SC R S S S S| S|S|] S |S
19 TET R R I S S| S|S I S

M -S= corresponding microbiome sample.

bPAMP=Ampicillin, TET=Tetracycline, KAN=Kanamycin, CTX=Cefotaxime,
CIP=Ciprofloxacin, CN=Gentamicjn W=Trimethoprim, IMP=Imipenem,

C=Chloramphenicol.
‘R=Resistant, I=Intermediate, S=Susceptible; atiogrto CLSI guidelines (2018).

dSome transconjugants appeared to have different colony morphologies on the same
antibiotic selective plate (BC=big colon@C=small colony) or different colours on

EMB agar (pink/purple).
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4.7 FIGURES
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Fig 2(a). Relative abundance of microbial communities at phylum taxonomic rank
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5.1 ABSTRACT

Antibiotic resistance is regarded as one of the most serious threats to human health
worldwide. The rapid increase in resistance rates has been attributed to the extensive
use of antibiotics since tiidoecame commercially available. The use of antibiotics as
growth promotors has been banned in numerous regions due to this. Mannan rich
fraction (MRF) has been reported to show similar growth promoting effects. We
investigated the effect of MRF on the mabial community present within the caecum

of commercial broilers at two different time points within the growth of the broiler,
day 27 and day 35. At phylum levdtjrmicutes and Bacteroideswere the most
abundant, whileClostridia and Bacteroidia were mat dominant at class level.
Mannan rich fraction did not appear to affect the most abundant taxapFaaating
animals are knowneservoirs ofantibiotic resistance gen€¢8RGs) within their gut
microbiomes. The resistome was comprisetlf ARGs 69 core and102accessory
ARGs.The genes present at the highest abundance in all samplast¥éieruC and

aadE Differences were observed in the MRF supplemented group at day 27 compared
with the untreated control. This highlights the potential of MRF ieten effect on

ARG abundance. However, significant variability was seen from satoysiample.

This study also demonstrated the presence of ARGs in the gut epfoddcing
animals even in the absence of antibiotic selective pressures. These genes could

producedetrimentalkeffects for both animal and human health.
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5.2 INTRODUCTION

Over 1,000 species of bacterniahabit the gastrontestinal tracts of poultry and
livestock. Thesbacteriaenter the human food chain through the consumption of meat
products, which are regarded asnajor sourcef protein for humanis Poultry is the
fastest growing agricultural stdector with continued growth expected as the global
population increasésThis places enormous pressure on poultry producers, with
production often being larggcale and highly intesive. Within such systems, large
densities of birds are housed in close proximity to each “pthed are in constant
contact with effluent and secretiondrom other birds. This creates ra ideal
environment for bacteria, commensal or pathogenic, to spread throughout the flock.
For examplebird-to-bird transmissiomf the enteric pathogegdampylobactepbccurs
rapidly within a flock, with almost the entire flock becoming coledisvithin afew
daysof when the first bird was colonisedn the same manner, antibiotic resistant
bacteria (ARB) and antibiotic resistance genes (ARGs) are also disseminated

throughout poultry floks.

The threat of antibiotic resistance to global health is-gw@easing. The continued
overuse and misuse of antibiotics in both humans and animals has drastically
accelerated the development and spread of antibiotic resit@hedink between the

use of antibiotics in agriculture, whether for treatment or prevention of disease, or to
promote the growth of animals, to increased resistance rates has been docidhented
Antibiotic use creates a selective pressure that allows for the proliferation dfARB
The gut microbiome of foe@roducing animals is a knoweservoirof ARGs, with

bacteria having the ability to harbour these genes even in the absence of selective

133



pressure from antibiotic uSe These ARGs can transfer to human and animal

pathogent.

The caecum is the most densely populated region of the chicken gastrointestinal tract,
and is known to harbour an assortmentoaéroorganismswhich are involved in
processes such as thecycling of nitrogen, digestion of resistamtarbohydrates,
absorption of additional nutrientprevention ofcolonisation with pathoges and
detoxification of harmful substandésHowever, it can also harbour pathogens such

asSalmonella entericandCampylobacter jejuniwhich cause disease in humans.

Prebiotics aredescribed as nedigestible feed addites that benefithe host by
selectively stimulating the growth oretabolic activity of a smaHumber of intestinal
microorganism¥. Supplementation athe diet of broilers with the prebiotic manran
oligosaccharide (MOS) has been reported to improve bird weight and feed
efficiency*®. Because of this, the use of MOS has been suggested as a viable alternative
to antibiotic growth promotot§ which have been banned in the European Union since
2006 and more recently in America in 261 7A study by Simt al, found that MOS
produced an equivalent result to =zip&citracin in terms of performance
improvement®. Ao & Choct reported improved growth performance and flock
uniformity in broilers that received MG% Mannan rich fraction (MRF) is a secend
generation MOS product, with increased activities in intestinal health and immune

modulatior°.

Our study aimed to investigate the effect of MRF supplementation to the diet of

commercial broiler chickens on the microbiome and resistome at two different days
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within the growth of the broiler. A metagenomics based approach was employed to
examine ay MRFinduced changes in the structure and diversity of the microbial
community. The resistome was also investigated to assess if MRF had an effect on

ARG profiles within the broiler caecum.
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5.3 MATERIALS & METHODS

5.3.1Samples

Broiler caecal sanips were obtained from a commercial poultrydarction unit in

the European UniamBroilersreceived eithea standard commercidiet or a standard
dietplusMRFat t he manuf actur er 6 s The sampenweren d e d |
collected at two timgoints, on days 27 and ®bsthatch. Samples were lyophilised

and stored at80°C before analysis.

5.3.2Total DNA Extraction

Total DNA was extracted from 0.05 g of each caecal sampl5) using the Qiagen
DNeasy PowerSoil kit according to theanufactue r guislelines.The concentration
and purity of the eracted DNA was measured using an Invitrogen Qeilbibrometer

(dsDNA highsensitivity assay kit) and a DeNovix F13 spectrophotometer

5.3.3Metagenomic Sequencing

The sequencing was performedtla Centre for Genomics Researthiversity of
Liverpool. lllumina unamplifiedfragment libraries were nepared using the TruSeq
PCRfree kit (350 bp inserts). The samples were paired end sequenced (2x150 bp)
using anlllumina HiSeq 4000 Between 60 an80 million rawreadswere obtained

per sample. The raw Fastq files were trimmed for the presence of lllumina adapter

sequencessing Cutadapt version 1.2.1. TBeNj] e mylreadsivhicl matcled the
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adapter sequence for 3 bp or more were trimmed. Sickle versionW&00sed to
further trim readswith a minimum window quality score of 2Beads which were

shorter than 20 bafter trimming were removed.

5.3.4Bioinformatic Analysis

The trimmed readwere uploaded to the Europeandieotide Archive (ENA). The

files were thertransferredo MGnify?! for analysis. InterProScan was used to generate
matches against predicted CDS using Pfam, TIGRFAM, PRINTS, PRQ#ifféns

and Gene3d to provide gene ontology (GO) terms. MAPseq was used for SSU and
LSU rRNA annotation, utilising SILVA SSU/LSU version 1.32 reference database to

assign taxonomy and OTU classifications.

Antimicrobial resistance annotation was perfornusithg DeepARG. Thenachine
learning solutiorwhich utilises CARD, ARDBand UNIPROTdatabasefirst removes
low quality reads using TRIMOMATIC. Reads are then mergedto one file
(VSEARCH) andsubmittedfor classifiation to the DeepARG algoriti The
relative abundance of ARG&s normaliedto the 16S rRNA content of eashmple
using the following parameters: identity: 80%yaue: 1e1l0, coverage: 50% and

probability: 0.8

5.3.5Data Analysis

Statistical aalysis of the microbiomedata was perbrmed using Calypso

(http://cgenome.net/calypséi) The data were normalizdor statistical analysis and
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samples with less than 1000 sequence reamdb are taxawith less than 0.001%
relative abundance were removdrhrefaction analyseand Principal @mponent
Analysis (PCA) of the microbiomevere carried out using default settings. The
microbial community composition was quantitatively visualized by bar charts
ANOVA was used to comparbd relative abundances of phylum, class and genus
taxonomic leved between treatment groupsa®&erial alpha diversitywas estimated

using theShannon index and richness estirdaisingChaol

ARGs were assigned to the core resistome if they were present in all samples. ARGs
detected in at least one sample, but less tthe total number of samples, were
assigned to the accessory resistofitee gatistical analysignd correlation analysis

of the ARGs was performed using the PAleontolabigTatistics (PAST) version

3.2% Samples were compared usiA§lOVA Manni Whitney pairwise tests with
Bonferroni correction for multiple comparisorBCA were performed in PAST using
default settings. Heahaps were generated using Morpheus

(https://software.broadinstitute.dngorpheusy.

The sequences are depositedhe European Nucleotide Archive (ENA) undee

primary accession PRIJEB29088d secondary accessiBRP111299
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5.4 RESULTS & DISCUSSION

The totalreads per sample analysed after quality control and tmginainged from

57,465201reads tB2,809,780reads.

5.4.1Microbiome Analysis

Rarefaction analysis showed a sufficient sequencing depth was re@ibet).
Samples were compared based on treatment group (ceathdRF) and timepoint

(day 27vs day34). The microbiome was found to be dominatediomicutesacross

all samples, with up to 89.45% of all classified reads from day 27 control, up to
80.22% for day 27 treated, 81.46% from day 34 control and 91.49% from day 34
treated classified within thehylum Firmicutes (Fig 2A). This was followed by
Bacteroideteswith up to 9.55% of all classified reads from day 27 control, up to 7.7%
for day 27 treated, 9.31% from day 34 control and 12.38% from the day 34 treated
group. We then identified a numberwiclassified reads in all samples ranging from
2.45% of all classified reads up to 11.07%. Previous studies have also found
unclassified reads within their sampfesThis was followed byTenericutes
Actinobacteriaand Proteobacteria Some sample variatiowas noted here, with
16.45% of reads foActinobacteriain sample A (day 34 treated), compared with the
other samples which ranged from 0.5% to 3.86%. Similarly, sample G (day 34 control)
contained 10.25% of reads fBroteobacteriain comparison to th8.23% to 0.21%
range of the other samples. These findings are in keeping with other studies

investigating the broiler microbiorffe?”. Variation within samples has also been
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observed previously, and has been attributed to factors stammagorkershousing

conditions biosecurity level, litterandfeed accegé

The microbiome was largely dominated®lpstridiaat class level, with up to 70.45%

of all classified reads from day 27 control, up to 73.23% for day 27 treated, 74.03%
from day 34 control rd 85.28% from day 34 treated (Fig 2B). We again identified
high percentages of unclassified reads, ranging from 5.33% up to 18.56%. This was
followed byBacteroidig with up to 7.63% of all classified reads from day 27 control,

up to 9.41% for day 27 treed, 9.15% from day 34 control and 12.25% from day 34
treated Bacilli comprised up to 15.2% of all classified reads from day 27 control, up
to 9.89% for day 27 treated, 7.03% from day 34 control and 7.19% from day 34 treated.
Within group variations wereseen in the next predominant claddollicutes
particularly at the day 34 tirqgoint, with percentages ranging from 6.12% to 0.09%

in the treated group; and 7.26% to 0.63% in the control group.

Over half of all reads at genera level in all samples wectassified (between 50.52%
and 73.99%) (Fig 2C)Faecalibacteriumwas the next most dominant, with up to
20.23% of all classified reads from day 27 control, up to 14.34% for day 27 treated,
16.21% from day 34 control and 20.87% from day 34 treated.Wdmssfollowed by
Lactobacillus with up to 13.64% from day 27 control, 7.09% for day 27 treated,
6.03% from day 34 control and 5.93% from day 34 tred&@adteroidesvas the next
most dominant genera, with up to 2.37% fraay 27 control, 6.81% for day 27

treated, 6.71% from day 34 control and 3.42% from day 34 treated.
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Taxa abundance at phylum to genera levels were compared using ANOVA (Fig 3).
The difference irelative abundance was considered signifieeim¢én P <0.8. Pair

wise comparisons were perforchby ttest and annotated as *: p<0.05, **: p<0.01,
***: p<0.001. A significant variancéetween treatment groups was seen in 2 phyla
(Verrucomicrobia, Candidatus_Melainabacteria2 classes \errucomicrobiae,
Betaproteobacterip 2 orders Verrucomicrobides, Burkholderiales 3 families
(Sutterellaceae, Burkholderiaceae, Akkermansiacead 3genera(Parasutterella,
Burkholderia, AkkermansjaHowever, these taxa were all present in relatively low
abundance, comprising less than 1% of classified reaasyiof the samples within

the broiler microbiome.

Shannon indexwas used to assess the microbial alpha diver$ity 4A). No
significant differencewere observedihe bacterial community richness was assessed
using Chaojlwherea significant differene (whereP <0.05 was seen at order level

only (Fig 4B), indicating a greater number and therefore richer community at this
taxonomic rank in the control grouphe evenness of the microbi@mmunity is
displayed in Fig 4C, where no significant differes@eere observed. Thus, there were

no major changes in the diversity or evenness in the microbiome between treated or

control groups.

Principal Component Analysis (PCA) was used to plot the relative abundance of OTUs
at phylum, class and genus levels (b)gThe observed patterns between treatment
groups and timgoints were similar. The day 34 tip@int and treated group had

large intracluster distances along both the PC1 axis and the PC2 axis at all taxonomic
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levels. The day 27 timpoint and controgroup had a small intreluster distance at
phylum level, which increased slightly at class level. A much larger-ahiisier
distance was observed along the PC2 axis at genus level. Both treatment groups (Fig
5A) and timepoints (Fig 5B) clustered togethwith the exception of a few samples

at phylum, class and genera level. This shows that while there was sorte thndl
variation present, the microbiome diversity and composition was overall consistent

between the treatment and control groups.

A previous study into the effect of MRF on the broiler microbiome found a shift from
Firmicutesto Bacteroidesat phylum level®. We did not observe this same change in
microbiota, with ours remaining dominated Byrmicutes at phylum level. The
authors alsmote a change to Bacteroidiadominant microbiota at class level from
Clostridia. We saw a slight increase in the relative abundan@aoferoidiain the
treatment group but this was not found to be significant. MOSptbdecessoto

MRF, has been desbed to increase the abundancelaictobacillusspp. in the
caecum’. However Lactobacilluswas already dominant within our samples, and we

did not observe notable changes between the control group and the group that received
MRF. Numeroustudieshave siown that pathogenic bacteria which posseasnose
specific fimbriae can bind to mannose which reduces the ripatbbgens including
Salmonellaand Escherichia colin the gastrantestinal tract'. Interestingly, we did

not detecSalmonellaspp.,E. cdi or Campylobactespp., which commonly colonise

the poultry gut, in any of our samples. Thus, this may be why we did not observe any
major changes within the treatment group compared to the control. This suggests that

MRF would be beneficial for use irarfims or production facilities with pathogen

142



challenged chickens, but would not have deleterious effects on the microbiomes of

nonpathogerchallenged chickens.

5.4.2Resistome Analysis

A total of 171 ARGs were ideified. These were isolated from hdwgit broiler
chickens which had not been administered antibiotics. From this, 69 ARGs were
assigned to the core resistome as they were presentlit sdimples (Table S1). The
remaining ARGghat were preserin at least ongbut not all samplesvere assiged

to the accessory resistometalling 102 ARGgTable S2) The trends of resistance
across all samplesere investigated by summitige relative abundance of ARGs per
sample by antibiotic clas@-ig 6). All of the samples harbouredsistance genes
corferring resistance tthe same classes of antibiotid$e greatest proportions of
ARGs present in all samplascluded etrag/cline, aminoglycoside multi-drug,
glycopeptide and macrolidaencosamidestreptogramin B(MLSg), nucleoside and
peptide resistare genes. Resistance to the remaining classes of antibiotics was
relatively low.Variation was seen in the relative abundances of the identified classes
both betweerthe groups and betwedine samplesOverall, the day 27 samples had
higher numbers of ARGthan the day 34 samples. Sample D from the day 34 treated
group had a higher abundance of mdhilg resistance genes than the other samples
within that group. Sample J from the day 27 treated group was shown to have a higher

abundance of ML&resistanc@enes than the remaining samples in the group.
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The core resistome was composed of 69 ARGs that included a large number of efflux
pumps (=21), as well as porins£3), tetracycliner{=9), glycopeptider{=10), beta

lactam (=2), aminoglycosidenEb), peptde (h=4), MLSs (n=1), lincosamider{=2),
streptogramin ri=1), macrolide 1=1), unclassified r=6), nucleoside n=2),
fluoroquinolone =1) anddiaminopyrimidine(n=1) antibioticresistance genes. The
distribution of genes was reasonably consistent aalbssamples within the core
resistome, withetW, InuC andaadEbeing the most abundant. It is represented in Fig
7A, where the most abundant genes clustered together usBiggi€urtissimilarity

matix. Samples were also clustered based on the relalndance of their core
resistance genes by the Br@urtis similarity matrix (Fig 8A). None of the clustered
groups contained all four samples from the day and treatment group of broilers. This
demonstrates the variation in the abundances of ARGs etwrdn samples from the
same treatment or age group. For example, from the day 27 control group, samples M
and N clustered together; and samples O and P, which had a higher number of ARGs
clustered together; but neither of these clusters overlapped apchaddea large
distance between (labelled in green, Fig 8A). Samples with a higher abundance of
ARGs clustered together towards the right of the chart, while samples with a lower
abundance clustered together on the left of the chart. A review of theriesistdme

of pigs and broilers from nine European countries also found less consistency and far
more variability in the relative proportions of resistance in the broiler samples. The
highest abundance of resistance identified was to tetracycline, macbatdiactam

and aminoglycosidantibiotics?.

The accessory resistome was comprised of 102 ARGrfiifkegene andpoB2were
the most abundant accessory genes, which confer resistance toaMiif8oticsvia
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efflux pump and rifamycin, respectively. &kering analysis of the relative
abundances of ARGs in the accessory resistome using theCBrayg similarity

matrix can be seen in Fig 7B, where the most abundant ARGs clustered together.
Analysis of samples was performed also using the -Buayis simlarity matrix (Fig

8B). The samples from the day 27 control group clustered into two groups beside each
other (labelled in green). This indicates that similar abundances of ARGs were present
in each of these samples. Three samples from the day 27 tgeatgdclustered into

two groups closely related but separate to sample L (labelled in pink). Overall, the
abundance of ARGs present in the accessory resistome at day 27 were consistent. This
was not seen at day 34, particularly within the treated grouprevhone of the
samples clustered together (labelled in purple). The day 34 birds had a more varied

abundance of ARGwsithin the accessory resistome.

There were significant differences (P <0.05) observed betwben relative
abundances dARGs among sames in the core resistome (Table 1). Samples in the
day 27 control group showed the most differences to all other samples. In particular,
samples P (day 27 control), D (day 34 treated) and O (day 27 control) were
significantly different to all other samplesven within the same group. Again, the
high levels of samplo-sample variance was detected, with sample D being
significantly different to all other samples within the day 34 treated group. Significant
differences were also observed between samplégwite accessory resistome (Table

2). In particular, samples B, A, C (day 34 treated) and H (day 34 control) had
significant differences to all other samples. Sample D was significantly different to all

other samples within the same group (day 34 treaagd)n highlighting the variability
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that can be seen between samples of the same group that was also observed in the core

resistome.

Principal component analysis was performed on the core (Fig 9A) and accessory (Fig
9B) resistomes. An overlap in thereagesistomes of all sampled groups was observed.
The core resistomes of samples from the day 27 treated group had a largeistéra
distance along the PC1 axis, while the core resistomes of other sample groups had a
greater intrecluster distance algnthe PC2 axis. The core resistomes of samples from
the day 34 clustered together. Those from the day 27 groups had a defiretistezr
distance, indicating the differences in the abundance of core ARGs between the treated
and control groups. This wasso observed within the accessory resistome, where the
day 27 groups also had a large intkrster distance, with a clear separation between
the control and treated groups. The day 34 treated group (purple) had a larger intra
cluster distance along th&CR axis but still clustered with the day 34 control samples
(blue). It is therefore possible that MRF had an effect on ARG numbers at day 27.
However, the variations seen in the samples from each group make this harder to
definitively conclude. These ARGsay have been harboured by taxa present in lower
abundances in the microbiome, and are therefore less likely to be detected, as no
significant changes were observed within the most dominant taxa. It is also possible
that some of these ARGs were presenbmmadhost range plasmids, and therefore
changes in the plasmid population may be independent of changes within the

microbiome.
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5.4.3Functional Analysis

The functional profile of the broiler microbiome was derived from th®@ (&ene
Ontology) assignmerst from the metagenomics analysis. A total of 2706 genes were
assigned GO terms in at least one sample. The GO terms were divided into three
categories: biological processes1111GO trms), cellular components327GO

terms) and molecular functions51268GO terms)Fig 10)

The cellular components with the highest presence were basic cellular components
including membrane, ribosome, intracellular and cytoplashe presence of the
fungattype cell walland the viral capsidnd envelopendicates thepresence and

function of fungi and virusesvithin the broiler microbiomeHost cell components

were also present. The molecular functions with the highest abundance in all samples
were ATP binding, DNA binding, catalytic activity and oxidoreductase aytivi

Sample E had a higher presence of nucleotide binding, nucleic acid binding, DNA
directed DNA polyméresenactease¢e yaanidviddy
samples, but has a slightly lower abundance of ATP binding and catalytic activity

geneghan the other samples.

The biological process most prominent in all samples was oxidegthrction
processes, metabolic processes, carbohydrate metabolic processes and regulation of
transcription DNAtemplated. Again, sample E was found to have aifggntly

higher abundance of DNA replication genes than all other samples. A number of viral

components were also identified includingal capsid assemblyviral genome
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replicationandviral life cycle. Antibiotic catabolic process genes, which resuthe
breakdown of an antibiotiavere present in all samples. Also, antibiotic metabolic
process genes were present in 7 samples, while antibiotic biosynthetic process genes,
which resultin the formation of an antibiotiovere present in all samples egte

samples | and P.
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5.5 CONCLUSION

The advances in molecular technologies has allowed for more sensitive detection of
the components of the metagenomes of numerous environments. We examined the
metagenome of sixteen broiler chickens from a commeuooaluction facility at two
different time points. Half of the broilers received a MRF supplementation to their
diets. We noted that significant variabilities were found between birds, even within
the same group living in identical conditions. We did nestaobe any notable changes

in the most dominant taxa in MRF supplemented groups, but suggest this may be due
to the lack of pathogetargets for the MRF in our samples. A large number of ARGs
were identified =171) across all samples, displaythg presece of ARGs, even in

the absence o$elective pressusefrom antibiotics. A significant difference was
detected in the relative abundance of ARGs between the MRF and control groups at
day 27. As a similar difference was not observed in the most abundantheze

ARGs may be harboured by less dominant taxa within the microbiome or located on
broadhost range plasmids, where changes may be independent of the microbiome.
However, the samples were highly variable, even within the same group. The presence
of high numbers of ARGs in foedroducing animals could adversely affect both

animal and human health.
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5.6 TABLES

Table 1.MannWhitney pairwise test, Bonferroni correctedalues core resistome.

A B C D E F G H I J K L M N o P
A 0.006741 0.02182 0.01235 0.9945 0.08937 0.09803 0.004942 07321 0.2356 1 0.2289 1 0.7809 0.116 0.008518
B 0.006741 1 0.000148 0.0827 03854 0.2459 1 02161 05337 0.003813 0.2604 0.001358 0.001441 7.884E-05 3.227E-05
C 0.02182 1 8.059€-05 0.1589 1 1 1 1 1 0.005619 1 0.005222 0.003162 4.7348-05 2.091E-05
D 0.01235 0.000148 8.059E-05 0.004507 0.001498 0.0002219 0.0001071 0.005829 0.0002739 0.02903 0.0009713 0.04309 0.1952 1 1
E 0.9945 0.0827 0.1589 0.004507 1 1 0.06435 1 1 0.1841 1 0.1952 0.08664 0.02626 0.001854
F 0.08937 03854 1 0.001498 1 1 1 1 1 0.01018 1 0.02808 0.01904 0.001358 0.0002038
G 0.09803 0.2459 1 0.0002219 1 1 0.563 1 1 0.01131 1 0.006156 0.003045 0.0005201 3.955E-05
H 0.004842 1 1 0.0001071 0.06435 1 0.563 0.9698 1 0.001231 07513 0.001716 0.001184 5.293e-05 3.697E-05
| 07321 0.2161 1 0.005829 1 1 1 0.9698 1 0.1453 1 03042 0.1868 0.005936 0.001332
J 0.2356 0.5337 1 0.0002739 1 1 1 1 1 0.02762 1 0.036 0.02038 0.0005759 B42E-05
K 1 0.003813 0.005619 0.02903 0.1841 001018 0.01131 0.001231 0.1453 0.02762 0.02903 1 1 04359 0.02497
L 0.2289 0.2604 1 0.0009713 1 1 1 0.7513 1 1 0.02903 0.03316 0.0166 0.001094 0.0001301
M 1 0.001358 0.005222 0.04309 0.1952 0.02808 0.006156 0.001716 03042 0.036 1 0.03316 1 02129 0.009822
N 0.7809 0.001441 0.003162 0.1952 0.08664 0.01904 0.003045 0.001184 0.1868 0.02038 1 0.0166 1 0.6683 0.04905
o 0.116 7.884E-05 4.734E-05 1 0.02626 0.001358 0.0005201 5.293E-05 0.005936 0.0005759 04359 0.001094 02129 0.6683 1
P 0.008518 3.227€-05 2.091E-05 1 0.001854 0.0002038 3.955€-05 3.697E-05 0.001332 842E-05 0.02497 0.0001301 0.009822 0.04905 1

Table 2. MannWhitney pairwise test, Bonferroni cortedp values accessory resistome.

A B C D E F G H I J K L M N o P
A 0.06312 1 0.008164 1 1 1 1 1 1 1 1 1 0.9799 0456 0.03637
B 0.06312 1 8.543E-11 0.001158 0.02117 0.009528 0.05846 0.000184 0.001301 0.0001235 0.00755 5.118€-07 1.949€-07 7191E-07 6.569E-09
C 1 1 5.377E-08 0.167 1 1 1 0.04358 021 0.01674 0.8709 0.0001 0.0001297 0.0001728 1.029E-05
D 0.008164 8.543E-11 5.377E-08 0.02999 0.00198 0.001398 1.997E-05 0.02169 0.008006 0.7082 0.006054 1 1 1 1
E 1 0.001158 0.167 0.02999 1 1 1 1 1 1 1 0.8327 1 04126 0.1606
F 1 0.02117 1 0.00198 1 1 1 1 1 1 1 0.1758 0.2699 0.1026 0.01942
G 1 0.009528 1 0.001398 1 1 1 1 1 1 1 0.1092 0.1826 0.06517 0.01605
H 1 0.05846 1 1.997E-05 1 1 1 1 1 1 1 0.01205 0.02244 001343 0.001733
| 1 0.000184 0.04358 0.02169 1 1 1 1 1 1 1 1 1 0.7225 0.2408
] 1 0.001301 021 0.008006 1 1 1 1 1 1 1 0.6281 1 03158 0.08379
K i 0.0001235 0.01674 0.7082 1 1 1 1 1 1 1 1 1 1 1
L 1 0.00755 0.8709 0.006054 1 1 1 1 1 1 1 0313 0.3992 0.1543 0.04529
M 1 5.118€-07 0.0001 1 0.8327 0.1758 0.1092 0.01205 1 0.6281 1 0313 1 1 1
N 0.9799 1.949E-07 0.0001297 i 1 0.2699 0.1826 0.02244 1 1 1 0.3992 1 1 1
o 0456 7.191E-07 0.0001728 1 04126 0.1026 0.06517 0.01343 0.7225 03158 1 0.1543 1 1 1
P 0.03637 6.569E-09 1.029E-05 1 0.1606 0.01942 0.01605 0.001733 0.2408 0.08379 1 0.04529 1 1 1
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5.7 FIGURES
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5.9 SUPREMENTARY DATA

Table S1. List of antibiotic resistance genes present in the core resistome.

CORE RESISTOME

TET44

TET40

TETO
TET(W/N/W)
TETX
TETQ
TETW

TETM

TET32

VANS

VANR

VANU

VANX

VANB

VANG

VANH

VANW

VANVB

VANRI

EMRR

EMRK

EMRA

EMRE

ERMB

ERMG

MDTF
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MDTE

MDTH

MDTM

MDTL

MDFA

MDTP

ACRB

ACRA

ACRF

ACRS

MARA

GADW

PATA

BICYCLOMYCIN-MULTIDRUG_EFFLUX_PROTEIN_BCR

CLASS C

CLASS_A

MACB

LNUA

LNUC

VATB

LSA

OMPF

OMPR

ESCHERICHIA_COLI_LAMB

BACA

YOJI

UGD

ARNA

SAT-4
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MDTO

AADA

AADE

APH(3") I

KDPE

KASUGAMYCIN_RESISTANCE_PROTEIN_KSGA

MDTK

DFRF

COB(I)ALAMIN_ADENOLSYLTRANSFERASE

CAMP-REGULATORY_PROTEIN

BACTERIAL_REGULATORY_PROTEIN_LUXR

TRUNCATED_PUTATIVE_RESPONSE_REGULATOR_ARLR

DNA-BINDING_TRANSCRIPTIONAL_REGLATOR_GADX

TRANSCRIPTIONAL_REGULATORY_PROTEIN_CPXR_CPX
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Table S2.List of antibiotic resistance genes present in the accessory resistome.

ACCESSORY RESISTOME

LNUG

VATE

EPTA

MSBA

PORIN_OMPC

ROSA

ROSB

APH(2"}IF

MEXE

MDTG

MDTD

LLMA_23S_RIBOSOMAL_RNA_METHYLTRANSFERASE

CPXA

MDTN

VANTG

VANY

VAND

EMRY

BAER

BAES

PMRF

BIFUNCTIONAL_AMINOGLYCOSIDE_N-
ACETYLTRANSFERASE_AND_AMINOGLYCOSIDE_

PHOSPHOTRANSFERASE

EMRB

EMRD

ERMF
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ESCHERICHIA_COLI_MIPA

ERMT

TEM

SERRATIA_MARCESCENS_OMP1

SDIA

CAT_CHLORAMPHENICOL_ACETYLTRANSFERASE

MEXX

16S_RRNA_METHYLASE

VGAC

EVGS

ACRD

MACA

AADA13

RPOB2

DNA-BINDING_PROTEIN_HNS

KLEBSIELLA_PNEUMONIAE_OMPK37

TOLC

SAT-2

LING

APMA

LNUB

APH(6) |

MEFA

NORA

APH(2"}IE

DFRD

LSAE

ANT(9)-1

DFRA14
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EMRB-QACA_FAMILY_MAJOR_FACILITATOR_TRANSPORTER

APH(3"}|

FOSB

ERMX

DFRA1

SUL1

SUL2

QACH

TETA

TETL

QACG

TET(K)

VANYG1

APH(3'}VII

APH(2") I

MGRB

MEL

TET(40)

AAC(6')-1

APH(2") IV

POXTA

QACB

CLBA

ANTIBIOTIC_RESISTANCE_RRNA_ADENINE_METHYLTRANSFERASE

OMP36

KLEBSIELLA_PNEUMONIAE_OMPK36

LNUF

AAD(9)

DFRAY
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DFRA15

CATD

MDTA

DFRA5

ANT(3")-IH-AAC(6)-1ID

LNUD

DFRA16

CATS

APH(3'HIA

TETC

MDTC

APH(3)

DFRA17

DFRA12

TETR

APH(4) |

AAC(3)-IV

AAC(3)-Il

VANA
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6.1 ABSTRACT

Antibiotic resistance has been declared by the WHO as one oigiipesbthreats to
health worldwide. The ban on the use of antibiotics as growth promotors has seen the
introduction of prebiotics as alternative products. Mannan rich fraction (MRF) has
been described to improve bird weight and feed efficiency. The metagsnof
broilers were compared. The groups included those tbegived either a standard
commercial die{control)or a standard diet plusRF (treated), and group that were
receiving MRF were also administered amoxicillin on days-22 (treated +
antibiotic). The microbiome of all birds investigated was dominateBibyicutesand
Bacteroidest phylum level, whil&€lostridiaandBacteroidiawere the most abundant
classes across all samples. A total of &®dibiotic resistance genes (ARGSs) were
idertified, 19 of which wereoreand 145 were accessory genes. The most abundant
genes across all samples weg\, InuC andaadE In addition, the mobile resistome

was specifically characterised using exogenous plasmid capture. The MRF treated
group at both the-points had a lower and less varied resistance profile than the control
or antibiotic treated group. We suggest that MRF may reduce the effects of antibiotic
administration on the selection of antibiotic resistavieethe plasmid populations
present wihin the broiler caecum and may also reduce the effects of antibiotic
administration microbiome change. In addition, the administration of MRF did not

appear to have deleterious effects on the metagenomes of the broilers.
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6.2 INTRODUCTION

Antibiotic resistance leads to treatment failure and increased mottafibtibiotic
resistance in foogiroducing animals can be spread to the human populitiongh

the food chain. This is transferred to humans through consumption of contaminated
food products. Antibiotic resistance can be disseminated by both pathogenic and non
pathogenic bacteria, with the resistances genes from the latter being trartsferred
human pathogen after consumption of the food prédddte global population is
expected to reach 9.6 billion by 205@orrespondingly, the production of food
producing animals will increase to meet this demand. Intensive farming practices
would traditionally have relied heavily on antibiotics in the productionge$cThe
routine additiorof antibiotics intathe diets bpoultryhas become less prevalgntith

many countries banning the practice due to increasing concerns over the increase of
antibiotic resistance. Aarestrigh al, found that the use of avilamycin as a growth
promotor in broilers led tovdlamycin resistanEnterococcus faecit®’. However,

the absence of growth promotdrem poultry feed may increase bird disease rates
Thus, effective alternativethat improve chicken health whifeaintairing efficiency

of productionare require®

Mannan oligosaccharides (MOS) greebioics derived from the outer cell wall of
Saccharomyces cerevisigeast cel’. MOS has been found improve growh rate

and feectonversion ratis'® and has been supplemented to the diet of broilers in recent
yearsl. MOS has been shown to haaenegative effect on pathogerbacteriaby

stimulatingbeneftial bacteria in the gut microbiofeMannan Rich Fraction (MRF)
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is the next generation of MOS technology, which can be included in diets at lower

inclusion rates than MOS while still delivering all of the benefits to the akimal

Metagenomis isatechniquedescribed to have the ability overcome the limitations

of culture dependerstudies®. These taditional culturebased methodsredependent

on the growth of viable and culturable microbea laboratory environment, and will
most ofte requirefurther testingto confirm microbe identificatiof. Metagenomic
sequencing techniquéaveresulted in the generatiaf large sequence datets from
various environment&and given great insight intthe enormous taxonomic and
functional diversiy of the microbial communitieswithin these environment$
Plasmid detection and assembly from metagenomic samples is highly challenging.
Sequencesfrom plasmids are comprised @f large number of short fragments
hindering their identification. Due toithmany plasmids remain undetected in studies

of such dataset&'®. We therefore employed a separate plagbaised study alongside

the metagenomic analysis. We targeted conjugative plasmids, thought to be the main
drivers of antibiotic resishce due to their ability to transfer to different bacterial

specie¥’.

Our work aimed to investigate the effect of MRF on the caecal microbiome of broiler
chickens. As a group who received MRIere also admisiered amoxicillin for 3
days, we also aiméd identify if MRF had an effect on the resistome with and without
amoxicillin challenge. We also hypothesithat MRF may possess tlability to

reduce the transfer of plasmiihsthe broiler gastrointestinal tract
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6.3MATERIALS & METHODS

6.3.1 Sxmples

Broiler caecal samples were obtained from a commercial poultry production unit in

the European UnionBroilers received either a standard commercial (@iettrol) or

a standard diet plusRF (treatedat t he manuf acturerés recon

A group that were receiving RF were also administered amoxicillin on days2p
(treated + antibiotic) The samples were collectedhab time-points,days 28 and 35

posthatch. Samples were lyophilised and store@@tC before analysis.

6.3.2Total DNA Extraction and Metagenomic Sequencing

Total DNA was extracted from 0.05 g of each caecal sampR6] using the Qiagen
DNeasy Power Soil kit according to the
and purity of the extracted DNA was measuredgisin Invitrogen Qubit Fluorometer

(dsDNA highsensitivity assay kit) and a DeNovix F1S spectrophotometer.

Pairedend sequencing libraries were prepared using the Illumina Nextera XT Library
Preparation KitThe samples were paireshd £quened (2 x 19 bp)on the lllunina
NextSeq 500 platform usingigh-output chemistry(300 cycles).Delivered raw
FASTQ sequence filewere quality checked withoor quality and duate reads

removed, and trimmingmplemented using a combination of SAM and Picard tools
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6.3.3Bioinformatic Analysis

The quality controlledreads were uploaded to the European Nucleotide Archive
(ENA). The files were then transferréd MGnify?® for host decontamination and
assembly of the primary metagenome. Samples were uploaded-RASE* using
default parameters tperform quality control, protein prediction, clustering and
similarity based annotation on nucleic acid sequetatasets. For each samptlee
sum of reads per genera were extracted and further ranked taxonomic dagplieds
using NCBI taxonomyA series of filters were applied to removedasired and
insignificant taxa; gnera not anrtated as bacteria were removed, genera with a
cumulativen< 10 acros the dataset were removed; aedera that were annotated as

incertae sedisand with a cumulativa < 25were removed

DeepARG?, was used to annotate antibiotic resistafibe. pipeline first removes low
quality reads using TRIMOMATIC. Reads are then mergeimto one file
(VSEARCH) and submitted for classifiton to tle deepARG algorithnwhich
applies CARD, ARDBand UNIPROTdatabases. The following parameters: identity:
80%, evalue: 1el10, coverage: 50% andqbability: 0.8 were used to normaéshe

relative abundance of ARGg the 16S rRNA content of easample

6.3.4Data Analysis

Calypso lttp://cgenome.net/calypdd? was used to statistically analyse the
microbiome The data were normalizédr statistical analysis andune taxawith less

than 0.001% relative abdanceand amples wih less than 1000 sequence readse
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removed. Rarefaction analyseand Principal Component Analysis (PCA) were
performed using default settings. The microbial community composition was
quantitatively visualized by bar charfBherelaive abundances of taxonomic levels
between treatment groups were compared by ANOVA between treatment.groups
Shannon indexwas used to estimatadierial alpha diversity andhaol was used to

estimate richness

Antibiotic resistance genes (ARGSs) detedre@cross samples were assigned to the
core resistome. The accessory resistome comprised ARGs detected in at least one
sample, but less than the total humber of samples. datistical analysisand
correlation analysis of the ARGs was performed usindgPteontologi@al STatistics

(PAST) version 3.Z. ANOVA Manni Whitney pairwise tests with Bonferroni
correction for multiple comparisons compare samplagere performedPCA were
performed using default settings. Heahps were generated using Morpheus

(https://software.broadinstitute.org/morphegus/

The sequences are deposiiedthe European Nucleotide Archive (ENA) under

primary accessioRRIJEB33644nd secondary accessiBRP116454

6.3.5Exogenous Plasmid Isolation

Plasmids were isolated from the caecal sampie4q) using the exgenous plasmid
isolation methodhs previously describadith the following modificationsSamples

were resuspended in 5 ml Tryptic Soy Broth (TSB) (Sigma).iWgkided both a
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0rinsed step, where the supernatant was

with anasterisK * ) ) ; and an 6éenrichedd step, wher

left rocking overnight before being used as the donor. 100 plotsf donor and
recipientEscherichia colD H 5 U R viReie tombined, centrifuged and resuspended in
100 pL of TSB before being applied tda. 2 ¢ nCelfs wérd resuspended from
the filters in 10 ml 0.85% NaCl.X6genous transconjugants were selectetora-
Bertani(LB) agar (DuchefaBiocheme) with rifampicin (100 mg/L) and amgilin,
tetracycline, kanamycin, colistin, cefotaxineggrofloxacinor imipenemat breakpoint
concentrations according to CLSI guidelines (2818) transconjugant from each
antibiotic selective plate with gwth was selected at random bécteridrom the same
plate appeared to have different featureg.(morphology), both were selectéolr

further testing

6.3.6Plasmid Analysis

Plasmids were extracted from the putative recigterblistrains using the Maerey

Nagel NucleoSpin Plasmid kit accordingt t he manufacturer és
following the lowcopy number protocollhe extracted plasmid DNA wassualised

on a 1% agarose gel run at 70 volts for 60 minated stained with 1X GelRed
(Biotium). Antibiotic susceptibility testing was performed duplicatevia the disk

diffusion method according to CLSI guidelines (2G2&)r 11antibiotics (ampicillin,
tetracycline, kanamycin, cefotaxime, ciprofloxacin, gentamicin, ceftazidime,

meropenem, imipenentjmethoprim and chloramphenicol) frond#ferent classes.
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6.4 RESULTS& DISCUSSION

The totalreads per sample analysed after quality control and trimnaimged from

5,194020reads tdl6,466,390reads.

6.4.1Microbiome Analysis

A total number of 28lpyla, 55 classes, 126 orders, 256 families andh@d@rgassed
the quality contralRarefaction analysisas performed at each level to confirm that
sufficientdepth of sequencingas reache¢Fig 1). Samples were compared based on
treatment group (adrol vs treatedvs treated + antibiotic) and tir@oint (day 28/s

day 35).

Firmicuteswas the predominant phyla, the relative abundance ranged from 61.96% to
83.33% across all samples (Fig 2A). This was followe®Bhgteroidetesranging
between 3B4% and 10.01% of all classified readBroteobacteriaranged from
7.34% to 1.78% andctinobacteriahad between 5.99% and 1.57% of all classified
reads. Our findings are in line with previous studies of the most predominant phyla in
the chickenmicrobiome, with Firmicutesknown torepresent 50% of all taxa in

the caecunt®.

The most dominant class watostridia, with a range of 66.67% of all classified reads
to 46.15% (Fig 2B)Bacteroidiawas the next most dominant (31.14% to 8.89%),
followed byBacilli (17.88% to 4.01%) anHrysipelotrichia(4.65% to 1.83%). This
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distribution is similar to a study by M& al.,where broilers diets were supplemented
with Bacillus subtilig’. Bacillus species are known to be beneficial to the host by
balancing theproperties of the native microbioteesulting in better growth
performancé. Erysipelotrichiaare less commonly detected with in the top 5 most
dominant classes. Specific species withinEngsipelotrichiaclass have been linked

to being of benefito host energy metabolisth

Clostridiumwas the most dominant genus across all samples, with a range of 20.01%
to 13.2% of classified reads (Fig 2C). Cert@lostridiumspecies such &lostridium
islandicumhave beemssociated withost benefits such asllulytic activity and feed
conversiof’. This was followed byBacteroideg30.52% to 8.32%)Ruminococcus
(12.6% to 6.43%) antactobacillus(13.39% to 0.29%). MOS supplementation has
previously been associated with increaged actobacilluscommunity diersity?™.

While the overall relative abundance of taxa remained constant, variations within
sample groups were evident. For exam@lacteroidesn the day 28 treated group
ranges from 9.97% of all classified reads to up 30.52%. Meanwdaitépbacillusat

day 35 in the control group ranged from 0.29% up to 12.75% of all classified reads.

Taxa abundance across treatments were compared using ANOVA at phylum through
to genera levels (Fig 3). k¢én P <0.6 the difference irrelative abundance was
consideredignificant. Pairwise comparisons were performed kgs$t and annotated

as *: p<0.05, **: p<0.01, ***: p<0.001A significant variancebetween treatment
groups was seen at phylum lev&h{orobi), within 2classes@ligoflexia, Chlorobia,

6 orders Rhodayclales, Rhodobacterales, Neisseriales, Desulfovibrionales,
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Chlorobiales, Bdellovibrionalgs 11 families Rikenellaceae, Rhodobacteraceae,
Psychromonadaceae, Neisseriaceae, Halobacteroidaceae, Desulfovibrionaceae,
Comamonadacae, Chromatiaceae, Chlorobee, Beutenbergiaceae,
Bdellovibrionaceagand 13genera(Alistipes, Bilophila, Pelotomaculum, Neisseria,
Dethiobacter, Moorella, Chlorobium, Acetohalobium, Beutenbergia, Thermus,
Catonella, Flavobacterium, Micromonosp@rd hese variations all occurred tvin

the less predominant taxa in the caecal microbid@orobiwas only the 17 most
dominant phyla, while the significant variances seen at class level were in classes
outside the top 20 most dominaAtistipeswas the 19 most dominant genera, with

all others showing variance between treatment groups falling outside the top 20 most

abundant genera.

Microbial alpha diversity was assessed with Shannon iiEgx4A) andbacterial
community richness was assessed wifthaol (Fig 4B). Microbial commurty
evenness is represented in Fig 4C. dignificant difference (whereP <0.05 were
observed for diversity, richness or evenness at any taxonomic rank. This indicates a
highly consistent microbiota present among all the sampled birds, even between

treatnent groups.

These results indicate that the addition of MRF may counteract the deleterious effects
of the antibiotic amoxicillin on the caecal microbiome, while not significantly
changing the normal microbiome of the caeca relative to the control. Tjgests

that MRF maintains the alpfdiversity and evenesss of the microbial community in

the presence of antibiotic amoxicillin. Schokkéal, observed an increased diversity
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in 5 day old chickens that had received amoxicillin at 1 day of age. Thesas®&in
diversity is more chaotic than a stable microbiota, and therefore less r&silldwat
authors also found thahe abundance dfactobacillaceaewas decreased in the
antibiotic group As Lactobacilli are involved in the competitive exclusion of

pahogensthe antibiotic appears to have had a negative effect on gut¥ealth

The relative abundance of OTUs at phylum, class and genus levels were plotted using
Principal Component Analysis (PCA) (Fig H)he patterns observed were similar
between treent groups and timgoints. The control group had a small inttaster
distance at phylum level. The treated group had a slightly largercinster distance
along the PC2 axis, while the treated + antibiotic group had a similar distance along
the PClaxis. At class level, there was an increase in the-altister distance along

the PC1 axis at phylum level in the control group. The-alater distance increased

for the treated groups also. A more significant increase inaohisder distance isegn

at genus level for all groups, highlighting a greater diversity at this taxonomic level.
At all taxonomic levels, the groups cluster together, with no clearly defined inter
cluster distances between them. This shows that while there is some varesient p

within each sample group, overall the microbiome is consistent across all samples.

Both the MRF supplementation and the administration of antibiotics had the potential
to significantly alter the caecal microbiome. Antibiotics reduce the gut riocaof

however, the microbial community in the groups that received antibiotics and MRF
were highly similar to those in the groups that did not. It is possible that the

microbiome recovered after the antibiotic treatment which occurred before sampling.
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This recovery may have been aided by the MRF supplementation, providing a
substrate for selective beneficial commensal bacteria to recover and proliferate
throughout the caecal microbiome. Previous studies summarised by Teng and Kim
noted thatLactobacilluswere the main species influenced by MQghereby their
prevalence in the microbiome increaSed’he benefits of this have been recognised,
Lactobacillus salivarius was shown to limit Salmonella colonization and
Lactobacillus crispatus has been documented as haviagtrE. coli and anti
Salmonellapropertie€®. We observed similar levels afctobacillusin the control

group as the treated groups. The present@actbbacilluswithin the birds may hae

meant that the effect of MOS was as high as previously observed as it would have
been in birds whereactobacilluswas present in much lower levels or absent. A study
by Corriganet al.,investigating the effect of MOS on the broiler microbiome found
an increase inBacteroidetesfrom a Firmicutes dominated microbiota, while
correspondingly observing a shift from a predominar@lipstridia populated
microbiome toBacteroidiaat class levéf. While our microbial community structure

was similar at phylumral class levels, we did not observe these same changes in the
microbiome with MRF supplementation. This suggests that the effect of MRF may be
specific to certain genera or species which were not present in our samplesyr&OS
alsorecognisedn theirability to bind entericpathogens withtype-1 fimbriaesuch as
Salmonellaand Campylobacterspecie®, neither of which were identified in our
study. It is therefore likely that the effect of MRF and major changes in the
microbiome is seen to a much greateteat in pathogethallenged birds. From our
results, we determine that MRF may play a role in maintaining a healthy microbiome

within the broiler caecum. We also suggest it may assist with the recovery of the
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microbiome after antibiotic administration aptbmote the development of a stable

microbial community.

6.4.2Resistome Analysis

A total of 164antibiotic resistance genes (ARGs) were tdea across all samples.
The core resistomeontainedl9 ARGs, whichwere present in aB6 samples (Tiae

S2). The remaining 145 ARGbkat were presenh at least one but not all samples
were assiged to the accessory resistome (Table B3¢.relative abundance of ARGs
per sample by antibiotic class were sumneddentify if the trenddn ARGswere
congstent across all sampl@sig 6).All samples contained resistance genes from the
same classes of antibiotiCEhe greatest proportions of ARGs present in all samples
comprised etrag/cline, aminoglycoside macrolidelincosamidestreptogramin B
(MLSB), glycopeptideandmulti-drug resistance genéshe identified resistance to the
remaining classes of antibiotics wadatively low. The relative abundances of the
identified classewvaried acrosshe groups and betwedhe sampleskor example,
sample 31 had larger proportion of muHirug resistance compared to the other
samples (386) within the same group (Fig 6). Sample 7 from the day 28 treated +
antibiotic group had the largest variety of ARGs with 124 different ARGs.
Interestingly, sample 26 fromehday 35 treated + antibiotic group had the lowest

variety of ARGs overallr=59).

The core resistome was composed of 19 ARGs: tetracyali@®, @lycopeptiderf=4)

aminoglycosider{=2), MLSg (n=2), betalactam (=1), bacitracin(n=1), lincosamide
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(n=1), streptograminrn=1) and nucleosiden€l) resistance genes. The distribution of
genes within the core resistome was consistent across all samplasfWithuC and

aadE being the most abundant. BotetW and aadE were found to be the most
abundant corARGs in the pig faecal metagenothe\ study into the faecal resistome

on nine European broiler farms foubthrem, tetW, dfrAl, ermBandaadAto be the

most abundant gen&sin Fig 7A, it can be seen where the most abundant genes in
our study clusteretbgether using th8rayi Curtis similarity matix. Samples were

also clustered based on the relative abundance of their core resistance genes by the
Bray-Curtis similarity matrix (Fig 8A). Interestingly, there were variations where
samples from the same g (control, treated or treated + antibiotic) did not cluster
together. Most notably was the day 28 treated + antibiotic group, (samf2s 7
labelled pink in Fig 8A), where the samples were distributed throughout the cluster.
Similarly, within the day 2&eated group, half of the samples clustered together while
half did not (samples-@&, labelled blue in Fig 8A). This highlights the differences
between samples of the same group based on core ARG abundance. Meanwhile, the
five of the six samples in theg 35 treated + antibiotic group (samples3®b labelled

red in Fig 8A) clustered quite closely together and closely with three control samples
from D28 = 2) and D35 1= 1), indicating a more consistent population of core

ARGs within this group.

Theaccessory resistome comprised 145 different ARGs. The most abundant accessory
genes werepoB2, tetX ermX ugdandermF. Theugdgene is also known gsnrE
Mutations in theomrE gene are associated with colistin resistance, but the gene itself
is part d several bacterial genomes. Clustering analysis of the relative abundances of
ARGs in the accessory resistome using the Eastis similarity matrix can be seen
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in (Fig 7B) A similar pattern to the core resistome was observed, but with more
variation betveen samples within each group (Fig 8B). For example, within the day
35 group, samples 32 and 36 clustered closely together, and samples 34 and 35
clustered together, but the two clusters were far away from each other (labelled orange
in Fig 8B). This pattrn is evident among all groups, where two or three samples
cluster together, but away from the other samples within that group. This highlights

the variations in ARGs present in bird samples of the same group.

There were no significant differences (P.G%) betweerthe relative abundances of
ARGs between samples in the core resistome. However, within the accessory
resistome significant differences were observed between samples (Table S1). The
contrast between tiragoints was the most striking here, wiignificant differences
observed between the day 28 and day 35 samples, indicating a very different
distribution of ARGs in the accessory resistome as the broilers age. As we did not
observe any significant changes in the most dominant taxa within thebioicre, it

is possible that the ARGs from the accessory resistome may be harboured by taxa
present in lower abundances. PCA analysis of the core (Fig 9A) and accessory (Fig
9B) resistomes was performed. There was a general overlap of all sampling groups i
the analysis of the core resistome, with a greater-altister distance observed for the

day 35 treated + antibiotic group (red) and the day 28 treated + antibiotic (pink) group.
Within the analysis of the accessory resistome, largerahiister dishinces are seen

for all sampling groups. The intefuster distances are also more clearly defined
between groups, particularly between the day 35 treated + antibiotic group (red), day
28 treated + antibiotic (pink) and day 28 treated group (blue). Tiptagssboth the
variation between samples but also between groups.
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Our most notable results were within the groups of birds that received both MRF and
the antibiotic. The broilers were administered amoxicillin on day82Z his did not
appear to increasgbe abundance of belactamases within those birds. A class A beta
lactamase gene was identified but it was not the most abundant in the core resistome.
Sample 7 had much higher numbers of ARGs present, which could be attributed to the
administered antibtics creating a selective pressure and encouraging proliferation of
ARGs throughout the caecum. However, as this was not seen in the other birds in this
group, it seems that other factors are involved in determining ARG numbers in this
complex environmen While high abundances of ARGs were present in the day 28
treated + antibiotic group, the lowest observed ARGs were within the day 35 treated
+ antibiotic group. It could be that the withdrawal from antibiotic over time removed
the selective pressure vehi had created the ideal environment ARGs would have

favoured, thus resulting in lower abundances.

6.4.3Functional Analysis

The functional profile of the broiler microbiome was derived from @ (KEGG
Orthology) assignments in MERAST. Genes were dgsed to six functions: Cellular
Processes, Human Diseases (which contain infectious diseases and pathogen
interaction), Genetic Information ProcessiBgyironmental Information Processing,
Organismal Systems dfetabolism(Fig 10). Samples within the g&8 control group

had the highest abundance of genes assigned to all functions. To again highlight the
sampleto-sample and withigroup variations, samples 2 and 3 from the day 28

treated group had high abundances of genes corresponding to all funetides,
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sample 1 had the lowest abundance of assigned functional genes overall. Similarly,
samples 32 and 35 from the day 35 control group had higher abundances of assigned
function genes than the others from the same group. However, these two samples were
not identical, with sample 35 having a lower abundance of organisational systems
genes and higher abundance of environmental information processing and metabolism

genes.

6.4.4Mobile Resistomes

A total of 139 transconjugants fror@4 birds atday 28 ¢ontrol n=8, treatedn=8,
treated + antibiotio=8) and 10%ransconjugants fror®2 birds at day 3%controln=6,

treatedn=7, treated + antibiotin=8) were analysd (Fig S1S6).

Within the day 28 samples, the control group displayed resistance toehiesy
number of antibiotics with 58.69% of all transconjugants resistant to ampicillin,
52.17% to tetracycline, 13.04% to trimethoprim, 8.88% to gentamicin, 4.34% to
kanamycin and 2.17% to cefotaxime (Table 1). Overall, 10.86% of transconjugants
within this group were muldrug resistant, conferring resistance to three or more
classes of antibiotics. From the day 28 treated + antibiotic group, 78.86% were
resistant to ampicillin, 53.84% to tetracycline, 28.84% to trimethoprim and 7.69% to
kanamycin and ldoramphenicol respectively (Table 2). No resistance was observed
to gentamicin or cefotaxime antibiotics, which was present in the control group.
26.92% of transconjugants in this group were ridtig resistant. Resistance to a

lower number of antibiot&Ewas observed in the day 28 treated group, with 46.15% of
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transconjugants resistant to ampicillin and 12.82% resistant to tetracycline, kanamycin
and trimethoprim, respectively (Table 3). Only 2.56% displayed a-ahulg resistant
phenotype. Overall, thdighest proportion of plasmid mediated resistance was

observed towards ampicillin and tetracycline antibiotics followed by trimethoprim.

Within the day 35 control group, 65.51% of transconjugants were resistant to
ampicillin, 51.72% to tetracycline, 3% to kanamycin, 31.03% to trimethoprim,
24.13% to gentamicin, 10.34% to ceftazidime and 3.44% to -cefotaxime,
chloramphenicol and imipenem respectively (Table 4). This group had the greatest
variation in resistance profiles of all the sampled groupscatidg that this group
harboured the greatest variety of plasmids. 34.48% of transconjugants wereragulti
resistant. From the day 35 treated + antibiotic group, 72.72% of transconjugants were
resistant to ampicillin, 50% to tetracycline, 40.90% to étimoprim and 2.27% to
kanamycin (Table 5). 34.09% of transconjugants were +dulty resistant. In the day

35 treated group, 59.37% of transconjugants were resistant to ampicillin, 21.87% to
tetracycline, 9.37% to trimethoprim and 3.12% were resistarartarkycin (Table 6).

Only 3.12% were found to exhibit a mudtiug resistant phenotype.

The highest proportion of resistance overall was observed towards ampicillin and
tetracycline antibiotics, as was seen in the day 28 groups. Only the plasmids from the
control group at day 28 (cefotaxime only) and day 35 conferred resistance to
chloramphenicol, ceftazidime, cefotaxime or imipenem. Thus, the inclusion of MRF
either with or without amoxicillin did not result in the detection of plasmids conferring

resistace to these antibiotics of importance for human medicine. Plasmid mediated
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resistance mechanisms to the third generation cephalosporins (cefotaxime or
ceftazidime), and imipenem also confer resistance to the antibiotic amoxicillin.
However, in the preseamf MRF these plasmids were not detected at day 28 or day

35 even when amoxicillin was administered to the birds.

Overall, the highest levels and greatest variety in resistance profiles was seen in the
control groups in the plasmid study. This wagsre evident at day 35, with resistance

to 9 of the 11 tested antibiotics identified, indicating that the birds obtained and
harboured a greater variety of plasmids as they aged. Some of the greatest number of
transconjugants that were resistant to trlroptim was seen in the treated + antibiotic
groups, which were administered amoxicillin on days 22 to 24. A class A beta
lactamase was identified in the core resistome after sequencindfragehes were
detected in the accessory resistome. The link tvaenpicillinbased antibiotic use

and trimethoprim resistance has been documented since thé®1 980sxicillin and
trimethoprim resistance genes may be linked on the same mobile genetic ¥lement
Pouwelset al., found thatco-selection byuse of amoxiidlin or ampicillin antibiotics

is a moreimportant driver of trimethoprim resistance leviian trimethoprim use
itself*°, The lowest range of resistance was seen in the treated groups from beth time
points. They displayed resistance to fewer classesthi@acontrol group or the groups

that received the antibiotic. Only one transconjugant from each of the day 28 and the

day 34 treated groups were found to display a ralltg resistant phenotype.

This may be attributed to the addition of MRF to the dfdbroilers. The effect may

be specific to plasmid populations. MOS, the predecessor to MRF, is known for its
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capabilityto bind pathogens via mannose specific tydanbriae*l. Type3 fimbriae

have been linked to an increased frequency of conjudatimnt also to mannan
binding™. There is the possibility therefore that MRF reduces the conjugative ability
of plasmids, and thulewer resistance is detected. Plasmids are not easily detected
within complex samples as they are present in lower abundances than chromosomal
DNA, meaning they can often be missed in total DNA extractions. Likewise, they can
also be easily lost in the tagenomic sequencing process, as steatl sequencing

is not ideal for the assembly of the small pieces of plasmid DNA that can possess
numerous repeat regions. This may explain why the same differences were not
observed between the transconjugant daththe data gathered from the core and
accessory resistomeBroad host rangelgsmidsarecapable of being transferred and
maintained in a wide range of bactétiarherefore, if the plasmids present in our
samples were mainly brodubst range, changes the plasmid population may not
necessarily be seen alongside changes in the microbial community. Further
investigations to characterise the isolated plasmids will provide a better understanding

of the observed changes in the mobile resistome.
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6.5 CONCLUSION

The effect of MRF on broilers from a commercial production unit was assessed. A
subset of treated birds were also administered antibiotic. We did not detect any major
changes in the dominant taxa between the sampled groups, and identified a highly
consistent caecal microbiome. We characterised the core and accessory resistome,
where we saw notable variation between samples of the same group. We also
examined the mobile resistome, where a lower and less varied resistance profile was
observed in the ¢lated groups at both tinpmints. We suggest that MRF may have an
effect on plasmid populations and encourage further investigation into the possible
impact of the use of MRF on the control of mobile antibiotic resistance in the digestive

tracts of food aimals.
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6.6 TABLES

Table 1 Resistance profile of exogenous transconjugant straims fhe day 28

control group® ¢4
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Plasmid | \\ip | TeT| KAN| CTX CIP| CN| W | cAZ| MER| IMP | ©
M-S| Sample
S15| *S5TET R R S S| S|S|S| S S S |S
S15| S5TET R R S S| S|S|S| S S S| S
S16| *6LB S S S S| S|S|S| S S S| S
S16| *6 AMP R S S S| S|S|S| S S S |S
S16| 6 AMP R S S S| S|S|S| S S S| S
S17| *7LB S S S S| S|S|S| S S S| S
S17 7LB S S S S| S|S|S| S S S |S
S17| T7TET S R S S| S|S|R| S S S |S
S17| 7 KAN S S R S| S|R|S| S S S| S
S18| *8LB S S S S| S|S|S| S S S |S
S18 8LB S S S S| S|S|S| S S S |S
S18| *8 AMP R S S S| S|S|S| S S S| S
S18| 8AMPBC R S S S| S|S|S]| S S S| S
S18| 8AMP SC R R S S| S|S|S| S S S| S
S18| *8 TET S R S S| S|R|R| S S S| S
S18| 8TET S R S S| S|R|R| S S S| S

4M-S= corresponding sequenced sample.
bPlasmid samples with aasterisk( * ) wer e i solated from

remaining plasmids were isolated from the sample after enrichment.

‘AMP=Ampicillin, TET=Tetracycline, KAN=Kanamycin, CTX=Cefotaxime,
CIP=Ciprofloxach, = CN=Gentamicin, = W=Trimethoprim, CAZ=Ceftzidime.

MER=MeropenemiMP=Imipenem, C=Chloramphenicol.
YR=Resistant, I=Intermediate, S=Susceptiblecording to CLSI guidelines (2018).

fSome transconjugants appeared to have different gohmmphologies on the same
antibiotic selective plate (BC=big colony; SC=small colony) or had both a lawn of

growth (LAWN) with sane distinct colonies (COLONIES).
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Table 2. Resistance profile of exogenous transconjugant straims fhe day 28

treated + atibiotic groug:bcd

Plasmid\ 1o | TE1 KaN| cTX ciP| eN| W | caz| MER| IMP| ¢
Sample

s7|*1B| R| S| s|s|s|s|s|s| s | s|s

s7| 1B| s |s| s|s|s|s|s|s| s|s|s
1 AMP

s7| BC | R|s| s|s|s|s|R|s| s|s|s
1 AMP

s7| sc | R|s| s|s|s|s|s|s| s| s]|s

s7|*1TET| R |R| s | s|s|s|RrR|s]| s| s|s

s7| 1TET| R |R| s | s|s|s|s|s| s | s]|s

s8| 2B| R|s| s|s|s|s|s|s|s]| s]|s

s8| 2B| R| S| s |s|s|s|s|s| s ]| s]|s
2 TET

s8| Bc | R|R| s|s|s|s|s|s| s| s]|s
2 TET

s8| sc | R|R| s|s|s|s|s|s| s|s]|s

s8 | 2TET| R | R| s | s|s|s|s|s| s | s|s

9| 3B| s |s| s|s|s|s|s|s|s|s|s

s8| 3lB| s |s| s| s|s|s|s|s|s]| s]|s

SO |*3AMP| R | R| s | s|s|s|s|s| s| s|s
3 AMP

so| BC | R|R| s|s|s|s|s|s| s| s]|s
3 AMP

s9| sc | R|R| s|s|s|s|R|s| s| s]|s
*3 TET

so| Bc | R|R| s|s|s|s|s|s| s| s]|s
*3 TET

so| sc | R|R| s|s|s|s|s|s| s| s]|s
3TET

so| Bc | R|R| 1 |s|s|s|R|s| s| s|s
3TET

so| sc | R|R| s|s|s|s|R|s| s| s]|s

si0l 4B| s | s| s |s|s|ls|s|s|s| s|s

sio] 4B| R|s| s| s|s|s|s|s|s| s]|s

sio|*4AMP| R | s| s| s|s|s|s|s| s| s|s
4 AMP

stol] BC | R|R| s|s|s|s|R|s| s| s|R
4 AMP

sto] sc | R|R| s|s|s|s|R|s| s| s|R
4 TET

siol] Bc | R|R| s|s|s|s|R|s| s|s|R
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S

R

R

R
R
R
S

R
R
R
R
S
S

R

R
R
S

Plasmid

4TET

SC
*5LB
5LB
*5 AMP

5 AMP

BC
5 AMP

SC
STET
6 LB

6 TET

*7 LB
7LB
*7 AMP

*T TET

7 TET

*8 LB
8 LB
*8 AMP

8 AMP

BC
8 AMP

SC
*8 TET

8 TET
8 KAN

M-S| Sample

S10

S11

S11| 6 AMP

S11

S11| 6 KAN

S12
S12
S12

S12| 7 AMP

S12
S12

S12| 7 KAN

corresponding sequenced sample.

-S=

h

t

i sol at ed from

wer e

bPlasmid samples with amsterisk( * )

202

remaining plasmids were isolated from the sample after enrichment.



‘AMP=Ampicillin, TET=Tetracycline, KAN=Kanamycin, CTX=Cefotaxime,
CIP=Ciprofloxach, = CN=Gentamicin,  W=Trimethoprim, CAZ=Ceftzidime.

MER=Meropenem|MP=Imipenem, C=Chloramphenicol.
YR=Resistant, I=Intermediate, S=Susceptible; according to CLSI guidelines (2018).

°Some transconjugants appeared to have different colony morphologies on the same

antibiotic selective plate (BC=big colony; SC=small colony
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Table 3. Resistance profile of exogenous transconjugant straims fhe day 28

treated group©d

R

AMP | TET| KAN| CTX| CIP| CN| W | CAZ MER| IMP | C

S

R

R
S
S

R
S
S

R
R
S

R
R

R

R
R
S
S

R
R
S
S

Plasmid

*1LB

1LB
*1 AMP

1 AMP

BC
1 AMP

SC
*LTET
1 KAN
*2 LB

2LB
2 AMP
2 KAN
*3LB

3LB
*3 AMP

3 AMP
*4 LB

41B
*4 AMP

4 AMP
4 KAN

BC
4 KAN

SC
*5LB

5LB
*5 AMP

5 AMP

*5 COL
*6 LB

6 LB
*6 AMP

6 AMP

6 KAN
*7 LB

7LB

M-S | Sample

S1

S1

S1

S1

S1

S1

S1

S2

S2

S2

S2

S3

S3

S3

S3

S3

S3

S4

S4

S4

S4

S4

S5

S5
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Plasmid| \\ip | TeT| KAN| CTX CIP| CN| W | cAZ| MER| IMP | C
M-S | Sample
S5 | *7TAMP| R S S S| S|S|S| S S S| S
S5 7AMP | R S S I S| S| S| S S S| S
S6 *8 LB S S S S| S|S|S| S S S| S
S6 8LB S S S S| S|S|S| S S S| S
S6 | *8AMP| R S S S| S|S|S| S S S| S
S6 8AMP | R S S S| S|S|S| S S S| S
4M-S= corresponding sequenced sample.
bPlasmid samples with aasterisk( * ) wer e i solated from

remaining plasmids were isolated from the sample afterrenant.

‘AMP=Ampicillin, TET=Tetracycline, KAN=Kanamycin, CTX=Cefotaxime,
CIP=Ciprofloxach, = CN=Gentamicin, = W=Trimethoprim, CAZ=Ceftzidime.

MER=MeropenemiMP=Imipenem, C=Chloramphenicol.
dR=Resistant, I=Intermediate, S=Susceptible; according to CLS| qmedgR018).

°Some transconjugants appeared to have different colony morphologies on the same

antibiotic selective plate (BC=big colony; SC=small colony
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Table 4. Resistance profile of exogenous transconjugant straims the day 35

control group® .,

R

R

S
R

AMP | TET| KAN| CTX| CIP| CN| W | CAZ MER| IMP | C

S

R
R
R
S
R

R
R
S

R
R
R
R
S

R
R
R
R
S
S
R

R

Plasmid

*1LB

1LB
*1 AMP

1 AMP

1TET
*2 LB
2 AMP

5LB
*5 AMP

*6 LB

6LB
6 AMP
*6 TET

6 TET
6 KAN
*9 LB

9LB
*9 AMP

9 AMP

9TET
9 KAN
*12 LB

12 LB

12 TET

BC
12 TET

SC
*12 KAN| R

M-S | Sample

S31
S31
S31
S31
S31
S32
S32
S33
S33

S33 | 5 AMP

S34
S34
S34
S34
S34
S34
S35
S35
S35
S35
S35
S35
S36
S36

S36 | 12 AMP

S36

S36
S36

S36 | 12 KAN

206

corresponding sequenced sample.

-S=



bPlasmid samples with aasterisk( * ) were isolated from

remaining plasmids were isolated from the sample after enrichment.

‘AMP=Ampicillin, TET=Tetracycline, KAN=Kanamycin, CTX=Cefdaxime,
CIP=Ciprofloxach, = CN=Gentamicin, = W=Trimethoprim, CAZ=Ceftzidime.

MER=MeropenemiMP=Imipenem, C=Chloramphenicol.
YR=Resistant, I=Intermediate, S=Susceptible; according to CLSI guidelines (2018).

fSome transconjugants appeared to have differenhgahorphologies on the same

antibiotic selective plate (BC=big colony; SC=small colony
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Table 5. Resistance profile of exogenous transconjugant straims the day 35

treated + antibiotic grodp-4

R

R

S

R

S

AMP | TET] KAN| CTX CIP| CN| W | CAZ| MER| IMP | C

R

R
R
R
R

R
R
S

R
R
R
R
S

R
R
S
S

R
R
S

S

R
R
S

R
R

Plasmid

*2 LB
2LB
*2 AMP

*2 TET

2TET
3 LB
*3 AMP

*3TET
*4 LB
41B

*4 AMP

*4 TET

4TET
*51LB

5LB
5 AMP

STET
5 KAN
*7 LB

71LB
*7 AMP

*T TET

7 TET

BC
7 TET

SC
*8 LB

8 LB
*8 AMP

*9 LB

9LB
*9 AMP

M-S | sample

S25
S25
S25

S25 | 2 AMP

S25
S25

S26
S26
S26

S26 | 4 AMP

S26
S26

S27
S27
S27

S27 | 7 AMP

S27

S27

S27
S28
S28
S28

S28 | 8 AMP

S29
S29
S29

S29 | 9 AMP
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Plasmid| 16| TeT kaN| cTX cIP| eN| W | cazZ| MER| IMP
M-S | sample
s29| *9TET| R |R| S | s|s|s|R| s | s | s
9 TET
s29] Bc | R|R| s|s|s|s|R|s| s | s|s
9 TET
s29] sc | R |R s|s|s|s| s S
S30| *10LB| S | S s|s|s|s]| s S
S30| 10B| R | S s|s|rR| s| s S
*10
s30| AMP | R | R| S| s|s|s|s|s| s |s]|s
S30|10AMP| R | s| s | s|s|s|s|s| s | s|s
S30|*10TET R | R| S | s|s|s|R|s| s | s|s
S30| 10TET| R |R| S | s|s|s|R|s| s | s|s

M -S= correponding sequenced sample.

bPlasmid samples with aasterisk( * ) wer e i solated from

remaining plasmids were isolated from the sample after enrichment.

‘AMP=Ampicillin, TET=Tetracycline, KAN=Kanamycin, CTX=Cefotaxime,
CIP=Ciprofloxaén, = CN=Gentamicin, = W=Trimethoprim, CAZ=Ceftzidime.

MER=MeropenemiMP=Imipenem, C=Chloramphenicol.
YR=Resistant, I=Intermediate, S=Susceptible; according to CLSI guidelines (2018).

°Some transconjugants appeared to have different colony morphologies samthe

antibiotic selective plate (BC=big colony; SC=small colony
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Table 6. Resistance profile of exogenous transconjugant straims the day 35

treated group©d

S
S

S

AMP | TET| KAN| CTX| CIP| CN| W | CAZ MER| IMP | C

S

R
R
S
S

R
R
S

R
R
R
R
S

R
R
R

R
R
R
R
S
S

R
S
S
R

Plasmid

*1LB

1LB
*1 AMP

1 AMP
1 KAN
*2 LB

2LB
*2 AMP

2 AMP
*3LB

3LB
*3 AMP

3 AMP
*3TET

3TET
*4 LB

41B
*4 AMP

4 AMP
*6 LB

6 LB
*6 AMP

6 AMP
*6 TET

6 TET
*11LB

11LB

*11 AMP| R

*12 LB

12 LB

M-S | Samples

S19
S19
S19
S19
S19

S20
S20
S20
S20
S20
S20
S21
S21
S21
S21
S22
S22
S22
S22
S22
S22
S23
S23
S23

S23 | 11 AMP

S24
S24

S24 | 12 AMP

corresponding sequenced sample.

-S=
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bPlasmid samples with aasterisk( * ) were isolated from th

remaining plasmids were isolated from the sample after enrichment.

‘AMP=Ampicillin, TET=Tetracycline, KAN=Kanamycin, CTX=Cefotaxime
CIP=Ciprofloxach, = CN=Gentamicin, = W=Trimethoprim, CAZ=Ceftzidime.

MER=MeropenemiMP=Imipenem, C=Chloramphenicol.

YR=Resistant, I=Intermediate, S=Susceptible; according to CLSI guidelines (2018).
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6.7 FIGURES
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Fig 2. Microbial community composition at (A) phylum, (B) class and (C) genus taxonomic levels.
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Fig 2. Microbial community composition at (A) phylum, (B) class and (C) genus taxonomic levels.
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C genus
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Fig 2. Microbial community compositimat (A) phylum, (B) class and (C) genus taxonomic levels
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Fig 3. Comparison of taxa abundance across sample groups using ANOVA.

216




































































































































