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Abstract

The pg gastrointestinal tract hosts a large aneise microbial community, representing
a complex and dynamic ecosystérhe microbial communities are not uniformly distributed and
differ across théocations of theyastrointestinal trache microbialcommnunity composition
influences the prevalence iad distribution ofantimicrobial resistance (AMR#) the gut. The
microbial taxonomic composition, richness, and diveraityinfluenced bygeof thepig,
dietary composition, and antimidya drug useThe a&sociation between antimicrobial use and
AMR development is of interest because of public health implicat&everal studies in swine
and cattldhave reported a decrease in AMR in fecal bacteria with aiggahowever, exact
dynamics and contributing factors are largely unkndwvestigations othe AMR dynamics in
gutmicrobiome during the production phase of food animals could aid in the design of a
framework to address the problem of AMR in the food chaim $ustainable manner.

The primary hypothesis of our study was that the dynamics ahgubbiome and AMR
in swine are largely a function of age and dietary composition. Therefore, the objectives of the
studies were: 1. Perform a scoping review oflitleeature on the agdependence of AMR of
fecal bacteria in food animals. @onduct longudinal studies to evaluate tdgnamics of fecal
bacteriome and mycobiome taxonomic composs#emd AMR prevalencéetween cohorts of
production pigsr{=12) from brth to harvest and breeding sows (two cohort§ andn=12)
from 3 weeks through firsafrowing and weaning, to test the hypothesis that the dynamics are a
function of age, rather than the production system. 3. Investigate interactions between the age
related dynamics and effects of diet (levels and sources of fiber) and antimicrobia¢trisatm
(injectable ceftiofur or penicillin G) in influencing the fecal microbiome taxonomic composition

and AMR in finisher pigs. 4. Conduct a study to describe bat@mmunity composition



associated with luminal contents and mucosal epithelium fromrdiffsegment®f the gut of
piglets.Culture-based and metagenomic analyses coupled with statistical modeliagitilized
to monitor microbiome changes aadtimaé andinfer AMR occurrence igut bacterial
communitiedn relation toage and diet.

Thescoping review of published data suggedshat the ammallevel prevalence and
within-animal abundance of AMR in enteric or fecal bacteria deade®isie age duringhe
production lifespan in pigs, in beef and dairy catfldéne agedependent dynamics &écal
bacteromeand mycobiome taxonomic compositsand associated animkgvel prevalence and
within-animal abundance of AMR were similar in a cohort of produgiiga and two cohorts of
breedingsows.Thehighest AMR prevalence and abundarmccurrect the youngest ageoints
and decreased with agadstabilizdaround 5 to 6 months of age. The data suggesstrong
agedependence and additional independeet elifects on the fecal microbiome composition
and AMR Data also showed thdte concenttions of ceftiofur metabolites in swinfeces vere
lower on day 3 compared to day 1 of thde8/ ceftiofur treatment, irrespective of the animal diet
or genderln astudyconducted in piglet&-7 weeks oldn=3), luminal contents and mucosa
were colleatd from the stomach, duodenum, ileumt{at locations), cecum, spiral colon, and
the rectum. The bacterial community composition and AMR genes were deteramndetie
studyshowed that the bacterial taxonomic composition and AMR gene repertoire dhange
throughout the gastrointestinahct of pigets.Genes encoding bacterial resistance or reduced
susceptibilityto tetracyclinesh-lactams, aminoglycosides, and glycopeptides were most
abundanAMR genesn the sampledn summary, age and diet, in additito the use of
antimicrobials, play an imptant role in the establishment and mairace of gut microbial

diversity and AMR in pigs.
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Abstract

The pig gastrointestinal tract hosts a large and diverse microbial community, representing
a complex and dynamic ecosystérhe microbial communities are not uniformly distributed and
differ across théocations of theyastrointestnal tract The microbialcommunitycomposition
influences the prevalence and distribution ahtimicrobial resistance (AMR#) the gut. The
microbial taxonomic composition, richness, and diveraityinfluenced bygeof thepig,
dietary compasion, andantimicrddial drug useThe association between antimicrobial use and
AMR development is of interest because of public health implicait®everal studies in swine
and cattlehave reported a decrease in AMR in fecal bacteria with aiggahowever, exat
dynamics and contributing factors are largely unkndwestigations on the AMR dynamics in
gutmicrobiome during the production phase of food animals could aid in the design of a
framework to address the problem of AMR in the food chainsustainal® manner.

The primary hypothesis of our study was that the dynamics of gut microbiome and AMR
in swine are largely a function of age and dietary composition. Therefore, the objectives of the
studies were: 1. Perform a scoping review of theditee on tk agedependence of AMR of
fecal bacteria in food animals. @onduct longitudinal studies to evaluate dymamics of fecal
bacteriome and mycobiome taxonomic composs#emd AMR prevalencéetween cohorts of
production pigsr{=12) from birthto harvest and breeding sows (two cohants andn=12)
from 3 weeks through first farrowing and weaning, to test the hypothesis that the dynamics are a
function of age, rather than the production system. 3. Investigate interactions between the age
related dynamics and effects of diet (levels and sources of fiber) and antimicrobial treatments
(injectable ceftiofur or penicillin G) in influencing the fecal microbiome taxonomic composition

and AMR in finisher pigs. 4. Conduct a study to describe bactenaincnity composition



associated with luminal contents and mucosal epithelium from diffeegment®f the gut of
piglets.Culture-based and metagenomic analyses coupled with statistical modeliagitilized
to monitor microbiome changes aadtimate anthfer AMR occurrence igut bacterial
communitiedn relation toage and diet.

The scoping review of published data suge@stat the ammallevel prevalence and
within-animal abundance of AMR in enteric or fecal bacteria deade®isie age during the
production life-span in pigs, in beef and dairy catildéne agedependent dynamics of fecal
bacteromeand mycobiome taxonomic compositsand associated animkgvel prevalence and
within-animal abundance of AMR were similar in a cohort of productiongiggwo cohorts of
breedingsows.Thehighest AMR prevalence and abundarccurred at the youngest gg@nts
and decreased with agadstabilizdaround 5 to 6 months of age. The data suggesstrong
agedependence and additional independent diettsfon the fecal microbiome composition
and AMR Data also showed thdte concentratiasof ceftiofur metabolites in swinfeces vere
lower on day 3 compared to day 1 of thde8/ ceftiofur treatment, irrespective of the animal diet
or genderln astudy conducted in piglet§s-7 weeks oldn=3), luminal contents and mucosa
were collected from the stomach, duodenum, ileurtw@tocations), cecum, spiral colon, and
the rectum. The bacterial community composition and AMR genes were deteramndetie
study showed that the bacterial taxonomic composition and AMR gene repertoire dhange
throughout the gastrointestinahct of pigletsGenes encoding bacterial resistance or reduced
susceptibilityto tetracyclinesh-lactams, aminoglycosides, and glycopeptides were most
abundanAMR genesn the sampledn summary, age and diet, in addition to the use of
antimicrobials, play an important role in the establishment and emantte of gut microbial

diversity and AMR irpigs.
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Chapterl-I nt roducti on

Background

The links betweerantimicrobial resistancAMR) in humans, environment, afobd
animals are not fully understodfleveral crossectional and longitudinal observational studies
have suggded thatAMR in entericbacteriadecreasewith theageof the human or animal host
For exampletherelative abundance of AMR enteric populations of tHecal indicator
bacterum Escherichia colappeaedto decrease during early life umangKalter et al., 2010a;
Literak et al., 2011b)cattle(Hoyle et al., 2004a; Hoyle et al., 2004b; Khachatryan et al., 2004,
Berge et al., 2010; Edrington et al., 2012a; Maindd. e2@15a) and piggAgga et al., 2015hb)

It is unclear whether the bacterial genes conferAiNtR are present, introduceayr
disseminated at or befotiee birth of the hosbr at someotherpointduring early ife.
Antimicrobial resistane genes (ARGSs) can iensfered betweernindigenousativeand
transient gut bacterigicked up from the food, water the environmeniSommer et al., 2010;
Hu et al., 2014)

Thetaxanomic composibn, richnessand diversity othe piggut microbiome change
with theage ofthe pig (Slifierz et al., 2015b; Chen et al., 2017; Han et al., 2Q8i&)ilar
observations have been made in hun{@taesson et al., 2012; Conlon and Bird, 20h#)st
noticeably regarding the bacterial geusvotellaand associated gend@ Toole andleffery,
2015) Mariat et al. (2009jound that the ratiof phylaFirmicutesto Bacteroidetesn the human
gut was 0.4, 10.9, and 0.6infants (3 week$o 10 months), adults (285 years)and elderly
individuals (70 90 yeas), respectively, indicatig that the relative abundances of major
components of the human microbiota change with the age of the host. Similarly, in pigs, the

taxonomicdiversity of the gut microbioténcreasd as the ag of the host increasdém 25days



to 240 dayswith Fusobateriumas thedominant genus during thpreweaningtageand
FirmicutesandBacterioidetess the dominant phyla later (Ke et al., 2019)Similarly, in
another study, agéependent shifts ithe gut microbiome \&rereportedn healthy pigs1t=32)
born to five different sowswith BacteroidesLactobacillus andPrevotelladominatng at 10, 21,
and 63 adysafter birth, andClostridium Prevotlla, and an unclassified genus of fantig4

7 dominatng at 93 and 14daysafter birth(Han et al., 2018)Becausehe physiology of the
human gut isimilar tothat ofthe pig gut, FirmicutesandBacteroidetesvere the dominant
phyla in theenteric microbiomgof both species; althmh, their relative abundances varied
among individualgTilocca et al., 2017)

The mechanissof the fecalmicrobiome changewith animalagearenot fully
understod. Furthemore agerelatedmicrobiome dynam may benfluencel by dietary and
environmentafactors(De Filippo et al., 2010; Yatsunenko et &012; O'Toole and Jeffery,
2015) For example, in humans, a decrease in dietary l#aels to a decrease in microbiome
diversity (Flint et al., 2012)whereasncreased dietarfjber leads toan increased diversity with
enrichmenbf Bacteroidetesnd depletiorof Firmicutes(De Filippo et al., 2010)Similarly,
dietary factors especiallytheintake ofcrude fiber from corphada significantimpact onthe
composition of theig gut microbioméWang et al., 2019Although the bacterial constituents
of the gutmicrobial communitiebave been studiesktensively gutassociated fungandtheir
rolesare poorly understood in humaf&eed, 2014as well inanimals(Lai et al., 2019)

Antimicrobial resistance ia natural phenomrnon, andbacteria have been evolving
resisancemechanisrato naturaly occurringantibacteriad produedby other bacteria and fungi
(Blair et al., 2015)A longitudinal studyof commercial production pigs withigh levels of

antimicrobialdrug exposurehowed that the AMR genes prevalence and abundance, microbiome



alpha diversity wee notsignificantlyinfluenced by the antimicrobial use; however, AMR
abundance was higher in nursing piglets with feeal microbiome diversity{Pollock et al.,
2020)

In 2016,Xiao et al.(Xiao et al., 2016ajlescribedhe effectsof antimicrobial use on the
compositionof the piggut resistomeTheyreportedthat age, gendeandotherhost factors
influenced the gut microbiome and resistome composition. Similaristudyfoundthat the
presence of AMR genes in commercially raised pigs was not associated with thigyiofens
antimicrobial use; however, they did fiadstrong correlation between the pig gut resistome and
the bacterial composition at the genus l€ilink et al., 2018b)Another studyJoyce et al.,
2019)found a positive correlation between the total AMR gene abundance and the total
microbial abundance in fecal samples from healthy pigs, indicating that the microbiome

composition influences the resistome composition.
Study objectives

The primary hypothesis of our study was that the dynamics of gut microbiome and AMR
in swine are largely a function of age and dietary composition. We hypothesized that the fecal
AMR composition and abundance are driven by-lagged dynansichanges in the taxonomic
composition and interactions within the gut microbial community.

The main objectives were to:

1. Perform a scoping literature review tcaenine the extent, range, and nature of research
activity andsummarize thavailable data otheresearch queston A Does AMR 1 n
enteric/fecal bacteria shift accordance witanimala g e ? 0

2. Comparethedynamics fecal mictmomeand mycobioméaxonomic compositions and AMR

between cohorts of production pigs and breeding sows



3. Evaluateagerelated dynmics and effects alietary interventios with and without
concurrent antimicrobial treatments (injectatddtiofur or penicillin G) on thefecal
microbiometaxonomic compositionr AMR of finisherstage production pigs.

4. Describe the bactetitaxonomic omposition andAMR genes prevalence in the luminal
contents and mucosal epithelium in different locationth@gastrointestinal@l) tract of
piglets.

Microbial culturebased and metagenomic analyses coupled with statstiablsesvere
usedto estima¢ andinfer AMR occurrence in fecahicrobialcommunitiesn relation toage and

diet.



Chapter2-Li t erature Review

Antimicrobial resistance in fecal bacteria of swine

Bacteria can be intrinsically resistant to certain antimicrobials, but resistamegise in
asusceptible bacterigopulationas a result of horizontal gene transfer or mutations in
chromosomal gend8lair et al., 2015)Differenttechniques have been applied to characterize
AMR and ARGs irbacteria giversamplesusing culturebased and neoulturebased methods.
Current efforts to monitor AMR are primarily based on the culturingdicator bacteria
followed by phenotypic AMR determinatigMunk et al., 2018h)which likely overlooksa large
portion of the resistome. The gut contains a collection of genes and genetic materials that exist
within gut microbial ecosystem, conferring AMR tliversethe gut bacterial community
(D'Costa et al., 2006)

Culture-based analysis

The culturing of samples on agar or selective medium has often been used tdasalate
bacteria, which can subsequently be tested for antimicrobial susceptibility using phenotypic and
genotypic methods. Such testing is a tiooa@suming process, and ifem limited to culturable
bacteria such a@snterobacteriaceaandEnterococcacegavhich means that many AMR
phenotypes and ARGs may go undete¢teah Schaik, 2015; Singh et al., 2019)traditional
phenotypic testing, bacteria are grown in the presence of different concentrations of various
antimicrobials Nowadays, however, detaitlinformation of given bacteria can be obtained
through new techniques called whole genome sequencin@jVWHth thismethod, entire
genomic DNA or genes in bacteria can be evalyatbath allows us to understand AMRat
deeper leve(Oniciuc et al., 2018)Further, bacteria that have similar ANpRtterns caused by

different mechanissican be differentiated using WGS. In 148, the National Antimicrobial



Resistance Monitoring System (NAMRiS)currently monitoring AMR in foodborne culturable
bacteria (mainhE.coli, Salmonellaspp.,Campylobactespp.) incorporatig the WGS method
(McDermott et al., 2016 However the culturable bacteria represent ongnaall portion of the
enteric bacterial diversity, the majority of which cannetchltured or evaluated in the
laboratory Similarly, bacteria may lose the whole plasmid or part of the plasmid (that encode the
AMR genes), or all the resistance geney not be fully expressed during culture. Further,
single bacteria may not represéme source or target bacterial populasiorherefore, results
from the WGS study may be biased if the organo@snot truly represent microbial
populationgKanwar et al., 2014b)
Culture-independent approach to assess the epidemiology of AMR

Complex interactions among different bacterial species and culture media affect the
growth of bacteria in culture. In general, it is believed that less than 2Q&b bacteria can be
grown at all in defined growth media and that4gstwing microbes alwg dominate slow
growing microbes in heterogeneous cultures. Microbial populations and their constituent
microorganisms evolve differently under different setecpressures in different ecological
niches. Under the selective pressures of a controlleddtdyy environment, which are likely
very different from those of the natural environment, bacteria can lose whole plasmids or parts of
plasmids that encode arR&s, andARGs might not be adequately expressed to produce an AMR
phenotype. Thus, a cultutesed study might not capture the full picture of AMR in a bacterial
community, and single bacterial species might not represent, in terms of ARGs, the source or
target population in an epidemiological sense.

There areaveral cultue-independent methods identify ARGs and characterize the

resistome othe gut microbiome using community DNA extracted directly from fecal samples



(van Schaik, 2015)or example, ABsfrom gut microorganissican be detected and quiéired
usingquantitative polmerase chain reaction (PCR)/printersed PCRKanwar et al., 2013);
Gerzova et al. (2015b)B{rkegard et al., 201%)r by microarray hybridizatiofCard et al.,

2014) Quantitative results and relative abundances of resistance genes or gene families can be
determined using redime PCRbased metagenomioethods. The results of targeted PCR
methods tend to be skewed toward known ARGs and amering however theycan also be

skewed by sequence heterogeneity in resistance géddéferent speciegPenders et gl2013)

In the sequene-based metagenomapproach, community DNA is isolated fran
sample(e.g., fecesand sequenckat adepthof 1.2 GB to 12.6 GB per samplRaymond et al.,
2019) The sequenceatacan beanalyzed by mapping the sequence readséference database
or by assembhg the reads into larger contiguous DNA fragméntmn der Helm et al., 2017)
AMR determinants are identified by alignitite sequenceeads or assembled contigs to curated
ARGs inone or multiple reference databases and identifying DNA fragments with 80% amino
acid identity or 95% nucleotide identity with known ARG et al., 202Q)

Metagenomics allosthe presence and dynamafstheresistomeo be analyzeth the
context ofdiverse micrbial ecosystes Metagenomic analysis has been used to explore the
abundance and diversity of &®in varioustypes ofsamplessuch as fecal sam@é&om pigs,
cattle and poultry(Ma et al., 2016; Munk et al., 201 Recentlya metagenomic studgund
thatthe gut microbiome could serve @sARG reserwir in which ARGs can be transferred
between native and transient gut bacté@ammer et al., 2010; Hu et al., 201%he
metagenomi@pproach allowsomparisons afhe resistome and microbiorbetweersamples
and providesnformation abouevoluionary shifsin AMR and the dstributions ofdiverse

ARGsamongdifferent ecologial niches (Noyes et al., 2017Although the metagenomic



approachhas beemxpartdedfor use inAMR surveillance effod, highthroughput
metagenomichasedanalysis of AMR stillsuffers from a lack of standard biédrmatic tools
(Qulas et al., 2015Als0, the low sensitivity and specificity of current metagenomic taids
method preclude the detection of minor microbial tataallelic variants, which areften
presentt levelsbelow the detection limibut still exert an effect on the hgdtenotypgLanza et
al., 2018) Anotherchallengein metagenomicbasedesistome analysis the fact that the
resistome comprises only mall portion of the total community DN# given sampléNoyes et
al., 2016a)and evemnelatively deepequenmg might not capture sonportiors of the
resistomgMunck et al., 2015)The methods used to annotate metagenomic segukata are
still developing and improving; howeyanetagenomic sequencing data provide no information
about the expression of ARGs.

Functionalmetagenomics is an approach in which a libraryid0 kbpDNA fragments
randomly isolated from a fecahmple iscloned intoE. coli usinga fosmid vectarThebacteria
are therplatedon antibiotic containing mediunresulting in the isolation AMR clones(van
Schaik, 2015)The functional metagenomiepproachallows the identification ofiovel ARGs.
For instance, Somer et al(Sommer et al., 2009&@haracterized the resistance reservoir in fecal
andsaliva samples from healthy humans using functional screening of metagenomic DNA. They
identified 95 unique functional ARGs thatere evolutionarily distant from knowhMR genes.
Because ofunctional incompatibilitieand thdimited capacity oE. coli as a hosfor ARGs
not all ARGscanbeexpressed ifunctionalmetagenomicstudies

An dternativeapproach is tinvestigatehow ARGsin gut microbial communigs
influenceoverall microbiome dynamsaunder certain environmental and clinical conditions. For

example ponestudy found thathe microbiomes diormulafed infantsareenrichedwith class D



b-lactamase geneandwith Clostridium difficilestrains harboringhosegenes (Rahman et al.,

2018)

Ecologicaldrivers of the swine gut resistome

The agedependent dynamics of the swingut microbial community

The mammaliagut harbors a large, complex, and dynamic ecosystem that typically
consists of diverse microbes, including bacteria, archaea, viruses,dndgirotist{Ke et al.,
2019) The majority ofgut bacteria in the gut are yet to be discovered and are unculturable using
current standard methods. The number of studies evaluating the bacterial commurates of f
production animals has increased with diegelopmenof high-throughput sequencing
technologiegYeoman and White, 2014; Kim et al., 201Those microbial communities have
important roles in host nutritionainmunological, and physiological proces$€arding et al.,
2015) Recentlynearly 7.7 million unique genes representing more than 700 species were
identified by deep metagenomic sequencing of fecal DNA from 287(¥ig® et al., 2016a)
Nearly 96% of the functional pathways in humansadse present in pigs, making pigs a
preferred model species for biomedical research and investigations of gene f(lnatiosy,
2007; Xiao et al., 2016apeveral studies showed that age, host genetics, diegeaddr
influence the microbiomes of both pigs and hum@wagner et al., 2018; Ke et al., 2019)
Therefore, given the high vability among individuals, longitudinal studies are needed to better
understand the @vall dynamics of gut microbial communities and outcomes of interest such as

AMR.

Fecal microbiome composition

16s rRNA based microbiome study



The most commonly used rheidfor gut microbiome analysis the sequencingf the
16S rRNA gene which iscarried by bacteria and archaaad eiwodes a component tife 30S
ribosonal subunit(Morgan and Huttenhower, 2012; Panek et al., 2018 16 rRNA gene
contains roughly 15006p andincludesboth highly conserveregions, which can btargeted
with PCR primes, and hypervariable sites (V¥9), which ae specific to each microbial
species. VILV3 and V4 ardhe siteamost commonly targeted for the identification of different
bacterial speciegsoodrich et al., 2014)

Briefly, community DNA is isolated from samplesd, feces)andthebacterial taxa
present in the communigre identifiedoy ampliicationandsubsequerdequencingf the 165
rRNA gene. Then, highly similar sequees are clustered into OTU3TU clustering algorithms
fall into three main categoriede nova'sequences gktered into OTYwithout any external
reference sequences/datalspseosed (sequences are clusteredhenbasis of alignment to a
reference dabase such as SILVAREEN GENESor theribosomal database projecind
openi reference QU (atwo-step pocesscomprising alignment to eferencedatabase followed
by de novaclustering of sequens¢hat fail to match the reference datab@dergan and
Huttenhower, 2012; Goodrich et al., 201@)'Us can be defined at different taxonomic levels
(phylum, class, order, family, genus, or speci®sle drawback of6S RNA-based methods
that they are lintedto bacterial specieandignore other membexof the microbial community

such as viruses and fungi

Shotgun metagenomicdased microbiome study
Metagenomics was first described by Handelsman and Rodon and has become an
alternative method to identitaxa incommunity samplefHandelsman et al., 1998)

Metagenomics provides a catalog of all the genes in a community by random sequencing of
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DNA isolated from communitgamples, allowing improved taxonomic resolutfévang et al.,
2015) Functional metagenomics can be used to detect microbial community composition and
diversity, novel functional genes, microbial pathways, AR@d,iteractions and cevolution
between microbial communities and hg$forgan and Huttenhower, 201)letagenomics are
now widely used not only to study microbiomes but also to evaluate the ecologitalf lAMR

in conjunction with microbiome analysis in humans and fpamtiucing animaléLepage et al.,
2013; Xiao et al., 2016a; Noyes et al., 2017; Joyce et al., 2019)

Metagenomic approaches can help to preddomprehensive understanding of the
structure and function of microbial populations as a whole. There are still some limitations to
metagenomic studies, however. For example, they cannot identify microbialxgpeasston;
they require higher sequenaaverage than 16S RNA analysis; they depend on complex
bioinformatics analysis; and they involve substantial time and cost investfWéantg et al.,

2015) Furthermore, millions of sequences are genefabed eachsample, and it is challenging
to assign functions unambiguously on the basis of sequence similarity, which leads to
misannotatior{Schnoes et al., 2009)

The creaton of standardized microbial DNAsolationtechniquesrobus computatbn
algorithms, a complete standardized reference databasastartiardor statistical analysis
would improve metagenomicVith the rapid development of metatranscriptomics,
metaproteomicgsand metabolomicsiow of sudiestriesto understand and idefyt the functional
activitiesof microbial communies(Poretsky et al., 2009; Kolmeder et al., 2012; Heinken et al.,

2014)
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Fecal mycobiome composition

The study of fungal microbiota, known @ mycobiome, is relatively new and rapidly
progressing field. Microbial colonization of the Gl tract begitisirth. Several studiebave
shown that the fungiresenin thepig gut are ubiquitous members of the rai@sphere of
microorganismgHuffnagle and Noverr, 2013; Summers et al., 20A%hough thebacterial
constituents of the gut microbiome have been studiedsely, guassociated fungndtheir
functions are poorly understood and remangelyunexplored in humans(Seed, 2014and
animals(Lai et al., 2019)There is currently naccuratesstimate othe gutmycobiome butit is
assumedtorepresedt0 . 1 of t he t Qineetal.,@0i@)Despitechatptieigut me
mycobiome ighought to be more diverse than the bacterial microbi@e¢hlefsen eal., 2008)
and essential for the maintenance of microbial community stejgmmune responsgut
homeostasis, and hogtysiology in humangHuffnagle and Noverr, 2013; Lai et al., 2019)
pigs,andother animalg¢Zlotowskiet al., 2006; Erb Downward et al., 201B) addition, studies
suggesthat commensal furajcommunitiesmight enhance immune toleranoécommensal
bacteria(Li et al., 2019) The phenomenan which fungi interact with noffungal communities
ard theirrole in AMR is still unexplord.

Transitiors betweerifferent facilities (weaning, nursergindfinisher)arestressful
events imapig's life and can lead to increased susceptilithityiarrhea and other production
related diseases. Tlabrupt &ift from a milk-based diet to a solidased dietluring the weaning
transitioncanlead to a significant change in the gut microbwitaigs(Dou et al., 2017;
Guevarra et al., 2018peveral authors have investigated the effects of housingaradydiet on
thepig gut microbiome divesity and compositiofFrese et al., 2015b; Guevarra et al., 2018;

Wang et al., 2019putthe effectof the mycobiome remain poorly understood.
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Ingestionof feed contaminaid with mycotoxins led to immunosuppression in piglets and
susceptibility to infectious diseas@sfken et al., 2019)Similarly to humars, pigs harbor
CandidaspeciegVan Uden et al., 1958yvhichareknownto beopportunistic pathogens under
stresful conditions.Recently (Summers et al., 2019ssessed ttempral dynamis of the
mycobiome and microbiome compositsrsinginternal transcribed spac@ifS) and 16S rRNA
sequencing athe feces of swine frotirth to weaning age (35 days after birth). Overall,
microbiome diversity and abundance increased thesstudy period. The dominant fungi were
Saccharomycetaced@ipodascaceaeCladosporiaceae, Aspergillaceae, Malasseziaceae, and
NectriaceaeThe mycobiome also showed a shiftherelative abundance throughout the
weaning transition. From day 1 thgludg 21, the mycobiome composition was highly variable
but showed a predominance@fdosporiaceaeAfter weaning,
DipodascaceaandAspergillaceagbegan to appealn another study(Arfken et al., 2019)
investigated the microbiome and mycobiome sampled from the Gl tract and feces ofigs (
23) from birth through day 35 after birtising the V4 and ITS2 regions of the bacterial 16S
rRNA and fungal ITS genes, respectively. The piglets were nursed with their mother until 21
days of age (weaned on day 21) and then received nursery diet 1 (da8¥f2llowed by
nursery diet 2 (days 285). These piglets were not treated with antimicrobials or antifuaigal
any time during the study period. The mdsminantbacterial phyla in the Gl tract and feces
wereBacteroidetesFirmicutes andEpsilonbacteraeotaand the dominant fungal phyla ree
Ascomycot90%) andBasidiomycotd9%).

The mycobiome composition of newborns is poorly understh@d.uga et al., 2011)
performed a fecal microbiome and mycobiome analysis of preterm infant baki&3 &énd

found thathe most abundant figal order wa$accharomycetaleshich was represented by
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several Candida species. Members of\tadassezialesEurotiales Botryosphaerialesand
Filobasidialeswere also observed in fecal samples. Similarly, Hoffmann et al. (2014) conducted
deep sequearing of ITS1 regions to characteei the fecal mycobiome of healthy humams: (
98) and identified a total of 184 species, including 66 fungal genera along with 13 additional
unidentified fungal taxa. Among the known ta$accharomycesere the most abuadt (89%),
followed by Candida (5%) andCladosporium(42%). In the same studg€andidaand
Saccharomycewere positively correlated with the archadathanobrevibacteand the
bacteriaPrevotellaand were most abundant in individuals with hagrtbohydrag diets.

The Human Microbiome Pre¢t investigated the mycobiome diversity and abundance in
317 fecal samples using the ITS2 region, the 18S rRNA gene, and a shotgun metagenomics
approach(Nash et al., 2017)he fungal diversity was lower than thacterial diversity, with
Saccharomyceserevisiag Malassezia restrictaandCandidaalbicansbeing the most abundant
species, appearing in 97%, 88%, and 81% of the samples, respedtively.

Identification of fungi in the metagenome samples

Two approache can be used to identify the fungal taxonomic compositi@amples.
Briefly, DNA extracted from samples (e.qg., pig feces) and preparation of libraries viaagither
shotgun metagenomic approach (DNA fragmented, adapter and multiplexing barcode ligation
and sequencing)b) targeteeamplicon approach (amplificaticof fungal marker, ITS1, or ITS 2
region between 18s, 5.8s and 28S rRNA gene and multiplexing barcodes and sequencing). The
bioinformatics analysis of the raw reads generated from sequenciegctomethod differs
significantly (Forbes et al., 2018and both methods have their own disadvantages.

The molecular identification of fungal species in community samplaessly based on

hight hr ou g h pguetn,erfiant e xothn 6 s e g u e nhe 186 (RNAdeneaRithd r egi o
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ITS regions between the 18S, 5.8S, and 28S rRNA genes have been used in sehaseding
approaches to determine fungal abundance and divéréitige et al., 2013; Nilsson et al.,
2019) The ITS regions are made upsplace DNAsituated between the smallibunit and large
subunitrRNA genes in thehromosome.

Only a fraction of the DNA of sofl u n g4D%) {s @ccounted for by ITS sequences
(Carini et al., 2016)Hence, genetic markers, prirmgand PCR amplification are critical for
mycobiome studies. For ITS sequencing of fungal communities, IT3dngsse primer can be
used in combination with the gITS7ngs and ITSOMUNiogward primers to target the ITS2
subregion and the full ITS regiorgspectivelyNilsson et al., 2019)Taxonomic resolution can
be improved by using ITSx to remove flanking genes, USEARCH to eliminate chimeras, and
VSEARCH for quality assessmeiNilsson et al., 2019Most mycobiome studies cluster the
final sequences into specikevel OTUs using 9708.5% ITS sequenesmilarity thresholds.

Although new approaches that cluster free OTUs @ADA2) have been used for
microbiome studieshoweverDADA?2 is not recommended for fungal analysis, given that fungal
genes arsometimes present multiple times in each gengrimelner et al., 2013)

With the decreasing cost of sequemnygithe research gradually shifts away from 16S
rRNA amplicon sequencing toward shotgun metagenomic sequencing. Unlike 16S rRNA
sequencing, shotgun metagenomic sequencing can read all genome DNA in a sample, rather than
just one region of DNA. Thus, the\whtage of shotgun metagenomics is that sequencing data
can be used to identify a wide range of species (bacteria, fungi, viruses, etc.) in the given
metagenomic sample. However, only a few studies applied to fungéfigiion in
metagenomic sampleseBently, Soverini and his colleagu&o\erini et al., 2019proposed the

AHumanMycobi omeScan, 0 a new bioinformatics t
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communities in metagenomic samples. Similarly, Donovan and his colle@@umesvan et al.,
2018)d evel oped A F i yrfuhdallsengenaing it mublic detagehomic databases.

In anyanalysis based on highroughput sequencing, biases should be evaluated and
correctedor high-quality and reproducible results. Examples of such biases include those related
to DNA/RNA extractian, markers, primers, PCR amplification, library preparats@guencing,
and bioinformatics/analyses. For instance, in the case of the shotgun metagenomic approach,
fungal genome databases are not compreheribivg the fungal taxonomic resolution cobkl
low due to incomplete databases or low fungal readsrgiukin comparison to bacterial reads.
Similarly, in the case of amplicon sequencing, there is a high possibility of primer and
amplification biaswhich requires adjusting the region (e.qg., ITS{A¢cific analysis during the
bioinformatic stepgForbes et al., 2018)n addition, strong bacterial and fungal interactions or
antagonisms have been inferred from ARGsicaithg that the bacterial and fungabimes need
to be considered together for a better understanding of the AMR phenomenon in complex
systemgLindner et al., 2013Recently, metatranscriptics has emerged as an approach that
allows researchers to target expressed genes in community samples, providing information about
functional aspects of the fungal community.

Microbiome-mycobiome interactions

Several studies have revealed antagonism between certain members of the mycobiome
arnd mycobiome. For instance, mouse models demonstrated that immune suppression or
disturbances of the mycobiome promG&ndidacolonization of the guiNaglik et al., 2008)A
studysuggested that the bacterial microbiome produces inhibitory substances such as volatile
fatty acids or secondabyle acids that can redu€e albicansadhesion to the gut epithelium

(Yamaguchi et al., 2005Furthermore, a reduction bactobacilliin the gut of mice that were
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fed a purified diet contributed tong-term gastric candidias{¥ amaguchi et al., 2005Dther
studies showed thatctobacillusCandidaantagonism could be a tweay process in which the
presence of Candida inhibits the regrowtth.aftobacillusafter antimicrobial therapfMason et
al., 2012) (Arfken et al., 2019pbservedotential interactions betwedacterial and fungal
genera in the porcine gut, with positive correlations between the fitagashstaniand
several bacterial species, includingctobacillus Conversely Aspergillusdemorstrated
negative relationships with the shattain fatty acieproducing

bacteriaButyricoccus SubdoligranulumandFusicatenibacterThe results of another study
indicated that differences in microbiome structure and diversity coupled with antibiotit use
different time points could manifest as a microbiemediatel physiologic process leading to a

fungalexpansionn the gut(Huffnagle and Noverr, 2013)

Operational taxonomic units (OTUs) versus amplicon sequence variants (ASV&)r
microbiome and mycobiomeanalysis

Analyses of targeted microbiome sequencing (16S ribosomal RNA (rRNA) gene
ampliconsequencing) data commonly use bioinformatics pipelines such as Quantitsigyedn
into Microbial Ecology(QIIME), MOTHER, and USEARCH as well as tools such as DADA2
and QimmezDeblur. The Qimmaiclust, MOTHUR, and USEARCHIPARSE pipelines
usually groupsequences that share 97% identity (or clusters of reads that diffeedby
threshold, typically 3%) into clusters called OTUs, whereas other pipelines (e.g., Qebk#,
DADA2, and USEARCHUNOISE3) attempt to generate the exact biological sequenraearth
present in the metagenomic sample, also known as ASAMEhan et al., 2017; Prodan et al.,
2020) The DADAZ pipeline resolved ASVs better than other methods, and the USEARCH

UPARSE and MOTHUR pipelines performed well, genagpOTUs,but withlower specificity
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than the ASV pipeline(Prodan et al., 2020f5everal studies showed that ASV methods had
better sensitivity and specificity and discriminate ecological patterns better than OTU methods
(Tikhonov et al., 2015; Callahan et al., 2016; Caruso et al., 261L@)hermore, the methods to
define OTUs can be problematic. De novo OTls $equence reads ageoupednto OTUs
based orsequace similarity) are invalid outside of a given da¢d whereaslosed reference
OTUs (.e.reads are mapped to a sequence in a reference database) cannot capture real variation
outside of the reference database. By contrast, the ASV method capturieotjied) variation
in the data and also allows independent camspns among different studies or different samples
(Callahan et a) 2017) Furthermore, the ASV method can distinguish seqigadations as
small as 1 nucleotide within a gene region. Among the methods for ASV determination, DADA2
has been shown to be the most sensitive tedbundance sequences. Overall, theofiske
ASV approach is increasing in studies of the swine rbioroe(Raman et al., 2019;
Bergamaschi et al., 202@hd the human microtame (Bodkhe et al., 2019; Martinson et al.,
2019) Some researchers argue, however, that exiséggencingnethodss not sufficient to
resolve exact sequences accurately, and that overall biological trends can be obscured by the
ASV method and are easier to identify using the OTU method.
Microbial composition, diversity, and AMR across the Gl tract

The mammalian Gl tracs comprisel of a complex ecosystem that harbors a diverse
microbial community. The microbial community differs along the Gl tract of pigs ahe msost
abundant in the lower part of the intestine, cecum, and ¢8lompson et al., 1999%imilarly,
mucosaassociated bacterial communities differ from those recovered from feces and intestinal
contentgZoetendal et al., 2002At birth, the piglet Gl tract is sterile, but after fetal membrane

rupture, the piglet is exposed to diverse microbes via contact with the vagina, feces, and skin of
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thesow, so that within a few days, the piglet microbiomenges and becomes unique for each
individual (Katouli et al., 1997)A metaanalysis to define the core microbiome of the swine Gl
tract found thaProteobacteriavere common to all Gl samples and tRamicutesand
Bacteroidetesiccounted for nearly 85% of the total 16S rRé&guences across all Gl locations
(Holman et al., 2017afnother study showed that a moderate changketary protein level did
not affect the fecal microbiome composition as dramatically as it affected theist@stinal
microbiome(Fan et al., 2017)n that study, the ileal bacterial richness declined fi6f& to

10% in finishing pigs Wen the crude protein of the diet wllesscreasefiom 16% to 10%. When
the pigs were fed a higbrotein dietClostridiumsensustricto 1 was the dominant genus in the
ileum. When the dietary protein was reduced, the propodi€lostridiumsensustricto 1
increased significantly in the colon.

The mammalian Gl tract is a diverse ecosystem with a unique, stratified environment.
Hence, it contains a variety of distinct microbial communities along its length spanning the small
intestine, cecum, and largeastine(Donaldson et al., 20167 he variation in the bacterial
community across the Gl tract might be duphgsiological, chemical andutrients gradients
and differences ithehost immune activity at different locations. It has been demonstrated that
the cecum and colon have a denser and more diverse microbial community than other locations
in the GI tractOne study showedlaeterogeneous distribution of bacterial species along the
large intestine and further suggested that intestinal bacteria are distributed along two axes
corresponding to the distal axis and the radial axis (from the lumen to the m{icdsa)ashi
and Sakaguchi, 2006\ mouse study using laseapture microdissection found a significant
difference between the central lamand the interfdl region, with thd=irmicutes families

LachnospiraceaeandRuminococcaceazenriched explicitlyin the interfold region and the
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Bacteroidetegsamilies PrevotellaceagBacteroidaceacandRikenellaceaenriched in the
digesta, suggestingat the inner linig of the intestinal tract (mucosa) is an important location
for the microbial clustefNava et al., 2011)A different study found distinct microbial
communities irthe mucosa of hunma and mice that differed from those in fecal samples
(Zoetendal et al., 2006H1ill et al. (Hill et al., 2010)found that mucosassociated microbial
communities differ from those in the intestinal leimand may vary across the different parts of
the Gl tract. Further phylogenetic analysis demonstratedisigmi temporal and spatial effects
on the luminal and mucosal microbial communities that included a reduction in luminal
Firmicutesand mucosassaiatedLactobacilli following antibiotic treatment, which led to a
reducti on el7A ptodubtion pannocdsallCD4+ T lymphocytéslill et al., 2010)
Looft et al. (2014) performed a metagenomic study efdifferent sections of the Gl
tract (ileum, cecum, and micblon) as well as the gut contents and freshly voided feces from
piglets ~3 months of age and found that the muessaciated ileal microbiota itred greater
bacterial diversity than the lumeamd the ileal contents (control and medicated) had reduced
richness and abundance compared with other parts of the intestinal tract. These results further
suggest that the mucosal bacterial community efilstum might serve as a source for the large
intestine. In the same study, an oral antibiotic led to a significant increase in the siz& of the
coli population in the ileum (lumen and mucosa) relative to that in the feces and other parts of
the Gl tract Similarly, an analysis of multiple colonic muabsites and feces from healthy
humans indicated significant variability in microbial communities among individuals and also
between feces and mucqgackburg et al., 2005)hat study also showed that the micrbbia
concentration increases along the Gl tract, with the lowest concentiatihe stomach and the

highest concentration in the colon. A different study showe®hetieroidesandFirmicutes
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were the dominant mucosesociated bacteria in the small intestand color{Sekirov et al.,
2010) In the proximal gutl-actobacilli, Veillonella, andHelicobacterwerethe most abundant
taxa;Bacilli, StreptococcaceadéctinomycinaeaeandCorynebacteriaceaeereabundant irthe
duodenum, jejunupandileum; FirmicutesandBacteroidetesvere dominanin the colon.
Influence of diet on microbiome and mycobiome composition

Several studies have shown that diet and age contributed to the gut microbial community
composition(Gill et al.,2006) and this may, in turn, influence the fecal resistome. A study has
demonstrated age and da#pendent microbial community succession process in p{§iets et
al., 2016) Of these dctors, the diet would be the easiest approach to modify for sindohg
term intervention. The study showed that the fecalabiat communities were clustered into
major enterotypesBacteroidegprotein and animal fatased diet) anBrevotella
(cabohydratebased diet) based on the letggm dietaryintervention. The microbial community
changes were detected within 24 hourgtgbduction of high fat/low fiber or low fat/high fiber
based diefWu et al., 201). Similarly, a bacterial community dominated Fymicutes(65-

75%) was reported during the first 3 days atfterbirth of the piglet. However, the introduction
of solid feed and subsequent weaning was found to be the major event contributing to the gu
microbial communities in the early life of pigBian et al., 2016)

Similarly, Frese et a(Frese et al., 2015a¢ported that the diversityf bacterial taxa
increased with dietary changes from sows milk to a géased diet, and the relative abundance
of LactobacillaceagRumimococcaaé/eillonellaceagandPrevotellaceaéncreased in the
weaned piglet. Recentl{Zhang et al., 201&eported that moderately increased fiber (both
soluble and insoluble) in the diet influenced the gut microbial composition in pigleistfed

different levels of fibeicontaining feed compared with a control diet fromtpatal day 7 to day
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22. A studyalso showed changes in tfetativeabundance dfactobacillusspp. and
Streptococcus suia the stomach, jejunum, and ileum of pigleteaftteaningSu et al., 2008)
These studie show that the gut microbial community could be modulated by various dietary
treatments such as dietary fiber, dietary protein level etc. for long term intervention.

Other studies showed that dietary mpas coupled with other management factors such
as n-feed antimicrobials, prebiotics, and probiotic administration, played an important role in
shaping the gut microbial community in pi@an et al., 2016; Guevarra et al., 2019)s still
unclear how quicklyhte gut microbial community responds to dietary modification.

Similarly, an earlier study showed that the firstdudetected irthe infans gut are
Saccharomycetaleayeasts, particularlfandidaspecies. These Candida species are common
fungi of the skm, colon, and vaginal mucogaliss et al., 2008)These fungi are often influenced
by the availability of the type and source of the diet. For instance, diathuged changes in the
gut microbial communities depd on whether animdllased or plaAbased dietsOverall
microbiome composition wasastly driven by the type of diet (fiber vs. protein and fats), while
mycobiome composition appeared todffectedby food colonizatior{David et al., 2014)They
also found that an animalsed diet had a more significant impact on the gut microbiome than
the pant-based diet. However, in the same study, the spduiessity (Shannon indexjid not
significantly change during &ier the planbased or animébased diet.

Further, Hoffmann and his colleagugffmann et &, 2013)found that theCandida
abundance was significantly associated with a carbohydrate diet,Beltileroidegbacterial
taxa) were more abundant in a diet with high protein. The study also suggests that the
metabolism of the fungal cell wall (e.@etaglucan) may influence thegwth of E. coliand

other bacteria in the gut; for example, dietary tggtecan decreased the fe&alcolicounts and
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benefited the growth performance in weaned fdgmuet al., 2013)Further, the gut

mycobiome of the healthy cohort from the Human Microbiome Project showed that the diet,
environment, and host genetic factors played a significant role in influencing the human gut
mycolkiome compositiorfNash et al., 2017)

Antimicrobial use and their effects on microbid communitiesand antimicrobial
resistance

Antimicrobial use in swine production

Antimicrobials have been used in swine productar disease treatment, control, and
prevention and to increase feed efficiency and growth performance since the early 1950s
(Zeineldin et al., 2019)Swine are usually raised in confinement in farfovish or aggregated
management systems with the purpose of controlling infectious diseases. Antimicrobials are
given to all anima at low (subtherapeutic) concentrations to prtengrowth, whereas they are
given at higher (therapeutic) concentrations to control the spread of infection (metaphylaxis) or
to prevent infection (prophylaxigfarestrup, 2005)Antimicrobial use for the treatment,
control, or prevention of disease is considered therapeutic use, whereas antimicrobial use to
promote growth is considered ndinerapeutic us@_ekagul et &, 2019)

Antimicrobials for growth promotion or disease prevention are given in feed at low
concentrations, especially after weaning (as starter feed), and are typically removed at the
finisher stages ofrpduction to avoid drug residues in the finabgucts(McEwen and Fedorka
Cray, 2002) It is suggested that 50% of all antimicrdbiare used in food production animals,
and nedy 331 62% of nursery units and B&4% of groweifinisher units use antimicrobials for
growth improvementHolman and Chenier, 2015; Zeineldin et al., 201®xnddition, $% of

breeding sows regularly receive antinebials in their feedCromwell, 2002) Parenteral
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therapy viamtramuscular injection is generally used for acute and severe infections. The average
duration of antimicrobial use for disease prevention typically ranges from 20 days to 40 days
(Stone et al., 2009hereas thdbr growth promotion can last up to 77 ddi2ewey et al.,
1997) Prolonged exposure to low antimicrobial concentrations might increase the riskof A
development, which might subsequently be transferred to hufAansstrup et al., 2008)

Many classes of antimicrobglised in swinedr otherfood animals) are also used
humansincluding critically important antimicrobialgsed inhuman medicineOne sudy
suggested thdhe penicillin andtetracycline classesf antimicrobiak, used mainly to treaige
specifig productionrelated diseasewere the most commonly used antimicrobialmany
countrieg(Lekagul et al., 2019Another study showekthat the most common antimicrobials
given to production pigs during the nursery stages for any reason were ceftiofur and penicillin G
(APHIS, 2008) The common antimicrobial classes and agents used in swine production are

presented iable 21.

Table 2.1
Thecommon antingrobial classes used in swine production
Antimicrobial Class and Agent  Used in Animal Species Used in Human
Medicine
Aminocoumaring
Novobiocin Beef and dairy cattle, poultry No
Aminoglycosided
Dihydrostreptomycin Beef and dmy cattle, swine No
Gentamicin Beef and dairy cattle, swine, poultry Yes
Hygromycin B Poultry, swine No
Neomycin Beef and dairy cattle, poultry, swine Yes
Spectinomycin Beef and dairy cattle, poultry, swine Yes
Amphenicol$§
Florfenicol Beef and dairy cattle, poultry Closely related
analogs
Cephalosporirfs
Ceftiofur Beef and dairy cattle, poultry, swine Analogs
Cephapirin Beef and dairy cattle, poultry, swine No
Diaminopyrimidine$
Ormetoprim Poultry No

Fluoroquinolone’
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Danofloxacin Dairy cattle Analogs

Enrofloxacin Beef cattle Analogs
Glycolipids?

Bambermycins Beef and dairy cattle, poultry, swine No
lonophore$

Laidlomycin Cattle No

Lasalocid Cattle No

Monensin Poultry No

Narasin Poultry No

Salinomycin Poultry No
Lincosamide$

Lincomycin Beef and dairy cattle, poultry, swine Yes

Pirlimycin Beef and dairy cattle Analogs
Macrolide$

Erythromycin Beef and dairy cattlgoultry, swine Yes

Gamithromycin Nonlactating dairy cattle, beef cattle No

Tildipirosin Dairy and beef cattle No

Tilmicosin Poultry, svine Analogs

Tulathromycin Beef and dairy cattle, swine No

Tylosin Beef and dairy cattle, poultry, swine Analogs

Tylvalosin swine No

Orthosomycin$

Avilamycin swine No
Penicilling'

Amoxicillin Beef and dairy cattle, poultry, swine Yes

Ampicillin Beef and dairy cattle, poultry, swine Yes

Cloxacillin Beef and dairy cattle Yes

Penicillin Beef and dairy cattle, poultry, swine Yes
Pleuromutiling

Tiamulin Swine No
Polymyxing

Polymyxin B Beef and dairy cattle Yes
PolypeptideS

Bacitracin Beef and dairy cattle, poultry, swine Yes
Quinoxaline$

Carbadox Poultry, swine No
Streptogramirfs

Virginiamycin Poultry, swine Analogs
Sulfonamide®

Sulfadimethoxine Beef and dairy cattle, poultry, swine Analogs

Sulfamethazine Beef and dairy cattle, poultry, swine Analogs
Tetracycline8

Chlortetracycline Beef anddairy cattle poultry, swine Analogs

Oxytetracycline Beef and dairy cattle, poultry, swine Yes

Tetracycline Beef and dairy cattle, poultry, swine Yes

aCritically important antiricrobials,® highly important antimicrobiaF important antimicrobials,

4 not medically important classified according t@Md HealthOrganizatiorHuman Medicine 5th
revision Advisory Group on Integrated Surveillance of Antimicrobial Resistance (AGISAR)
October 2016adapted fron{Mathew et al., 2007; Collignon et al., 2016; FDA, 2018; Zeineldin
et al., 2019)
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Bacterial resistance mechanisms

Bacteria can be intrinsically resistant to certain antimicrgbialtthey canalsoacquire
or develop resistance to antimibrals via mutations in chromosomal gewesia horizontal
gene transfeiResistance to antimicrobiadan be mediated by several different mechanisms
includingthose that minimize the intracellular concentratbthe antimicrobial as a result of
redued cellmembrangermeability or increased efflux, those that modifyrtir@ecular target
of theantimicrobial by genetic mutation or pdasanslational modificatiorand those that
inactivate the antibiotic by enmatic hydrolysis or modificatio(Blair et al., 2015)

Cephalosporins are members of Bhlactam class of antimicrobials and are widely used
in human and veterinary medicine. They exhibit antimicrobial properties by binding to
penicillin-binding proteins (PBPs) and disrupting the synthesis of the peptidoglycan layer of the
bacterial cell wal(Fair and Tor, 2014)Since their introduction in 1964, cephalosporins have
commonly been prescribed for human patients because of their clinical (&g, 2012;
Chaudhry et al., 2019The Wald Health Organization declared thigggneration and fourth
generation cephalosporins to be critically importantiaman healttiCollignon et al., 2016)

There are two cephalosporins currently approved formu®d animalsn the United
States ceftiofur and cephapiri(FDA, 2012) Ceftiofur is a semisynthetic, broagectrumthird-
generation cephalosporfNCBI, 2020)andis approved for intramuscular injection to treat
bacterialrespiratory diseases in beef dairy cattle and swine. Ceftiofur is marketadh short
acting formulation ¢eftiofur sodium Naxcef), amore consistent formulatiantroducedn
1996 ceftiofur hydrochloride, Excen), andalongeractingformulationintroduced ir2003
(ceftiofur aystalline free acidExced&) (Zoetis Animal Health, NJ, U.S.A.). Following

intramuscular administration, ceftiofur is absorbed in its-&&id form and rapidly metabolized
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into desfuroylceftiofur (DFC) and furoic acf{BeconiBarker et al., 1996 DFC quicklyforms
conjugatsin plasma and tissues is further metabolizeéhto disulfides(e.g.,DFCi cysteine
disulfide, DFGdimer, (BecontBarker et al., 1995; Beyer et al., 201B6jee forms of DFC
contain an intact betiactam ring and a major biologicallgtasze metaboliteThe association
between antimicrobial use atite developmenbf AMR in swine production has been
documentedAllen et al., 2011; Holman and Chenier, 20IR)e use of antimicrobial agents in
animals selects for resistant bactahatin turn, canserve as a reservaf resistance genes to
(Wegener, 2003)

Cephalosporins bind to bacterial PBPs arefesponsible fothe hydrolysisof the cross
linkages of newly formed peptidoglycanresistance occurs when the REPanspeptidasg are
modified or protected bf-lactamases. Téb-lactamases are produced by bactoen
chromosomal or plasmid DNAhe level ofb-lactamasemediated resistance depsmh the
amount of enzyme produced the bacteria with or without induction anlde kinetics of the
enzymatic activity (Livermore, 1987)

b-lactamases amgroupednto four classes according tbe Amber structural
classification based on sequence similarity: Aptetallo-b-lactamases, B1, Band B3), Cand
D (serineb-lactamaségSilveira et al.2018) Class Ab-lactamases (TEM, SHV, CTX, and
the carbapenemases KPC) are often associated with plas@iass Bmetallo-b-lactamases
(NDM, IMP, andVIM) provideresistance to penicillin, cephalosporins, carbapenantsother
b-lactamase inhibitorsThe genegncoding class B atallo-b-lactamasesan bdocated orthe
bacterialchromosomeon plasmids, or onintegrors. Class C enzymes (Amp&lactamaseand
CMY) areusually encoded blgla genes located on the bacterial chromosdiuethey caralso

be encoded oplasmid. Class Db-lactamases confer resistance to penis|licephalosporins,
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extendeespectrum cephalosporif®XA-type extendeespectrunmb-lactamaseéESBLS), and
carbapenems (OXAype carbapenemasg8®onomo, 2017)The most importarfi-lactamase
enzymes for cephalosporin reaiste are the ESBland AmpC cephalosporinases

Impact of antimicrobial therapy on the gut microbial community

Antibiotics also have significant effects thre gut microbomecomposition It hasbeen
demonstratethat exposuré¢o ciprofloxacinchanges the fecal microbiome composition
particularlyto a shift in the abundance &acteroidesFaecalibacteriumandRuminococcadeae
(Dethlefsen and Relman, 2014yt thenstabilized by the end of the study peri@dicheffect
could be manifested by bothedirect effect of antibiotics anttheindirect effect due tthe
microbial interactiorcommunity whichis often driven by age and diet. Furthigre effect of
antibiotics orthe gut microbial community depesdn the antiltic class. For instancan
earier study(Kanwar et al., 2014dpundasignificant increase in ceftiofur resistance and
decrease in tetracyclinesistance amongtreated group of steers (randomized contrddifigal
with two treatment regimernseftiofur crystalline free acid with and without therapeutic doses of
chlortetracycline in 176 steers) measured by changbetarget AMR genelflacmy-2, blactx-m,
tet(A), tet(B) and 16s rRNA genes) copies. Similatlye effect of macrolides on fecal bacterial
composition persistdup to twoyearsafter treatmentwhile the effect ofb-lactams lasted less
thanone year in two to seveyearold childrenstudied(Korpela et al.2016) It is also possible
thatagecan affectAMR in regard tahe microbiome composition. For instan@estudy also
showed that AMR gene diversity ihehuman gut microbiomeasage relatedLu et al.,
2014b)

Longitudinal studiebaveattempedto identify the impact of antimicrobial intervent®n

ontheswine Gl microbial communityGerzova et al., 2015a; Holman et al., 2018; Zeineldin et
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al., 2018) For instancegne study found that geographic locatibad a greatanfluenceon
AMR in the fecal microbiome thaihe method of husbandrgrganic or conventionp(Gerzova
et al., 2015a)Similarly, Kalmokoff et al(Kalmokoff et al., 2011jeportecthat the addition of
either tylosin or virginiamycito pig feedover 15 week&adno effect on than mafecald
microbiome (1& rRNA). In another studytylosin supplemeration in pigfeedresulted inan
increase irthe presence dylosin-resistant anaerobe$rdm 11.8% to 89.6%) and alsaenfold
increase in th&requency of thenacrolideresistare geneerm(B) in fecal samplegHolman and
Chenier, 2013)Another study showed théte frequency campicillin-resistant fecal coliform
bacteria andheresistance pattesiof fecalE. coliisolates were ndifferent betweeithe control
and experimentalkeaned pigssuggesting that antimicrobial administratiomewborrs has
little influence on the developmenta@ahormal intestinal microbiome artkde selection of ARSs
(Yun et al., 2017)Similarly, Kim et al(2012 foundno difference in bacterial phylzetween
control pgs anaylosin-fed pigs (n = 10) (Kim et al., 2012)

A studyshowed thayoung pigs hadhigher ARG diversitythanthat ofsows but ARG
abundance and prevalence were not influenced by antibiot{®oBeck et al., 2020)n a
different study tetracyclineresistance genesmdmacrolideresistage genes were frequently
detected in pigs that were not exposed to antimicrofitedbnan and Chenier, 2013) shotgun
metagenomic approach wpsrformedo evaluate the effect of therapeuwdimses of
oxytetracycline orthe microbome and resistome dynarsiin thefeces of weaned pida = 16)
over21 daygGhanbari et al., 2019\ ntimicrobialusesignificantly increased the abundance of
theresistome (mainly tetcycline, b-lactamsandMDR& multidrug resistandeln addiion,

there was a shift ibacterial taxamainly in the EscherichiaRroteobacteria andPrevotella
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(Bacteroidetespopulationsaftersevendays of antibiotic administratio®therstudy showed
that antimcrobiak exposure is not theingle factorof ARG levels(Birkegard et al., 2017)
(Graesboll et al., 201®valuate the influence of antimicrobial use on resistome levels
over time by following 1167 pigs from five different farms in Denma#dntimicrobial use
resuled inincreasd abundancgof the efflux pump-encodingtet(A) gene andheribosomal
protection proteinget(O) andtet(W), although there were no significattferences betweelfive
different treatment strategiesingoxytetracycline Looft et al.(2012)investigated the effect of
3 weeks ofn-feedadministration oASP250 (chlortetracycline, 100 mg/kg feed;
sulfamethazine, 100 mg/kg feed; penicillin, 50 kggfeed) on the diversity and abundance of
ARGsin postweaned pigs. The ARdiversty increased inhetreated pigswith notable shifts
in thegut microbiome BacteroidetesindProteobacteriq Similary, in a different study, the
abundance dblarem geres wasincreasd in thefeces of ampicillirtreated pigsandthe
frequency ofAMR in Enterobacteriaceaexceeded 50% in all treated piggdays 4 and 7
(Bibbal et al., 2007)Agga et al(2014)found that pigs that werefed with chlortetracycline after
weaninghad ahigher abundance of thet(A) gene in the fecesthan pigs that were not fedth
chlortetracyclineSimilarly, a study was conducted tteterminethe impact of parental
antibiotics €eftiofur crystalline free acidgeftiofur hydrochloria, oxytetracycling procaine
penicillin G, andtulathromycir) administered according to thebel dose and routen fecal
microbiome composibn of grower pigs i = 20). Analysis of16S rRNA showedan
antimicrobiatdependent shift in microbome compsition over time from day 0 (before
antimicrobial administration) arelmost a return to the pretreatment compositipuay 14

(Zeineldin et al., 2018)
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The role of the gut microbiome in ARGs dissemination

The gut microbiome typically consists of diverse microbial commung@se of which
possess antibiotic resistance determinantdd#&Rr serve aseservars for ARGs(Joyce et al.,
2019; Ruppé et al., 2019; Singh et al., 20B2cteriain the gutcan exchange genetic material
through transformatiorgonjugationand transductigrand they catncrease level aheir
resistancdy acquring external ARDs present anobile genetic elements such as plasmids,
transposons, integrojandphage (Huddleston, 2014)The gutmicrobiome is composed of
diverse microbial floraincluding bacteribpathogens such &nterobacteriaceaand
Entaococcus sppthat can transfer themobile resistome to other membef thecommuniy.
Onestudy showed that mobile ARGs are mainly pne¢se four bacterial phylahe
ProteobacteriaFirmicutes ActinobacterigandBacteroidetegHuddleston, 2014)T'he same
study showed th&®treptococcusgalactiae E. coli, andStreptococcusuisarethe tireemost
abundanbacterial speciethat areshared between animal and human intestared consistently
harbor knowmARGs. Recantly, several studiesuggestethat the gut microbiota forga large
reserwir for diverseARGs (van Schaik, 2015hatmay play a significant role for treamergence
of AMR in human pathogeriSommer et al., 2009b)

Recently a studyused comparative modeling tompare the structuis®f known AMR
proteins tahose ofproteins produced by the human gut bacterial microbigRuepé etl.,
2019) A total 0f6,095 ARDswere predicted amorgycatalog of 3.9 million proteins from the
human intestinal microbiom&he predicated ARDshared~30%amino acid identityvith the
known ARDS.Thesame studgrouped 663 participants ingix primary resistome cluster
(resistotypeshasedon resistomeomposition The results showed that the different resistotypes

werelinked tospecificenterotypesResistotyped (rich in ANT- aminoglycoside
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nucleotidyltransferase) and 3 (driven by tet(M) andsclab-lactamases) were associated with
theClostridialese nt er ot ype. Similarly, resistotype 4 (
lactamases) was associated withBlaeteroidesse nt er ot ype, and resistotyry
lactamases amglll) was associated witihe Provotellaenterotype.
Deep metagenomsequencing of fecal DNA from 287 pigs identified 7.7 milliomque
genes representing 719 spedémo et al., 2016a)The studyfurtherquantified the relative
abundanes of AMRIn the sampleandthe genesconferringresistanceo tetracycline,
bacitracin, cephalosporin, macrolidggdstreptogramin Bn the fecal DNA of all of the pigdn
another study, postive correlation betweethetotal resistomeize(257 ungue AR5 andthe
total number ofOTUsin the microbiomavasdemonstrated in fecal samples fra@isows
indicatingthatthe miacdobiome compositiomightinfluence the resistome compositiQioyce et
al., 2019) It may also be truthat converselymicrobial communiesareshaped in part by the
resistome. Antibiotisareused at df erent stageof pig growth to treat productierelated
diseass such as diarrheaspecidy in weaning pigles. Thus,strongselectve pressurés
exerted on the gut microbial communifihere isevidence thathe diversity ofARGs inthe gut
microbiomeis related to thegeof the host, increasingnd becoming more compléom an

early age to aduibod(Lu et al., 2014a)

Statistical approaches to the analysis of microbiome, mycobiome, and AMR

data

Thedata frommicrobiomestudiescan be used to build statistical madfelr hypothesis
testng. Currently,most microbiomestudiesareperformed ¢ characterize the microbiome
composition and understand the biotic and abiotic factors associated with the micr(®pome

et al., 2011)Although statistical tests pnarly focus ona core theme that explores the impacts
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of external fators or interventioson the dynamisof microbiome composition, thegan also be
used tanvestigatemicrobial diversity (alpha and beta diversity), richness, evenness, dominance
or OTU abundancdrecently a statistical associatiopetweenrAMR determinatsin microbial
communitiesaanddifferent agricultual orenvironmentatonditions vas reporte@Noyes et al.,
2016b; Yang et al., 2016piven the high dimensionality, excessive zero,-nomality, and
hierarchcal or phylogenetic nature of the data, an appropriatistetal approach is needeg
microbiome research shifts fronypotheses abogbrrelatiors to hypotheses abogausal
associatioabetweendifferent factors.
Comparisons of diversity across group

One of the primary goals studies ofgut community ecology is to understand species
compositional diversity anids relative influences. The term diversity usually referth®
number ofdifferent speciethatcan be identified in a particular enviraent Diversity indices
applied to microlome data consist of differing weightf two-component richness and
evenness. For instandbenumber and variety of taxa present in metagenomic samples can be
described using several alpha diversity indiseshasthediversity of taxa (Shannon divens
index or Fisher 6gsheevédmeba oif véagsiat ytheiichngssa n 0 s
taxa (Chaol, Menhinick's richness indexMargalef's richness indexdnd thedominance index
of taxa (ESimpsa 6 s i n d e xPakker domiBamae gee)r Similaty, beta diversity refers
to how different the microbial compositiesmbetween communitiesr samplesBeta diversity
canbemeasured by several statistisach as BrayCurtis dissimilarity (abodanceor count
based), Jaccard distance (doesdepend n abundance informatioput isbased orthe presence
or absence of specieghd UniFract distancevhich isbased on the fraction of branch length

shared between two communities within a phylogeneteair@6S rRNA sequencefrom
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community DNA samplesThe UniFrac distancean befurther classified as Unweighted Unifrac
(based on sequence distanadéth noabundance informatiorr Weighted UniFrac (branch
lengths areweighted by the relative abundance)

An understandingf gut microbial divesity is importart in investigatons of howthe
composition, abundance, function, and dynamidb@fgutmicrobialcommunity areassociated
with host physiologyKim et al.,2017) The diversity indices compare the diversity among and
between samples (for example, treatmamnidcontrols); however, there are no standdods
which microbial diversity index is the best to use. Taxonomic diversity explains how many
different bateriaarefound in terms of their taxonomic ranking as species, genera, coders,
phyla. Depending on how the iexivalues are distributed, severatesuch athe T-testand
parametric and nonparametric anadysf variancd ANOVA) can be applied test hypothess
(Rosner, 2011)

Classical univariate statistical analysis

Many traditionalstatistical testancluding thet-testandparametri@andnonparametric
ANOVA, canbeusdl to testhypothess onmicrobial axa by comparing alpha and beta diversity
metrics. For instance, @estcan beused to compare alpha diversity metrics between tw
groups andthetwo-sample itest and its nonparametric anal@@élcoxon ranksumtest and
Manri Whitney testarecommonlyused in microbiome studies to compare continuous vasiable
between two group@okulich et al., 2016; Chen et &017; Xia and Sun, 201Mpepending on
the normality of response variablé8NOVA or thenonparameic Kruskal Wallis testcan be
used to compare more than two groups. For example, alpha diversity ifidibesss and
evenness, Simpson reciprocal indangdequitability indicey were comparetietweernvarious

locatiors in the Gl tract ofswine using twewvay ANOVA (Holman et al., 2017brhenon

34



parametric KruskalWallis oneway ANOVA was used to compare the fungal and bacterial
proportiors of microbiome datavithin sample (Gorzelak et al., 2015A Chi-square test can
also ke used to compare categorical microbiome dagmple univariate correlation analysis
wasperformed to determine if theveas dinearrelato n s hi p ( Pear saands corr el
monotonic relationship§pearmans correlation) between geper taxa and mabolites(Chong
and Xia, 2017)However univariate methods do not have egbpower to reduce the high rate
of falsepositive resultshat are inherent in metagenomic studies
Negaive binomial (NB), zerainflated, and overdispersion models

The abundance dhegut microbial communitys often characterizely overdispersion
and zereinflation, especially atow level of taxonomic resolutiorin addition,distributiors can
be skewedby thelow sengivity of diagnostic methods anthereforeyequire transformain.
Hence the normality and homogeneity of variance assumptoa not typically relevant fadhe
relative abundansaf taxa. Such count anabsareusually handledisingNB, zerginflated, or
hurdle modelswhich canbe applied to fit microbiome coumata by extending the Poisson
distributionandallowing the variance to be different from the mé@slicMurdie and Holmes,
2014; Xia ad Sun, 2017; Calle, 201%eveal zerainflated modelsincluding zereinflated
Gaussian, lognormal, NBnd beta mods]were usedo analyz excess zero counts ander
dispersedounsin microbiome data. For example, a zarflated Gaussian distrition mixed
model (metagenomeSé&ypackage) was used to evaluate different microbiome features and
resistomgRovira et al., 2019)0nestudy showdthat hurdle and zermflated models are more
accuratgor parameer estimation with high powesfronggoodness of fitand weltcontrolled

type | errorgXu et al., 2015)
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Longitudinalstudies are commaénusedin veterinary medicine to capture the inherent
dynamic propertiesf microbiome composdibn. An appropriate stagtical modelis, therefore,
requira for time series as well as microbiome count ditia.important to acuratelyidentify
and understand these associaimnorder to makeredictiors about which taxa hiaor AMR. A
mixed-effecs ANOVA modelwith theenterotypecluster type aafixed effect andhepiglet
nested within pen as a random effeets used to test falependencies between anisnailthin a
givenpen(Le Sciellour et al., 20195imilarly, several studies used linear mixed models
(LMM s) to account for timalependent correlatismnn longitudinal microbiome stues by
assuming a normal distribution of response varga{Benson et al., 2010)

Recently,(Zhang et al., 201§)roposeda negative binomial mied model (R package
NBZIMM) for longtudinal microbiome studies to accodat time-dependenthangingirends
and correlation structas among samples with varidiseed and random effects. Similarly, Jian
et al (Jiang et al., 2019roposed aintegrative Bayesian zefiaflated NB regression model
that can distiguishbetweerdifferently abundant taxa with distinct phenotypésle estimating
the covaiate-taxa effect.

Multivariate analysis

Multivariate data imp} that therearemultiple numeric valugfor each data point. Given
the highdimensioml, hierarchicalandsparsity characterissof microbiome data, multivariate
statistical analysis (distaebased or moddbased) can be uge to address complex ecological
guestiongRamette, 2007; Calle, 201Beveral tests such as Permutational Multivariate
Analysis of Variance Using Distance Matrices (PERMANQVprincipalcoordinate analysis

(PCoA), analysis of group similarities (ANOSIM), mulésponse permutation proceduaad
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Mantel 6s test ( MANTEL) ar ebetweengroups, tyapoints @ d t
othervariables in microbiome datéRiveraPinto et al., 2018)

PERMANOVA is a nonparametrjenultivariate ANOVA test based on dissimilaed
with pernutations(Anderson, 2001 PERMANOVA can be performed with netnansformed
dataand isperhaps the most widely used distabesed method to teahull hypothesis of no
difference incompostion (e.g.,OTU abundanc® among groupistance measuseuch as
unweighted similarity metr&(e.qg., Jaccardr unweighted UniFrac) or weighted similarity
metrics (e.g., BrayCurtisor weighted UniFrac) cabheusal in aPERMANOVA test. The
unweghtedUniFrac takes into account the presence or absence of OTUs (oaym
membership) othe number of taxdhat areunique to either sample, whereas the weighted
UniFrac accourst forthe relative abundance of OTUs in the microbial commuiNgvas
Molina et al., 2013)Then, the varialtly within and between groupstested usinghe ANOVA
F test, buthe partition of thesums of squareisapplied to dissinharities. Statistical significance
is evaluatd by a permutation to generate a distribution of psekedess under the null
hypothesigCalle, 2019)Like PERMANOVA, ANOSIM was used to determine whetherg¢he
were differences imicrobial composition between nursing and weaned pigs based on weighted
as vell as unweighted UniFrac distance met(iGsievarra etla 2018) Recently, MANTELwas
used taest foranassociation between cecaicrobial composibn andthe plasma metabolome
in pigs(Wu et al., 2020)

The Dirichletmultinomial distribution, a parametrioultivariate analysifor count data
wasfound to be suitabléor hypothesis testing across groups based onitotéinean) as well as
scale (variance)La Rosa et al., 2012The Dirichlgé-multinomial distribution accoustfor

overdispersion anis$ used to estimatearameters describing microbiome properties. Several
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authors proposelirichlet multinomial mixtures (DMM) for the probabilistic modeling of
microbial community data to determneientertypes(Holmes et al., 2012Jor instace,
probabilistic modeling using DMM was ustmexamire the microbial communiesassociated
with different production stagef pigs(Slifierz et al., 2015b)Because aimpleDMM model
does notccount foithe strong positive and negative correlasdhat can exat between different
species(Ren et al., 201 Proposedh Bayesian approadlsinga joint model forthe multinomial
sampling of OT4in multiple sampleshatallows for correlations between OBaAndthusgives
more accurate estimates of the microbial distributions.

Machine learning methods are commonlydusdadentify patterns in highly complex
microbiome datandcanbeusel to charaterize difference between microbionsin different
types of communiées and al® to build models that accurately classify unlabeled @ataghts
et al., 2011)Several classifier tools suchr@mdom forests (RFsheaest shrunken centroids,
the elastic netand sipport vector machindsave beempplied to microbiome classification.
Recently, RF modelwere used to classitheresistomenf formulafed balesandbreast milk
fed bales,and feature importance scores vased to select AR (Rahman et al., 201&ndto
investigate the association betwesfan taxonomic ordexand functional profilse (Marcelino et
al., 2019).

Ordinations

Given the high dimensionality of microbiome data, dimensionality reduction techniques
(i.e., ordinations) such as principle component analysis, P@okidimensional metriscaling,
nonrmetric multidimensional scaling, cegpondence analysiandProcrustesanalysishave
been used to visualize microbiome d@tazquezBaeza et al., 2017The mainpurposeof

dimension reductiors to optimally represent (dis)similarities between samples so that samples
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thataresimilarly representedre depictedlose bgether in a tw@ or threé& dimensional plat
while the main trends dhedata and the distanreamong sampleare preserveds muh as
possible. Both unconstrained ordination (variability in data) and constrained ordination
(exploration oftherole of samplespecific variables in shaping microbial commiest have
been used to visualize higlimension datédHawinkel et al., 2019)
Correlation/interaction -based microbial community networks

The edudion of thedimensionaty of the microbial communytstructure might obscure
intracmicrobiome interactionslhe relationshipamongmicrobial species can be represented as
network (correlation/interactiehasd) where taxa or ges@represented as noggand their
interactiors are presented asges connecting the nodé€hong and Xia, 2017puchnetworks
provideinformation abotlinks within the microbial community. Faust et 2012)analyzed
microbial ceoccurence and ceexclusionpatterrs amongl8 body sites in a cohort of 239
healty humars (from the Human Microbiome Project)sing anensemble method based on
multiple simiarity measures iacombination ofgeneraizedboostedinearmodels to develop
single global microbial assiation network for taxan the heally commensal microbiome.
Recently(Ke et al., 2019)leveloped phggeretic co-occurence networks ofhe pig fecal
microbiome at differenhostages, with nodes showng the abundnces of OTUs and edgs
represenng correlatiors between OTUsSimilarly, network analysis using the SparCC
algaithm was used tindicategrowth stageassociated interactismetween bacterial featign
pigs(Wang et al., 2019Recently, associatigietween sexual habits, menstrual hygiene,
demographis, andthe vaginal microbiomeereevaluated usig bayesian network analysis

(Noyes ¢al., 2018)
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Summary of literature review

Several studiebave useghhenotypic or genotypic assaioevaluaeé antimicrobial use
andlevels ofresistance ifiood animak. AMR in the commensdlacteria of fod anmals is
oftencomplex The effects on AMRIevelopmentue to antibiotic use for disease treatment or
growth enhancement in livestock is still not clear. A stoigommercial production pigs (with
high antimicrobial usageghowed that the prevalence afmlindance of ARGs weret
influenced by anbiotic use.Other studies found thage, dietandenvironmental/management
factors couldaffectthe level of AMRIn gut microbial communities. Recently, studies
demonstrated that tlgaut microbiome could seevasa reservoir from which ARGs can be
tranderredto nativeor transient gut bacteridhe gut microbiome (and mycobiome)
composition, richness, and diversity change significantly with the age of the pig. The diet,
especially the crude fiber content, waand to be an important factor shaping ping gut
microbiome. Althoughhe bacterial constituents of the gut microbiome have been intensely
studied, the guassociated fungal diversjtgbundancgand functions are poorly understaod
food animals. Reant studies have shown potential interactiogets\eenbacterial and fungal
genera in the porcine gut.

There has beerxgnsive research to understand AMR in single microbial species of
interest, butesults in single specie® not truly represent whole microbial communities and
camot fully explainAMR in a natural host system that consists of diverse microbial
communites.It is evident that microbial communities (e.g., the gut microbiome) are highly
dynamicand often depend on da¥y and environmental factarTherefore diet and theiming
of sampling need tdoe consideed becausthey influene the diversity and congsition of the

microbial communitylt is important to understand the facttiratdrive theevolution,
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enrichmentand persistence of AMR complex microbial communitigs developsustainable
solutiors. Various tools have been appliedcharacterize ANR in gut microbial communigs,
includingculturebasedand metagenomsebasedapproache Even n anera of molecular
techniguesbioinformatic toolsand increasingly advancethtstical approached is still a
complicatednatterto address core hypabes.

This study summarizes the literature published since the early 480e age
dependency of AMRM fecal bacteridrom animalsraised in different geographical locations.
Our study examinesAMR in fecal microbial communities swineusingculturedependenand
metagenomic methods coupled with statistaoelysesn orderto estimate and make inferesce
aboutthe relationshipsdtweenAMR andthe age and dietf the hostnimals It investigats the
potential linkagdetweenAMR andthe taxonomic compositisrof thebacterial and fungal
communites It also examines differences in the bactec@hmuniyy andARG frequencies
amongthe different parts of the Giact of pigletsAn understanding of the relationships among
host factors, the microbiome/mycobiome, and AMR in pigs will help scientists and other

stakeholders to design a systematic framework to address the problem ahAMRBstainable

way.
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Chapter3-Age Dependenodiafi ARretsii mit@amc e

Fecal Bact er iSac oipn nAgn iRwavlise:w A

Abstract

A phenomenon ofetreasing antimicrobial resistance (AM&hongfecal bacterias
food animalsage has been notednmultiple field studies. We conducted a scoping review to
summaize the extent, range, and nature of research activityhaathtafor the following
g u e s tDoesAMR arfiongenteric/fecabacterigpredictably shifas animals get der. This
review followed a scoping review methodology framework. Pertinent litexrgublishedip
until November 2018 for all anima(except humarnsvas retrieved using keyword searches in
two online databasesamely, PubMe#8andthe Web of SciencE' Core Collection, without
filtering publication date, geographical location, or |laanggr Data were extracted from the
included studies, summarized, and plotted. Study quality was also asssasg&sRADE
guidelines for all include@apersThe identifiedpaperswith detailed relevant data<£62) were
conducted in food animals, poultryncgdogs. These included longitudinal studies3@), cross
sectional studies of different age groups within one food animal production system er small
animalcatchment area16), and experimental or diet trials=(4). A decline in hoslevel
prevalenceand/or withirhost abundance of AMBmongfecal bacteria in production beef, dairy
cattle, and swine was reported in nearly-tinds (65%) of the identifiedtudies in different
geographic locations from the 1970s to 2018. Misesdilts with AMR abundane amongfecal
bacteria either increasing or decreasing with age, have been reported in poultry (broiler chicken,

layer, and growout turkey) and dog®uanttative synthesis of the data suggdbkat theage
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dependent AMRbhenomenon in cattle and swinelsserved irrespective of geographic location
and specific production practices. It is unclear whether the phenomenon predates or is related to
antimicrobialdrug use. However, a majority of the identified studies predate recent changes in

antimicrobial dug usepolicy and regulations food animalsn the United States and elsewhere
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Introduction

Epidemiological studies in food animddave siggestedhat enteric antimicrobial
resistance (AMR) changes as the host ages. For examplesstudeef and dairy cattle
production systems in the Pacific Northwestern and Southwegt8riKhachatryan et al.,
2004, Berge et al., 2010; Edrington et al., 201&sgat Britain(Hoyle et al., 2004a; Hoyle et al.,
2004b) and ZambigMainda et al., 2015)ave shown that AMR gene copy abundance
decreases in the fecal indicator bacterkseherichia col(E. coli) in cattleas ammals age
during early life. One of the studies conducted in the U.S. suggested that the decline in the
abundance of multidgiresistant (MDR) fecdE. coliin cattleduring the first months of life may
be independent of the transition from milk to soliet dEdrington et al., 2012btherstudies in
pig production systems in the Midwestern U.S. showed that AMR gene copy abundance
decreases in fec&l. coliin pigs during early lifein fact,the effect of age surpasses in relative
magnitude that of concurrent feeding with antimicrobial d{égiga et al., 2015b)YOthers have
reported that this decline in pigs continues beyond the first two weeks in the nwsemythe
enteric microbiome changes due to the transition from milk to solidKiietet d., 2011; Frese
et al., 2015a; Slifierz et al., 2015&)ence, the decline does not seem to be solely driven by the
dietarytransitionof weaning Understandinghte dynamics of AMRs essential because, firdbet
body mass and fecal output of food animals increase witfAg®&E, 2005) Thus, AMRamong
the fecal bacteria of larger older animals pageater mass burddéor AMR transmission via
manure from production systems to the environment. Second, #&iigfecal bacteria at the
age when the animal is harvested posegteatesdirectrisk of AMR transmission to the
consumevwia carcass contamination at slaughtémderstanding the agkependent AMR

dynamics and their drivers could help lower both environmental and food safety risks.
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Assessing the available research reporttipéng to agerelated AMR in food animals
enhanceour understandingf how the prevalence of animals carrying antimicroelesistant
bacteria oelsethe abundance of antimicrobiadsistant bacterieor AMR gene} within those
animalswill change accating to host agan turn, thiswill help to formulate a rislbased AMR
mitigation program to lower thenvironmental anébod safety riskHowever, it is unclear what
kind of research information is available in the literature aboutlagendent AMR in amals
in different geographical regioms the worldandacross differentime periods. Thus, the
objectives of this review were to examiresearch reports and summarize the availablgdata
t he f ol | owDaaesAMR amergdniera/fecabaiiterigpredictably shiflas animals get
oderd. A scoping review was chosen wastot he appro
examine the ature, extent, and range of research activity on this broad quéstiarc etal.,
2010; Murphy et al., 201&s well as to identify research gaps in the existing literature.

Here, weexplore, summarize amitesentata oragerelated AMR dynamics frorthe
available literature that was systematically searched for all animals wiilbexing date,
geographical location, or the language of the publication. UsinGides of Recommendation,
Assessment, Development, and Evaluation (GRADE) guidel(aegatt et al., 2011 we
summarized té quality of the evidender all thoseidentified studiegontainingrelevant d&a.
Moreover, following the scoping review approach, data from all the identified studies were
charted and compiled. The outputs from the review results were summardiegttly address

the study question.
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Materials and methods

We followed the scopintiterature review methodology framework outlined by Arksey
and OO0 (Mkdey aadyO'Malley, 2005)or rigor and reproducibility of the study, the
review was implemented by adhering to the PrefeReplorting Items for Systematic Reviews
and MetaAnalyses (PRISMA) guidmes(Liberati et al., 2009; Moher et al., 200®)ore
specifially, to the PRISMA extension foconductingscoping reviews (PRISMA&CR)(Tricco
et al., 2018pandfor reporting purposes.

Study outcomes relevant to the study question

The followingod c o mes wer e d enfongenterc/fetabbrc tieArMRa 0 i n
sampled animal population: the abundance of AMR bacteria; the relative fraction of AMR
bacteria; the quantities of total or specific genes encoding AMR in feces of the animals; and the
proporton of animals carrying AMR bacteria or geneshait feces collected by individual fecal
or rectal swabs or in a pooled sample from the pen/flock/barn. The study designs included any
observationatlesign employing a comparison group.

Keyword-based searcstrings were developed, refined, and implemeitado online
databases: PubMed® maintained by the U.S. National Center for Biotechnology Information
(NCBI) and Web of Scienc¥ Core Collection maintained by the Thomson Reuters
Corporation. The string faeach database was refined until the searchneduall publications
known to the study team on the study question. The following final algorithms were used in
PubMed®:

(antibiotic resistance OR antibiotic resistant OR drug resistance OR multiple drug
resistance OR resistance genes OR antimicrobiadteesie OR antimicrobial resistant OR

bacterial resistance) AND (fecal OR feces OR faecal OR faeces OR stool OR intestinal OR
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intestine OR enteric OR bacteria OR bacterial OR faecal coliforms OR fecalmsli@R faecal
coliform OR fecal coliform OR colifon bacteria OR faecal flora OR fecal flora OR feces
collection OR faeces collection OR faecal examination OR fecal examination OR cecal OR
caecal OR ceca OR caeca OR cecum OR caecum OR intestinal micrsror@d intestinal
microorganisms OR Enterobacte@ae OR Escherichia coli OR E. coli OR Salmonella OR
Campylobacter OR Enterococcus OR Klebsiella OR Citrobacter OR microbial flora OR
microbiome OR intestinal microorganisms) AND (age OR animals by agegg®Braups OR

age structure OR aging OR maturat@R cohort OR cohort studies OR longitudinal studies OR
longitudinal distribution).

Similarly, the following final algorithms were used in the Web of SciEh@Gore
Collection:

(antibiotic resistance OR ahiotic resistant OR drug resistance OR multiplegdr
resistance OR resistance genes OR antimicrobial resistance OR antimicrobial resistant OR
bacterial resistance) AND (fecal OR feces OR faecal OR faeces OR stool OR intestinal OR
intestine OR enteric OR bgeria OR bacterial OR faecal coliforms OR feaalforms OR faecal
coliform OR fecal coliform OR coliform bacteria OR faecal flora OR fecal flora OR feces
collection OR faeces collection OR faecal examination OR fecal examination OR cecal OR
caecal OR aea OR caeca OR cecum OR caecum OR intestinal roiganism OR intestinal
microorganisms OR Enterobacteriaceae OR Escherichia coli OR E. coli OR Salmonella OR
Campylobacter OR Enterococcus OR Klebsiella OR Citrobacter OR microbial flora OR
microbiome OR itestinal microorganisms) AND (age OR animals by @R age groups OR

age structure OR aging OR maturation OR cohort OR cohort studies OR longitudinal studies OR
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longitudinal distribution) NOT (human OR man OR human disease OR hiwres®R human
stool ORchildren OR women OR infants).

Literature for allanimals other than humans was searched (including farm, pet, or hobby
animals and wildlife) without filtering the language, geographical location, or date of
publication. The final searches were perfornretllovember 2018. All citations identified by the
searches in the two databases were imported, merged, and deduplicateslah thsed
RefWorks®© v.2.0 platform (ProQuest, LLC, Ann Arbor, MI, USA). After deduplication, the
citation list was imported intdhe webbased Rayyan platform for systematic re\sé@uzzani
et al., 2016)

Relevance screening and study selection criteria

The identified citationsnE8,073) were subjected to a titbased screening. A citation
was excluded if the title indicated that thedy was conducted in humans, wesformedon the
resistance to disease of multicellular organisms, was on infectious agents other than ealteric/fec
bacteria, or was on bacterial resistance to drugs other than antimicrobial drugs. The citations
retainedafter the title screening€383) were subjected to an abstrhased screening. A
citation was excluded if the abstract met any of the title exciugiteria. In addition, a citation
was retained if the abstract identifiddhtthe study met these indion criteria: &) performed in
farm-, shelter, or householgnimals; b) longitudinal studyof >3 weeks or a cohort study or a
crosssectional stdy of multiple age groups in one production system or local populagign (
animals from multiple farms awners); €) enteric/fecal culturable bacteria or microbiome
studied; andd) AMR (phenoty or genes) measured in the bacteria or microbiome. The
citations retained after the abstract screened 99) were subjected to fetkxt screening. The

full text was excluded if any of the abstract exclusion criteria were met or if it wiasvéro
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study or a crossectional study of animals at one agenpor if the animal age was not

specified. The full text was included if it met the abstract inclusiornrieriiethe publication

contained agspecific data on enteric/fecal AMR in animals of a given species (and in a given
production system for food anals) at more than one age point, and either the fecal/enteric
bacterial speciewereisolatedand antimicrbial drugs to which the isolate susceptibility was

tested were specified or the fecal/enteric bacterial antimicrobial genes tested were spéeified. T
screening was performed on the Rayyan platform. These steps yielded 62 studies. The references
for all included studies are providedSupplementaryrableS 33.

Each title screening and abstract screening was performed independently by two
reviewers Citations on which the two disagreed were reviewed independently by a third
reviewer whose judgment was tial decision. For refinement of the inclusion and exclusion
criteria at the start of the title review, 50 titles were randomly selected fromntaherclist from
PubMed® and independently reviewed following draft criteria by the first two reviewess. Th
three reviewers met to discuss the resultstamthrify and refine the criteria. A similar critari
refinement procedure was performed at tlet stf the abstract review using 50 abstracts
randomly selected from the citatioms=883) retained after éhtitle screening. The scoping
review diagram was created following the PRISMA guidelithéiseratiet al., 2009; Moher et
al., 2009)using thePRISMA extension for scoping revielPRISMA-ScR)(Tricco et al., 2018)
Given the difference in objectives from a systematic review, some PRISMA checklist items
might not be rekvant, while other important considerations may be missing; therefore, for
transparent reporting purposes, havefollowed a complete checkliselevant toPRISMA-ScR.

In addition an assessment of the quality of the final retained citatioasnaale baskon

GRADE assessment and riekbias approacfGuyatt et al., 2011)
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Data extraction, characterization, and analyses
The characteristics of each full text, such as year of publication, geographical location of

the study, study design (longitudinal, experimental trial of antwbiet druguse or diet, and
crosssectional), sample size for the fecal sampling, animal species; animal production system
(e.g.,dairy or beef), animal production categoeyq.,broiler breeder or chicken), age or age

group of the sampled animals, indlual or poted fecal samplingg(.g.,from individual animals

or pooled from multiple animals), sample typeg(,rectal swab, cloacal swab, fecal grab per
rectum, grab sample fromoided fecey and AMR assessment methedg(,testing phenotypic
antimicobial drugsusceptibility of culturable bacterial species isolates, quantifying AMR genes
in culturable bacterial species isolates, or AMR gene quantification via metagenomic sequencing
of fecal samplesyere recordedror studies based on phenotypic AME8@ssmenhacterial

species isolated for testing the phenotypic susceptibility to antimicrobial drugs; number of
isolates of each of the bacterial species; identity and class of each antimicrobial drug tested,;
percentage of the isolates of each bactepaties rastant to each individual antimicrobial

drug; animallevel prevalence of AMR to each individual drug; percentage of the isolates of each
bacterial species concluded to be MBRIIrugclasss); and animalevel prevalence of

multidrug AMR were sed in the study. For studies based on AMR gene quantification via
metagenomics of fecal samples, the quantities of total and specific genes encoding bacterial
AMR, identity and number adntimicrobial drug classes for which resistance is encoded by the
detected genes, animbdvel prevalence of the detected genes being carried in feces, the total
number of isolates, and funding sources were extracted from thexXuditations. The abav
described categories were not establishedori but were develogd iteratively by reviewers

and characteristics based on individual studies.
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All the data captured above were recorded in Microsoft Excel 2010. To visualize the
AMR data with the age ofrémals, data from individual studies were combined based on
outcomessuch as prevalence/proportion of animals carrying antimicroéssdtant bacteria or
AMR genes, abundance or proportion of phenotypically antimicrobg$tant bacteria and
guantitiesof total or specific AMR genes within the same enteric bacterialgig., E. coli
Enterococcuspp.,Salmonellaspp.,Campylobactespp.). Some studies recorded the age of
animals as the stage of production cycle, for instance, piglet, nursery, gaomdinisher in the
age data for pigs. To make the data consistiatid from such studies were categorized based on
production stages(g for pigs piglet 13 weeks, weaner-8 weeks, nursery-40 weeks, grower
10-14 weeks, and finisher 126 weeks)We used R software with the ggplot2 package (V.3.3.4)

(Wickham, 2016}o summarize and visualize the data.
Results

A flow diagram of the processd the number of citations in the literature review is
presented ifrigure3.1. The keyword searchas the NCBI PubMed database yielded 3,802
articles. The keyword search in the Web of Sci€h¢&ore Collection yielded 4,769 articles.
The article sets we merged, and duplicate records were removed. This left 8,073 unique
articles, the titles of which were screened by following the title exclusion criteria. After the
removal of 7,690 titles, thabstracts of 383 records were reviewed and further scréased on
inclusion and exclusion criteria, and finally, 199 full articles were reviewed. After further
exclusion, a total of 62 studies met the inclusion criteria, providing relevant informased bn
the review question, and were included for qualiainalysis. A list of all the studies included

in this review is presented BupplementaryrableS 35.
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Based on the data gathered in this review, age dependency obAMR)fecal bacteria
in animals has been reported since 1970. dbeolute level ofesearch activity peaked in 2610
2018 =33, 53%) (Figure.2). Of then=62 studies, 48%nE30) were conducted in Europe,
35% (=22) in the U.S., 119%E7) in Asia and the remaiier5% (n=3) in Carada. The animal
populations studied in the retained citaid@n=62) were cattlen=22, 35% includingi=1 cattle
and pig), pigsr=24, 39% includingh=1 pig and poultry), poultrynE14, 23%) and dog$€2,
3%). The most common study type was observatigmsd8, 77%) (Figure.3). The most
frequently investigatedngeric/fecal bacteria wete. coli (n=44, 71%),Salmonelleenterica
subspenterica(n=7, 11%) andEnterococcuspp. (=6, 10%). All the studies were published as
journal articles. The general characteristics of the retained articles are presdiatield 811, and
details are presented 8upplementaryrableS 33.

For the 22 cattle studies (includingl cattle and pig stly), data outcomes were
reported as(n=9, 41%,the proportion of the animals carrying antimicrobiabkistan€&. coli;
n=8, 36%, abunance of antimicrobiatesistant. colior proportion of antimicrobialesistant.
coli; n=1, 4%, proportion o&ntimiciobialresistaniSalmonellaentericg n=1, 4%, relative
abundance of AMR in bacterial taxas1, 4%, quantity of total or specific gerescoding AMR
in feces of the animals=1, 4%, proportion of both the animals carrying both antimicrebial
resistankE. mli andabundance of antimicrobiaésistan€. coli; andn=1, 4%, abundance of
both antimicrobiakesistank. coliandAMR genes in éces of animals. Similarly, of the 24 pig
studies (including one pig and poultry study), one study (cattle and pigatgh@5 combined
data points, where the outcome was reportag-a2s8%,the proportion of the animals carrying
antimicrobiatresistan€. coli; n=12, 50%, abundance of antimicrobiakistanE. colior

proportion of antimicrobiafesistank. coli; n=4, 16%, proportion of antimicrobiaésistant
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Salmonellaspp.;n=1, 4%, proportion o&ntimicrobiatresistanCampylobactespp.;n=1, 4%,
proportion ofantimicrobiatresistanEnterococcuspp.;n=3, 126, quantities of total or specific
genes encoding AMR in feces of the animalsin=2, 8%, both abundance of antimicrobial
resistanE. colior proportion of antimicrobialesistan€. coliand quantities of AMR genes in
feces of the animals.

Similarly, from a total of 14 poultry studies and one study from pigs and poultry, 15 data
points were generated, where outcomes were reported 4550%, abundance or proportion
of antimicrobiatresigantE. coli; n=2, 14%, proportion of antimicrobiaésistanSaimonella
entericasubspentericg n=3, 21%, proportion oantimicrobiatresistanEnterococas spp.n=2,
14%, quantities of total or specific genes encoding AMR in feces of the anandls;1, 7%,
abundance or proportion bbth antimicrobiakesistan€. coliandEnterococcuspp.. We
captured only two studies conducted in dogs, where outcomes were repontet], 80% . the
proportion ofantimicrobiatresistanEnterococcuspp.;andn=1, 50%, quantities of total or
specific genes encoding AMR in feces

Furthermore, we visualized the AMR dynamic data according to the age of the animals.
Based on the combined data, we obsethatithe overall ageslated AMR dynamics (both
phenotypic and gnotypic) were especially high at a young age and thereaftémetbalith the
age of animalamongfecal E. coliin cattle (Figured.4) and piggFigure3.5). However, mixed
agerelated AMR dynamics were observed in fd€atoli, Enterococcuspp. andsdmonella
enterica subsp. enterican poultry(including broiler chicken, layer, and mdgpe turkey)
(Figure3.6) and fecaEnterococcuspp. in dogsFurthermore, we also combined the -agkaited
AMR data for other bacterial species to determine whéekieee were any discrepancies among

bacterialspecies in terms of agelated AMR dynamics. In contrast, in an experimental study in
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cattle where animals were treated with thgeheratiorcephalosporin and chlortetracycline, the
proportion of MDRSalmondh entericasubsp entericaincreased from dag through day 26
during the feeding period.

In addition to phenotypic AMR, we also evaluated the combined data for AMR genes
from cattle, pigs, poultry, and dogs from the included studies. The combinedatestagyed
that the overall abundance of geeasoding AMR to different drug classasmongfecalE. coli
or among the total genes are similar to the phenotypic AMR data, with especially high values at
earlier ages or sampling points in cattle and pigs.afegelated AMR geneamongfecal
bacteria wee also observed in pigs (Figuge37). Overall, twathirds (65%n=46) of the
included studies from cattle and pigs showéxbgh prevalence and abundance of antimicrebial
resistant enteric/fecal bacteralty in life thatsubsequentlyetlined with ageln contrast half
of the included studies in poultry showed an increase in the prevalence and abundance of AMR
in fecal or cloacal bacteriaith age In dogs, mixed AMR dynamics with ageere reporteah
theidentified studies.

GRADE-based study evaluatin to summarize the research activity (quality
assessment)

To summarize the quality of research activdythe study question, an evaluation of the
quality of evidence itheretained studiesnE62) was perfomed by adapting the GRADE
assessment of study quality and the-n$lbias approacfiGuyatt et al., 2011)n summary,
nearly all studiesn=60, 97%) clearly defined study objectives and sampling procedies (
description of participant/animal). However, the descriptioaniinal selecon
(inclusion/exclusion criteria for subject selection in the case of observational studies) was

inadequate. In addition, very few studies®, 10%) estimated the sample size. A majority of the
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studies (=13, 93% of experimental studiesgatly describeé the experimental group, but there
were very few studies6, 43%) that performed randomization for treatment allocation. Nearly
all the studiegn=61, 98%) clearly defined the method to measure the outcomes. Finally, more
than 50% of thetadies descried potential biases and/or confounders and adjusted or explained
the results in the outcome and analysis section. Specific definitions used for quality assessment
are provided iMTable3.2. The details of the quality assessment criteria @gepted in
SuwpplementarylrableS 3.4. In addition tahe GRADE assessment, we also found that most
studies (=51, 82%) reported the source of funding in their studies.

Discussion

This reviev assessed the extent, range, and nature of available reseith aud
sysematically and transparently charted the main characterist&lIBf amongenteric/fecal
bacteria according to host age in food animals, pqutg pet dogs. We identified research
reports relating AMPRbrevalence or quantity amoffgcal bateria with theage of the animal
sincethe 1970s in different geographical regions of the wovith a surge of research (over
50% of paper} since 2010. Additionally, most of the studies were from Europe and North
America. Webelievethat this distributin likely reflects the geographical location in which the
phenomenon is frequently investigated.

The available evidence, includistudyfindings, shows declining ho#tvel prevalence
and withinhost abundance of AMBmongfecal bacteridrom early life in cattle andigsto
later production stages the different production systems. Both observational and experimental
field studies showekthat the prevalence of AMR in fecal bacteria declined with the age of
animals, and interestingly, this phenomenon has been obsareethe decades across dispersed

geographical locations and different production practices: from sl cattle farmi
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Tajikistan in 197X Turushev, 197190 housing oftiousands of cattle in the Southwestd.S. in
the 2010¢Berge et al., 2010; Edrington et al., 201&battle farms in Zambi@ainda et al.,
2015b)ard pig farms in Canad@osengren et al., 2008ahd the U.S(Moro et al., 1998) This
lends credibility to theotion that the phenomenon may not be driven solely by antimicrobial
drug practices on farms. Similarly, healthy calves were reported to be rapidly colonized by
antimicrobiatresistanE. colishortly after lorth and to shed MDR bacteria that are resistan
nine and ten antibiotics as early as one day of@gealdson et al., 2006frurthermore,
intestinal microbiomes are unique in younger calves compareditioaadnals, favoring the
survival of MDR bacterigKkhachatryan et al., 2004Additionally, agerelated dynamicsra not
limited to animals and have also been reported in huiikaier et al., 2010b; Literak et al.,
2011a) For instance, agspecific AMRamongE. coliwas reported in a human in the UK,
where the abundancesf coliresistant tamoxicillin, coamoxkillin/ clawlanic acid
ciprofloxacin, cephalexin and extendggkctrunbetalactamase (ESBLEproducingE. wli were
high at a young age and decreased with age, followed later by an inétebsg et al., 2017b)
On the other hand, increased AMRENcoliwas reported in beef cati{€atry et al.,
2016)and inEnterococcuspp. in piggButaye et al., 1999pr production systems in European
countries that have dramatically altered antimicrobial drug use practices since tee 1990
(Casewell et al., 2003; Hammerum et al., 2060y example, in Belgium and other European
countries, the use of avoparcin was banned in 1997. In Belgium, most surprisingly, the pigs in
which the growth promotevasbanned (sows) demonstrated the highest prevalence of
vancomycinresistanEnterococci(VRE) compared to piglets and finishérsm later birth
cohorts Another finding from the same study was that the prevalence of VRE was higher in

broilers compareddtlayers of the same age groupportantly,avoparcin hd been used in the
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past in broiérs butneverin layer chicks. In Denmark, higher tetracycline and sulfonamide
resistance was observedSnTyphimuriumisolates from pigs as well from a humfaiowing

ban on growth promotergent into effec{Casewell et al., 2003Recently, analysis of the

abundance and dvsity of the fecal resistome in pigs and broilers in nine European countries
found that resistome abundance and composition were very different in pigs and toatlis

with higher abundance in pigs kainore diverse resistome in poultry. HowewestimatedAMR

genes were not associated with drug use, suggesting that some genes might be functional only in
a specific host. Furthermore, the findings revealed thattties with similarity in antimicrobial

use also exhibited the sameneral levels oAMR (Munk et al., 2018a)

Similarly, our review findings showed that the dynamics of AdiRociatedvith age in
poultry were dferent from those in cattle and pigs. Both increased AMRIton et al., 1998a;
Santos et al., 2007; Ozaki et al., 20&tyl decreased AMBHinton et al., 1982; Butaye at.,
1999)amongenteic bacteria were reported in tpeultry production cycles. These results might
be due to blanket use of antimicrobials in feedlse due talirect and close contact between
birds carrying antimicrobialesistant strains. We did hoapture a large nurab of citationgor
age dependency of AMR in dogs; however, we observed mixed dynamics of AMR in the
included studies.

Based on the results, the following question arises: is thisedaed phenomenon the
result of previous or curng antimicrobial expasre? For instance, a longitudinal study on calves
demonstrated that there was no significant association between calves fed waste milk containing
antibiotic residue or calves fed fresh milk in terms of the proportion of animaldh#ehCI x
M-positiveE. coli during the 1to 12week age perio@Brunton et al., 2014)Similarly, other

studies have shown that resistome richness decreased significantly during the feeding period
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(arrival and exit~ 32 weeks) of feedlots when they traced AMR in the feediatsat the same
time, other esistomeelementavere detected against antimicrobials that are not approved for use
in cattle production, suggesting that the relationship between antimicrebiahd AMR is not
straightforward and that the use of antimicrobials alone cannot direplgirexhe presence of

AMR (Noyes et al., 2016b}t has also been concluded that the elevated AMR in early life in
cattleis not of maternal origin buikely acquired during the first weeks of lifdue to factors

other than antimicrobials added to fresh milk, if afBgrge et al., 2005; Berge et al., 2010;
Edrington et al., 2012bMore extensive research on the sources of AMR in the young has been
performed in humans. Human newborns carry diverse AMR genes in their enteric microbiome
before receiving antimicrobial treatments, and such indivicalatshave beeborn to mothers
nottreated with antimicrobial drugs during the last trimester of pregn@i@ng et al., 2011)

The purpose of this review was éxtract essenti@formation from the diverse body of
work conducted to address the relevant research questions; scoping reviews typically do not
assess the quality of the studies included in the refAeksey and Valley, 2005) Quality
assessment to control the biases in research analyses other than systematic reviews is rarely
applied and poorly reported in veterinary scie(@argeant et al., 2006jor instance, some have
reported quality assessments in scoping rev{dsphy et al., 2016)whereas others did not
report any quality assessment to idigrihe risk of biase¢Greig et al., 2015; Rose et al., 2017;
Travers et al., 2017; Baker et al., 2018; Gabiitiket et al., 2019)A rigorous scoping review
of scoping reviews was conducted (®ham et al., 2014p examine the approach and
consistency. In these reviews, quality asseent of the included studies was infrequent, and
only 224% of the 335 scoping reviews performed quality assessrhenks However,

evalwation of quality or risk of bias in the included studies is recommef@é&bnnor and
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Sargeant, 2015For this review, first, we adopted the PRISMA extension for scopwigw
(PRISMA-ScR)(Tricco et al., 2018for the purposes of transparency and reproducibility;

second, we iplemented quality assessment of all retdigitations by adapting GRADE
assessment and a rekbias approacfGuyatt et al., 2011and summarized the data based on
quality criteria Table3.2); however, walid not remove any articles fromethssessment. In

doing so, our review was able to provide a complete overview of albhlailesearch reports
related to a topicas per the objectives of the scoping review, and at the same time, we became
aware of the quality of the evidence from theeach analysis.

There are some limitations to our scoping review. Although nearly ) ®e studies
clearly mention the research objectives and outcome and are from journal articles, the data were
from different types of study designs, and differeteipretative criteria for antimicrobial
susceptibility testing may have affected thelifings. Any citations that were not listed in one of
the search databases were not captured by this study. Therefore, this is something that needs to
be taken into comderation when interpreting the data of this review.

Our scoping review has shown that #igerelated dynamics in fecal/enteric AMR in
food animals, including poultry and pet animal dogs, were consistent with other field study
results. Although we do nétlly understand the mechanism underlying the high AMR at early
ages, it seems that thpigemiology of the age group of the animal population has been found to
be an important factor in the quantification of AMR. We believe that thiglagendent AMR
data finding helps to stratify further individual risk based on the study area, allowiextiabt
targeting of surveillanc@.e., thresholdbased actiomriven monitoring)r any other
intervention in specific animal age groups in the population. Howevsrdview specifically

aimed to summarize the research reports related to theéepgaency of AMR, so many policy
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related questions remain unanswered. The higher AMR observed at early age is of concern, but
there was no clear difference in animal-agecific trends between different antimicrobial

agents, which could represent differenceantimicrobial use and, in turn, selection pressure.
Well-researched areas of interest were identified in this review (for example, why higher AMR

in fecal bacterias observed at early ages in animals), and this finding could be extended to other
food anmals ando aquaculture, which will ultimately help with AMR risk categorizataord

planning for interventions to reduce environmerdald foodborneisks to publichealth
Conclusions

The decline in the prevalence and abundance of antimicnasistat enteric/fecal
bacteria with age in productigngs, beef, and dairy cattle has been reported since the 1970s in
various geographical locatigrsndin two-thirds ofthe included studiei® our scoping review
In broiler chickens and meat turkeys, mi&dR dynamicsassociateavith age have been
reported. We capturecery few studies in dogs, where mixed AMR dynamics with aigewere
reported. We found that the agkeanimals could be one of the factors affecting both phenotypic
and genotypidMR; howe\er, other management factors may influence the overall findings.
Hence, identifying such risk factors associated with resistance in the different production phases
of food animals and poultry is crucial, and such findings could guide judicious antimiarsbia
The scientific evidence from the existing studies in these areas is limiteckfdite further
longitudinal research into related AMfdhenomenahouldbe undetakento betterguide the

interpretation obur findings.
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Table 3.1

Characteristics of included studies62) from which the data were charted in this scoping
review of literature on age dependency of antimicrobial resistance of fecal bacteriaats

Characteristic

Number of studies

Percentage oh=62 studies

Publication date
19701979
19801989
19901999
20002009
20102018 (November)

Study location
UK, continental Western Europe, Eastern
Europe, and USSR

USA
Canada
Asia

Study design
Longitudinal

Crosssectional
Experimental (antimicrobial drug treatment o1
diet trial)

Animal species
Cattle* (1 cattle and swine)
Swine* (1 swine and poultry)
Poultry (chicken, turkey)
Dog

Fecal sample
From individual animals
Pooledfrom multiple animals

AMR identification

Phenotypic AMR in culturable fecal bacteria
Genes encoding AMR in fecal metagenome
or culturable bacteria

Both phenotypic AMR and AMR genes
Fecal bacteria cultured

E. coli

Salmonellaspp.

Campylobactespp.

Enterococcuspp.

E. coliandSalmonellaspp.

E. coliandEnterococcuspp.

Staphylococcuspp.

32
16

14
22

24
14

51
11

34

27

N

61

2%

6%

8%
31%
53%

48%
35%
5%
11%

52%
26%

23%

35%

39%

23%
3%

82%
18%

55%

2%
44%

71%
11%
2%
10%
2%
2%
2%



None, AMR genes in fecal microbiome
analyzed 1 2%
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Table 3.2

Descriptive summary of quality assessmarihe retainedgtudies (=62) on age dependency of
antimicrobial resistance of fecal bacteria in animals

Individual quality criterion Numbe_r Percentage oh=62 studies
of studies
Study objectives clearly defined=62)
Yes 60 97%
Unclear 2 3%
Sampling method (animal selection) clearly described
(n=62)
Yes 59 95%
Unclear 3 5%
Sample size estimation includednE=62)
Yes 6 10%
No 56 90%
Inclusion and exclusion criteria for thesampledanimals
stated (=48 observational studies)
Yes 15 31%
Partially 19 40%
No 14 29%
Experimental groups (treatment and control) clearly
defined for an experimental study 6=14)
Yes 13 93%
Unclear 1 7%
Sampling unit/animal randomly assigned to the treatment
for an experimental study fi=14)
Yes 6 43%
Unclear 8 57%
The methods for AMR analysis in the study clearly
specified (=62)
Yes 61 98%
Unclear 1 2%
Potential biases or confounders listed and accounted for in
the statistical analysis (=62)
Yes 36 58%
Unclear (noffully listed) 18 29%
Not reported 8 13%

Yes, quality critelonis met; No, quality critenn isnot met; Partiallythe criterion isnot entirely
met; Unclear, insufficient information to evaludte quality criterbn; N/A, not applicable
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Figure 3.1. The PRISMA flow diagranof thescoping review of literature on the adependency
of antimicrobial resistance of fecal bacteria in animalsumber of studies.
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size isproportional to the number of studiesthat decadeA total of 62 studiesvere identified
and included in the analysis.
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[ Total n=62 ]

Cattle n=22 Pigs n=24

(1 cattle and pig) (1 pig and poultry) Poultry n=14 Dogs n=2

N N\
Observational Experimental Observational Experimental Observational Experimental Observational
n=15 n=7 n=20 n=4 n=11 n=3 n=2

( 4 N\
Longitudinal Longitudinal Longitudinal Cross-sectional
n=11 n=15 n=6 n=2
~ J

s s 3
Cross-sectional Cross-sectional Cross-sectional
n=4 n=5 n=5

e

Figure 3.3. Distribution of the study design and animal species istildies from which the data tre agedependency of antimicrobial
resistance of fecal bacteria in animals were extracted in this rayiewmber of studies.
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Abundance of antimicrobiaksistant fecak. coli (CFU/g) by age(data fromn=2 studies). Plottedhdividual observations represent
antimicrobial resistance to individuadrugs (AMC, amoxicillin-clavulanic acid; AMP, ampicillin; APR, apramycin; CHL,
chloramphenicol; CIP, ciprofloxacin; CRO, ceftriaxone; CST, colistin; CTX, cefotaxime; DOX, doxycy&8REX, enrofloxacin;
ERY, erythromycin; FLO, florfenicol; FLU, flumequine; FOX, cefoxitin; GEN, gentamicin; NAL, nalidixic acid; NEO, neomycin;
OCT, oxytetraycline; SPT, spectinomycin, STR, streptomycin; SUL, sulfamethoxazole; SXT, trimethsydfonamicks; TET,
tetracycline; TIO, ceftiofu)MDRd mu | t i drug r es i st aThebretrend ineswWitd thelconfidgpnce Hasdhesgeay )
area arounthe blue line)areshownin A-C; these in each case were estimaigidg locally weighted scattegilsmoothing (LOESS).
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Figure 3.5. Age-dependent antimicrobial resistance dynamics in production pigs. (A) Percentage of pigs yielding antimésistaalt
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antimicrobial resistance to individudtugs(AMC, amoxicillin-clavulanic acid; AMI, amikacin; AMP, ampicillin; APR, apraniy,

CAR, carbadox; CARB, carbapenem; CAZ, ceftazidime; CEF, cephalothin; CFP, cefoperazone; CHL, chloramphenicol; CIP,
ciprofloxacin; CLT, chlortetracycline; CRO, ceftxiane; CTX, cefotaxime; CXM, cefuroxime; DOX, doxycycline; ERFX,
enrofloxacin; FOX, cxitin; GEN, gentamicin; KAN, kanamycin; NAL, nalidixic acid; NEO, neomycin; NIT, nitrofurantoin; NOR,
norfloxacin; STR, streptomycin; SUL, sulfamethoxazole; SXT, trimgtim-sulfonamides; TET, tetracycline; TIO, ceftiofuk)DRA

multidrug resistance (03 d r u g Thelblaesrend kngs.with the confidence bands (the gray area around the blue line) are shown
in A-C; these in each case were estimated using locallyhted scatterplot smoothing (LOESS).
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Figure 3.6. Age-dependent antimicrobial resistance dynamics in poultry (broiler, layer, and turkey). (A) Broiler chicken, percentage of
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spp. (data fronm=3 study). (C) Turkey and layer, percentage of antimicrelesiktant fecak. coli (data fromn=2 study). (D) Turkey

and layerpercentag®f antimicrobiatresistant fecabalmonellaspp. (data from n=2 study).Plotted individual observations represent
antimicrobial resistance to individual drugSMC, amoxicillin-clavulanic acid; AMI, amikacin, AMP, ampicillin; APR, apramycin;
CAZ, ceftazidime; CEC, cefaclor, CEF, cephalothin; CEZ, cefazolin; CHIoramphenicol; CIP, ciprofloxacin; COL, colistin; CTX,
cefotaxime; CXM, cefuroxime; DOX, doxycycline; ERFX, enrofloxacin; FEP, cefepime; FLO, florfenicol; FOX, cefoxitin; GEN,
gentamian; KAN, kanamycin; NAL, nalidixic acid; NEO, neomycin; OCT, oxyteyeme; PIP, piperacillin; @, quinupristiri
dalfopristin; RIF, Rifampicin; SPT, spectinomycin; STR, streptomycin; SUL, sulfamethoxazole; SXT, trimetsafjamethoxazole;
TET, tetracyline; TIO, ceftiofur; TMP, trimethoprim; TOB, tobramycin; TZP, pipala -tazobactam)MDRA multidrug resistance

(t o O3 drThegluetiera inesewdth)the confidence bands (the gray area around the blue line) are shBwhesa in each
case were estimated using locally weighted scatterplot smoothing (LOESS)
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Supplemenary materials

Table S3.3
Characteristics of the individual studies included in the revies82).
Species .
(number of Author name Country  Studied animal age Study design  Study type Bacteria Sample AMR .
: (last), year tested analysis
studies)
Cattle Mir et al., 2018 USA Birth-12 months Longitudinal  Observational E. coli Fegql, Phenoty'plc,
(n=22) individual genotypic
Pereira et al., 201¢ USA Birth-6 weeks Trial Experimental Microbiota _Fe(_:ql, Microbiome
individual taxa
Maynou et al., . . . . Fecal, .
2017 Spain 6 weeks and 1 year Trial Experimental E. coli individual Phenotypic
O4 months, 510 Cross Fecal
Adler et al., 2017 Israel months, 1124 . Observational E. coli Lo Phenotypic
- sectional individual
mont hs, O
Sampling days (0, 4, . . Salmonella  Fecal, .
Ohta et al., 2017 USA 8, 14, 20, 26) Trial Experimental Spp. individual Phenotypic
Hutchinsoret al, USA 110 days6 months  Longitudinal  Observational E. coli Fe(_:a_l, Phenoty_p|c,
2017 individual genotypic
Calves (4 and 23
. weeks), beef cattle N . : Fecal, .
Catry et al., 2016 Belgium (6-24 months). dairy Longitudinal  Observational E. coli individual Phenotypic
cattle
. 3-5 months and 149 Cross . E. coli .
Pereira et al., 201! USA . Observational Salmonella  Fecal Phenotypic
months sectional
| PP | h
Brunton et al., L . . . Fecal, Phenotypic,
2014 UK Birth-13 weeks Trial Experimental E. coli individual genotypic
Cattle (beef and .
Mazuek et al., e Cross . . Fecal, Phenotypic,
2013 * Poland dairy); Pig (6 to 8 Sectional Observational E. coli individual genotypic

weeks)
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Pig (h=24)

Fresh floor

Watson et al., UK Day lday 161 Longitudinal  Observational E. coli fecal Phenoyplc,
2012 genotypic
samples
Alexander et al., Beef cattle sampling . . Fecal, .
2011 Canada days (:175 days) Trial Experimental AMR genes individual Genotypic
Sharma et al., 6.5 monthsl1 : . : Fecal, Phenotypic,
2008 Canada months Trial Experimental E. coli individual gerotypic
Rectal fecal
Berge et al., 2006 USA 4 weeks Trial Experimental E. coli samples, Phenotypic
individual
Liebanaet al., UK ~ 1 months Longitudinal ~ Observational E. coli _Fega_l, Phenoty_plc,
2006 individual genotypic
Fecal,
Calves(1-8 weeks); individual, Phenotvic
Hoyle et al., 2006 UK Cattl e ( O:lLongitudinal Observational E. coli and enot yi'?: '
and O 30 environment 9 yp
al
Donaldson etal, USA 2.519 weeks Longitudinal ~ Observational E. coli _Fega_l, Phenotypm,
2006 individual genaypic
Berge et al., 2005 USA Birth-6 weeks Longitudinal  Observational E. coli E%?ﬁlc’jual Phenotypic
Hoyle et al., 2005 UK 1-21 weeks Longitudinal  Observational E. coli _Fe(_:a_l, Phenoty_p|c,
individual genotypic
Hoyle et al., 2004 UK Birth-21 weeks Longitudinal  Observational E. coli ;%?\ilaual Phenotypic
Hoyle et al., 2004 UK 1-8 months Longitudinal ~ Observational E. coli ;E()j(i:\{;liléiual Phenotypic
Khachatryan et al. USA Preweaned calves Cros_,s Observational E. coli F ega_l, Phenoty_plc,
2004 sectional individual genotypic
24 days (one day
before weaning), 38
Ciesinsket al., days (two weeks afte __ . . . Fecal, .
2018 Germany weaning), 52 days Trial Experimental E. coli individual Phenotypic

(four weels after
weaning)
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Randall etal.,
2018

Mollenkopf et al.,

2018

CameronVeaset

al., 2018

Lynch et al., 2018
Graesbglkt al.,

2017

Dohmen et al.,

2017

Pruthvishree et al.

2017

Fernandes et al.,

2016

CameronVeas et

al., 2016

von Salviati et al.,

2014

Hansen et al.,

2013

QuintanaHayashi

etal., 2012

Rosengren et al.,

2008

Alali et al., 2008

Kobashi, et al.,

2008

UK
USA
Spain
Ireland

Denmark

The
Netherla
nds

India
Portugal

Spain

Germany

Denmark

USA

Canada

USA

Japan

8 weeks, 17 weeks,
24 weeks, 20 months

Piglets to Finisher

Day 7, 9, 14 and 187

Piglet

Nursery (4 to 7

weeks)

Birth, 6, 12, 18

months

1 month, ~2month,

2-3 month

Piglet, weaner,
finisher, sows
Piglets (#6 days) and

finisher

Fattening pig

Piglet, nursery,
weaner, finisher,

SOWS

Nursey, finisher,

farrowing

Nursery, grower
finisher, and sows

Farrowfinish

4-6 weeks

Longitudinal
Longitudinal
Longitudinal

Longitudinal

Randomized
trial

Longitudinal

Cross
sectional

Longitudinal

Trial

Longitudinal

Longitudinal
Longitudinal
Cross

sectional

Longitudinal

Trial
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Observational
Observational
Observational
Observational

Experimental

Observational

Observational
Observational

Experimental

Obsevational

Observational

Observational

Observational

Observational

Experimental

E. coli and
mcr-1 gene

Enterobacteri

aceae/blaswrs
Salmonella

spp.
Salmonella

spp.
E. coli

E. coli

E. coli

Sdmonella
spp.
E. coli

E. coli

E. coli

Campylobact

er spp.
Salmonella

SppP.

E. coli

E. coli

Fecal,
individual
Fecal,
Individual
Fecal,
individual
Fecal,
individual
Fecal,
individual

Fecal,
individual

Fecal,
individual
Fecal swab,
individual
Fecal swab,
individual
Fecal,
individual
and pooled

Fecal,
individual

Fecal,
individual

Fecal,

Composite
fresh
samples,
pooled
Fecal,
individual

Phenotypic,
genotypic

Genotypic

Phenotypic,
genotypic

Phenotypic
Phenotypic

Phenotypic,
genotypic

Phenotypic,
genotypic
Phenotypic,
genotypic

Phenotypic

Phenotypic,
genotypic

Phenotypic,
genotypic

Phenotypic

Phenotypic

Phenotypic

Phenotypic,
genotypic



Poultry

(broiler,
layer or
turkey,

n=14)

Dewulf et al., . Nursery, grower, T . . Fecal, .
2007 Belgium finisher Longitudinal ~ Observational E. coli individual Phenotypic
Composite
Scott et al.,, 2005 USA Farrowfinish Longitudinal  Observational E. coli fecal Phenotypic
samples
Pig (piglet,
Butaye et al., 199¢ Belgium growe_r/flnlsher, and Cro;s Observational Entero Fegql, Phenoty'plc,
sows); poultry9 and sectional coccusspp. individual genotypic
32 days)
Mathew et al., Production pigs (63 _— , . Fecal swab, .
1999 USA days)and sows Longitudinal  Observational E. coli individual Phenotypic
Moro et al., 198a USA Grower, finisher, gilt Cros_,s Observational E. coli _Fe(_:a_l, Phenotypic
and sows sectional individual
Mathew et al., Piglets (763 days) Lo . . Fecal, .
1998b USA and Sows Longitudinal  Observational E. coli individual Phenotypic
Lanalois et al Weaner, grower, Rectal
g v USA finisher, adults (11  Longitudinal ~ Observational E. coli swab, Phenotypic
1988 R
24 months) and sows individual
Cross Rectal
Sogaard, 1973 Denmark Piglet, finisher, sows : Observational E. coli swab, Phenotypic
sectional o
individual
Baron et al., 2018 France 2, 7 and 77 days Longitudinal  Observational E. coli _Fe(_:a_l, Phenoty_p|c,
individual genotypic
Hume and USA Day 16 weeks Trial Experimental Entero Fecal, Phenotypic
(weekly samples) coccusspp. Cecum
Trung et al., 2017 Vietham 20 weeks, > 20 week Cros_,s Observational E. coli _Fe(_:a_l, Phenoty_p|c,
sectional individual genotypic
Cloacal Phenotypic
Laube et al., 2013 Germany 1-35 days Longitudinal  Observational E. coli swab, ypic,
- genotypc
Individual
Schwaiger et al., Germany 21 days and 35 days Cro;s Observational E. coli Fecal, floor Phenoty'plc,
2013 sectional genotypic
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Fresh

Ozaki et al., 2011 Japan 2 days50 days Longitudinal ~ Observational E. coli Dropping Phenotypic
da Costa et al E. coli and Cloacal
2009 " Portugal 2-33 days Trial Experimental Enterococcus swab, Phenotypic
spp. individual
GarciaMigura et UK 4 days35 days Longitudinal  Observational Enterococcus Fecal, Phenoty_plc,
al., 2007 spp. pooled genotypic
Santos et al., 2007 USA 3 weeks and 9 weeks Cros_,s Observational Salmonella I_:ecal and Phenotypic
sectional spp. litter sample
Li et al., 2007 USA 1872 weeks Cro;s Observational Salmonella  Fecal, Phenotypic
sectional spp. pooled
Welton et al., N . Enterococci  Cloacal, .
1998b USA 24 daysl130 days Longitudinal  Observational Spp. individual Phenotypic
Dubelet al., 1982 USA 1-28 weeks Cros_,s Observational E. coli _(Zlqa_(:al, Phenotypic
sectional individual
Nakamura et al T . . Cloacal :
1982 " Japan 5-360 days Longitudinal  Observational E. cdi swab, Phenotypic
individual
Cloacal
Hinton et al., 1982 UK 1-100 days Trial Experimental E. coli swabs, Phenotypic
individual
South 3-6 weeks, 28 Cross Enterococcus Fecal
Dog (h=2) Bang etal., 2017 Korea weeks, 26 years and sectional Observational S indiviéual Phenotypic
09 years Pp-
Siugzdaiteet al., Lithuania Ol vy éayaars, 61 Cros_,s Observational _Staphylococc Fega} Phenoty_plc,
2017 10 year s, sectional i spp. individual genotypic
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Table S3.4

Quality assessment of the individual studies included in the rewne®2].
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Cattle (=22) Miretal., 2018 USA Yes Yes No Yes N/A N/A Yes No Yes
Pereira et al., 2018 USA Yes Yes No N/A Yes Yes Yes No Yes
Maynou et al., 2017 Spain Yes Yes No N/A Yes Unclear  Yes No Yes
Adler et al., 2017 Israel Yes Yes No No N/A N/A Yes No Yes
Ohta et al., 2017 USA Yes Yes No N/A Yes Yes Yes No Yes
ggﬁh'”son etal,  gp Yes Yes  No Yes N/A N/A Yes No Yes
Catry et al., 2016 Belgium Yes Yes No Yes N/A N/A Yes No Partial
Pereira etal., 2015 USA Yes Yes Yes Yes N/A N/A Yes No Yes
Brunton et al., 2014 UK Yes Yes Yes N/A Yes Unclear Yes No Yes
Mazurek et al., 2013* Poland Yes Yes No Partial N/A N/A Yes Unclear Partial
Watson et al., 2012 UK Yes Yes No Yes N/A N/A Yes No Yes
é(l)elxlander etal., Canada Yes Yes No N/A Yes Unclear Yes No Partial
Sharma et al., 2008 Canada Yes Yes No N/A Yes Yes Yes No Partial
Berge et al., 206 USA Yes Yes No N/A Yes Unclear Yes No Yes
Liebana et al., 2006 UK Yes Yes Yes Partial N/A N/A Yes No Partial
Hoyle et al., 2006 UK Yes Yes No Partial N/A N/A Yes No Partial
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Pig
(n=24)

Donaldson et al.,

2006 USA Yes Yes No Yes N/A N/A Yes No Yes
Berge efal., 2005 USA Yes Yes No Yes N/A N/A Yes No Yes
Hoyle et al., 2005 UK Yes Yes No Partial N/A N/A Yes No Yes
Hoyle et al., 2004a UK Yes Yes No Partial N/A N/A Yes No Yes
Hoyle et al., 2004b UK Yes Yes No Partial N/A N/A Yes No Yes
gggzhatryan eal., USA Yes Yes No Partial N/A N/A Yes No Partial
Ciesinsk et al., 2018 Germany  Yes Yes No N/A Yes Yes Yes No Yes
Randall et al., 2018 UK Yes Yes No Partial N/A N/A Yes No Yes
Mollenkopf et al., Not
2018 USA Yes Yes No No N/A N/A Yes Unclear Reported
gg{réeronVeas etal, Spain Yes Yes No Yes N/A N/A Yes No Yes
Lynch et al., 2018 Ireland Yes Yes No No N/A N/A Yes No Yes
Greesbgll et al., 2017 Denmark Yes Yes No N/A Yes Yes Yes No Yes
The
Dohmenet al., 2017 Netheta Yes Yes No Yes N/A N/A Yes No Yes
nds

ggit;] vishree et al., India Yes Yes Yes No N/A N/A Yes No Yes
Fernandes et al., 201 Portugal Yes Yes No Partial N/A N/A Yes No Partial
(zjgfgeronVeas etal, Spain Yes Yes No N/A Yes Yes Yes No Yes
\2/82 48 alviati et al., Germany Yes Unclear No Partial N/A N/A Yes Unclear Partial
Hansen et al., 2013 Denmark Yes Yes No No N/A N/A Yes No Yes
3”'2?{]; Hayashi et USA Yes Yes Yes Yes N/A N/A Yes No Yes
ZRSSS ngren etal, Canada Yes Yes No Partial N/A N/A Yes No Yes
Alali et al., 2008 USA Yes Yes No Yes N/A N/A Yes No Yes
Kobashi, et al., 2008 Japan Yes Yes No N/A Yes Unclear Yes No Yes
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Poultry
(broiler,
layer or
turkey,n=14)

Dog (n=2)

Dewulf et al.,, 2007  Belgium Yes Yes Yes Yes N/A N/A Yes No Yes
Scott et al., 2005 USA Yes Yes No Yes N/A N/A Yes No Yes
But aye et Belgium Yes Yes No Partial N/A N/A Yes Unclear  Partial
Mathew et al., 1999 USA Yes Yes No Partial N/A N/A Yes Unclear Partial
Moro et al., 1998a USA Yes Yes No Partial N/A N/A Yes No Not
Reprted
Mathew et al., 1998 USA Yes Yes No Partial N/A N/A Yes Unclear Yes
Langlois et al., 1988 USA Yes Yes No Yes N/A N/A Yes No Partial
Sogaard, 1973 Denmark Unclear Unclear No No N/A N/A Unclear Unclear Not
Reported
Baron et al., 2018 France Yes Yes No No N/A N/A Yes Unclear Not
Reported
;;Jlrr;e and Dunskey, USA Yes Yes No N/A Yes Unclear Yes No Partial
Trunget al., 2017 Vietnam Yes Yes No Yes N/A N/A Yes No Yes
Laube et al., 2013 Germany  Yes Yes No Partial N/A N/A Yes No Partial
?g%valger etal, Germany  Yes Yes No Partial N/A N/A Yes No Partial
Ozaki et al., 2011 Japan Yes Yes No No N/A N/A Yes No Yes
da Costa et al., 2009 Portugal Yes Yes No N/A Yes Unclear Yes No Yes
Garce-Migura et al., Not
2007 UK Yes Yes No No N/A N/A Yes No Reported
Santos et al., 2007 USA Yes Yes No No N/A N/A Yes Unclear Partial
Li et al., 2007 USA Yes Yes No Partial N/A N/A Yes No Partial
Welton et al., 1998 USA Yes Yes No Partial N/A N/A Yes No Partial
Dubel et al., 1982 USA Yes Yes No No N/A N/A Yes Unclear Not
Reported
Nakamura et al., Not
1982 Japan Unclear Unclear No No N/A N/A Yes Unclear Reported
Hinton et al., 1982 UK Yes Yes No N/A Unclear Unclear Yes No Not
Reported
Bang et al., 2017 Korea Yes Yes No No N/A N/A Yes No Yes
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Siugzdaite et al.,

2017 Lithuania Yes Yes No No N/A N/A Yes Unclear Yes

Yes quality criteria met; Noquality criteria not met; Partiahot entirely mentioned; Uncleainsufficient infamation to evaluate

quality criteria; N/A not applicablen-number of studies
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Table S3.5

List of studiestha were retainedn=62) for analysisn the scoping review

Speciegnumber
of studies)

References

Comments

Cattle f=22)

Pig (h=24)

Poultry f=14)

Dog (n=2)

(Hoyle et al., 2004a; Khachatryahat., 2004; Hoyle et al., 2004agRje et al., 2005; Hoyle et
al., 2005; Berge et al., 2006; Donaldson et al., 2006; Hoyle et al., 2006; Liebana et al., 20(
Sharma et al., 2008; Alexander et al., 2011; Watson et al., 2012; Mazurek et al., 2013*; Br
et al., 2014; Pereira et al., 2QXZatry et al., 2016; Adler et al., 2017; Hutchinson et al., 2017
Maynou et al., 2017; Ohta et al., 2017; Mir et al., 2018; Pereira et al., 2018)

*cattle and pig

(Sogaard, 1973;anglois et al., 1988; Mathew et al., 1998; Moro et al., 1998; Butaye et al.,
1999*; Mathew eal., 1999; Scott et al., 2005; Dewulf et al., 2007; Alali et al., 2008; Kobast
al., 2008; Rosengren et al., 2008a; Quintbliagashi and Thakur, 2012; Hanstral., 2013; von
Salviati et al., 2014; Camerereas et al., 2016; Fernandes et al., 2016)Den et al., 2017;
Graesboll et al., 2017; Pruthvishree et al., 2017; Caméeas et al., 2018; Ciesinski et al.,
2018; Lynch et al., 2018; Mollenkopf et al.,1&) Randall et al., 2018)

*pig and poultry

(Dubel et al., 1982; Hinton et al., 1982; Nakamura et al., 1982; Welton et al., 129®in
Migura et al., 2007; Li et al., 2007; Santos et al., 200 Cakta et al., 2009; Ozaki et al., 2011
Laube et al., 2013; Schwaiger et al., 2013; Hume and Donskey, 2017; Trung et al., 2017; |
et al., 2018)

(Bang et al., 2017Siugzdaite and Gabinaitiene, 2017
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Abstract

The objectives were to compare the fecal microbiome and mycoléxmeomic
compositionsand antimicrobialesistance (AMRYlynamics in fecal bacteria between cohofts
production pigs and breeding sow$e study included eohortof production pigsfom 2 days
to 6 months old and balanced by genderl2) and two cobrts of breeding sowsfiiom 3 weeks
old to first farrowingweaning at dyearold, n=6, andn=12 cohort} The cohorts weréd corn
soybean based didfthe diets varied in composition) aralsed inseveraphysical environments
(barns)throughout theirife-span.Fecal sampleserecollectedper rectumfrom each animaat
nineagepoints. Taxonomic structures of the fecal microbiome and mycobiome were evaluated
using16S rRNAgene and internal transcribed spacer (ITS) sequencing, respeats@ly (
production pigs and=8 breeding sows). Th#hendypic AMR at each aggoint was evaluated
based on the growth of fecal bacteria (coliforms as indicator Gegative and enterococxs
indicator Grarmpositive bacteria) on selective agar media supplemented with antimicrobial
drugs.In a substudy (=2 production pigs) the fecal resistome was also assessed using a shotgun
metagenomic approach. Our data showed the age dynamics ottbeiome and mycobiome
compositionandAMR were comparable between the cohorts of production pigs and breeding
sows The fecal microbiome compositiatynamicsandchanges ithe evaluated descriptors of

antimicrobial susceptibility of fecal bacteria fraarly-life to youngadult appeared similar
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between theohorts Thus,in pigs,age could be one tifie majorfactors affedhg the microbial
diversity and compositioand along th@henotypicand genotypid&MR of fecal bacteria in this

monogastric host.
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Introduction

Antimicrobial resistance presents one of the major gldbaas to public health
Exposure @ antimicrobials increases the level of antimicrobial resistance (AMR) in the gut
commensal flora of both humans and animals. Several studies have reportedrédiatede
colonization and diversification of the microbiome in pigs, startinofearly life(Inoue et al.,
2005; Kim et al., 2012; Looft et al., 2012b; Mann et al., 2014; Mach et al.,.ZBib%)arly, age
appeas to be a dominant factor affecting gut colonization with AMR bacteria, with higher host
leve prevalence and withthost abundance of AMR enteric/fecal bacteria at younger ages in
cattle and piggHoyle et al., 2004a; Hoyle et al., 2004mnd humar{Robey et al., @17a) In the
early 1960s(Smith, 1961 demonstrated that human & bacterial composition varies
enormously with age, with the bacterial flora changing fEarmoli, Clostridiumspp, and
Streptococcspp.to LactobacilliandBacteroidesAnother study revealed an age related AMR
gene abundance, number or types, andrdity in humangLu et al., 2014h)

Longitudinalstudies of indicator fecal bacteria, suctEasoli andEnterococasspp.in
animals have expanded our understanding oftdreporaldynamicsof animatlevel prevalence
and withiranimal abundance of AMR fecal bacterigBerge et al., 2006; Adator et al., 2020)
However, suclstudiesmay not fullyrepresenthe AMR dynamicsn complex natural systenads
microbial communiestypically carried bythe host populatian Several studies have shown the
presence of AMR genes in the commensal gut microbiome in huf@ansner et al., 2009a; Hu
et al., 2013; Ravi et al., 20183 well in pgs(Xiao et al., 2016b)However, he role ofthe
microbiomestructurein the evolution, persistencand disseminatio of AMR ispoorly
understood, and many keglated ecological questions remain unansweredrddeat

advancement of metagenomics enables the detection of the majority of AMR genes present and
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comparing the microbiome and AMR genes in different san{Meset al., 2016; Thomas et al.,
2017) For instancemetagenomic approaches have been used to evaluate the entire microbiome
and their associated AMR genes (i.e., resistome) in different livestock production environments
(Agga et al., 2015a; Noyes et al., 2016b; Yangl.e2016b; Rovira et al., 2019)

While several earlier studies have focused on the bacterial component of the fecal
microbial community, recent studies show the fungal compénemntcobiomd is also complex
and multifaceted, and influences host he@lakherjee et al., 2015Previous studieshowed
dramatc shifts between birth to day 35 of age in both fecal bacterial and fungal communities in
piglets(Summers et al., 201@rfken et al., 202Q)although the bacterial communitywersityis
morepredctablewhile the mycobiomeompositiondemonstrated a significadiscreasen
diversity over time. Fungal taxonomic composition and diversity and their interaction with
commansal bacterial communities in the gut of pigs are mostly unknown.

The culturedependent and culturmdependent methods are used for profiling microbial
species and AMR in fecal samples. The culiependent methods have an advantage of
isolating singlemicrobial species and their individual strains for detailed analyses, but ¢he dat
do not truly represent the entire target microbial community and AMR gene diversity in the
source population. Whereas, cultimdependent methods, such as shotgun metagesom
which the microbial community DNA from a fecal sample is extracted aqukseed, help to
understand the full microbial community structuiaedevaluate AMR gene diversity. However,
the results derived with such techniques depend on the depuereing and theawvailable
bioinformatic pipeline forprocessing ofequencing datd he limitations include not being able
to detectbacterialgenesincludingAMR genescarried by low abundant species in the microbial

community(Zaheer et al., 2018 our approach, metagenomieas coupled with culturbased
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methods to evaluate the presence and composition of AMR in the fecal bacterial populations at
an ecological level and provide a broader picture.

While exensive crossectional studies have been conducted to understand A& g
abundance and diversity in different food anin{Bisllock etal., 2020) these studies do not
provide details of the dynamics of AMR gene diversity and composition in gut microbial
communities in the different age groups of food animals. Ypethesized thaeical micrdbiome
and mycobiome taxonomic compositgand AMR dynamics in a monogastric host are a
function of the host age. The age is a stronger driver of the dynamics than the production
environment, irthe case of a farranimal hostThereforethe objectives of this study were to
elucidate and comparedtdynamics of fecal mickmomeand mycobiome taxonomic

compositios andphenotypicAMR in cohorts of production pigs and breeding sows

Materials and methods

Study design and animals

A production pig cohort (2 days to 6 months oid]12 balanced bgende), born and
raised in the&Swine Teaching and Research Cepfdfansas State University,asfollowed
throughout all the production stages. The pigs were fed agcaimbased diet dégned for each
growth stage. The pigs were allowed to nurse from b1l dag of age and then had access to
feed and water aad libitum A total of 108 fecal samples were collected longitudinally from 12
pigs. From each animal, a fecal sample wasnakeach of the following agpoints:day2 (48
hoursafterbirth in thefarrowing barn)day22 (weaning)andafter moving © anursery barn at
23 dayspn day26 (3 days after moving the nursery barn and starg anursery diet)day40
(aday befoe the nextdiet change ithe nursey barn)day54 (14 days after the diet changggy

77 (@daybeforemoving toafinisher barn)day93 (14 days after moving tbefinisher barn and

88



introduction ofafinisher diet diet was changed one more timd# days),day 128 (2 weeks
afterthediet change), anday 179 day of harvest(Figure 41).

Similarly, two cohorts of breeder so@&l days to 371 days olfirst cohortn=6; second
cohortn=12) were followedrom arrival in the Swine Teaching and Resbatenter ofKansas
State Universityhrough the first farrowing and weanirithe pigs were fed mainly cognain
based diet designed for each growth stage. A total of 162 fecal samples were collected
longitudinallyfrom 18 pigs From each animal, a fecample was taken at each of the following
agepoints: day21 (@ the time of purchase/enterittge first growing bar)) day42 days 21 days
after entry into thdirst growing bari, day 70 (@ daybeforemovingto a second growqg barr),
day84 (14 days aftr moving to thesecond growindparn),day 154 @ dayprior to moving tahe
breeding barn)lay 224 (at firstbreedindartificial inseminatiori parity 1),day343 (7 days
prior to moving tahefarrowing barn) day350 (on tle day of parturition) anday371 (on the
day weaning)Figure 41). Fecal samples welkept on ice after each sampljrand whole feces
and fecal aliquots mixed with 50% glycerol storeeB& C until DNA extraction and
guantification of totahnd antimicobialresistant coliforms ahenterococcwereperformed.

FecalDNA extraction

Fecal DNA was extracted using the protocol publishefivioyand Morrison, 2004and
(Korte et al., 2020)Briefly, fecal samples weteansferrednto roundbottom tubes (21L)
containing 80QuL of lysis bufferand a singleteel bead (0.5 ciliameter). Samples were then
heated at 70°C for 20 minutes with vortexitigenhomogenized using a TissueLyser Il (Qiagen,
Venlo, the Netherlands) for 3 minutes at 30 per sec@md hen centrifuged at 5000 x g for 5
minutes at rom temperature. The supetaatthentransferrednto the new Eppendorf tube (1.5

mL), added with 20QuL of 20 mM ammonium acetate, incubated for 5 minutes on ice, and then
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centrifuged at 5000 x g for 5 mingt@ he sipernatant (upo 750 pL) wasmixed with an equal
volume of isopropanol, incubated for 30 minutes on ice, and centrifuged at 16,000 >*Cdat 4
15 minutesThe recovered DNA pellet was washed and resuspended in 150 pL €EDfis.
After the addtion of proteinase&K (15 pL) and Buffer AL (200 pLYDNeasy Blood and Tissue
kit, Qiagen, Germanyysamples were tubated at 70°C for 10 minutds.each tube200 pL of
100% ethanochdded vortexed, transferred to a spin column and processed accardigy t
manuf act ur e (@agen Germanyr ThheeDNA concentration were measured via
fluorometry (Qubit 2.0, Life Technologies, Carlsbad,)@&ing QuanriT broad range (or high
sensitivity) dsDNA reagent kits (Invitrogen, Carlsbad, CA).
16S rRNA library preparation and sequencing

Extracted pig feces DNA wepgocessed at the University MissouriMetagenomics
Center The 16s rDNA amplicons/é region of the 16S rRNA gehwere createwvith universal
primers (U515F/806R(Caporaso et al., 2011; Walters et al., 2dd3inst the V4 region
(flanked by lllumina standard adapter sequerfiiesnina Inc CA,USA). Oligonucleotide
sequences are available at proB@sgabase of rRNAargeted oligonucleotide probes and
primers)(Loy et al., ®07). Duakindexedforward and reverse primers warged in all reactions.
Metagenomic DNA (100 ng) was used, and PCR was perform&@ljh. reactionsvith primers,
dNTPs and DNA polymerasPCR plate was transferred to the thermocycler for amplification
(98°C (3 minuteg + [98°C(15 seconds) + 50°(30 seconds) + 72°(30 second$X 25 cyclest
72°C (7 minutes). After amplification completioamplicon pools (5 plreaction)were
combined mixed, and purified baddingof Axygen Axyprep MagPCR cleawmp bead (50 uL
beadswere thoroughly mixed with 50 pL amplicons) and incubated for 15 minutes at room

temperature. The plate was placed on the magnetic stand for 5 minutes until the supernatant was
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cleared and then washed with 80% ethanol. gdwed ampliconwas evaluated by using the
Advanced Analytical Fragment Analyzandquantified usingQuantiT HS dsDNA kits, and
dilutedbased ot | | u mtandaaddpeotol for sequencingiSeq instrument
Sequencing data processing andidinformatic analysis
Theamplicon sequencindata of taxonomic marker genes, such as the 16S rRNA gene in
bacteria, internal transcribed spa@&iS) region in fungi, and 18s rRNA gene in eukaryotes
provides thecommunity compositionfCallaharet al., 2016) TheDivision Amplicon Denoigig
Algorithm (DADA) enables taxonomic assignment without building into operational taxonomic
units (OTUs), using a new quakgware model of Illumina amplicon errofis is termed the
amplicon sequence varigfASV) (also called exact sequence variants, ESVs) based analysis.
The primers were designed to match Cutadappd ends
(Martin, 2011)algorithm wasused to remove the primerssab e nd of f or ward r ead
were rejected i f one read or t heeobOlwasr di d no
allowed.Two passes were madger each read to ensure the removal of the second primer.
Quiality filtering, pairing, denoising, deplication, and determination of count of ASVs
was performed with thBivision Amplicon Denoising Algorithm (BDAZ2) plugin (Callahan et
al., 2016)in the QIMME2 platform For quality trimming, forward and reverse reads were
truncated to 150 bases and bacterial 16s rRNA gene were subsetted to retain only those
sequences that are between 249 and 275 otid®s inclsive. Taxonomy was assigned to the
sequences using tiLVA database V32 (Pruesse et al., 2003@) 16S rRNA sequenced
bacterial species of differetaxonomyusing the classifgklearn procedur&.he ASVs
identified other than bacteria were removed from further analysighe rarification, iftiere

were mae 10,000 counts in one or more samples, they are rarefied to the value of the smallest
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sample greater than 10,000 minus 1. Similarly, to identify fuA§als, the internal transcribed
spacel(ITS) region was sequenced utilizing primers ITS8 &rnS4.The Cutadaptlgorithm
(Martin, 2011)wasused to remove the primers at both ends of the oamig cull contigs that
did notcontain both primex The QIMMEZ2 DADAZ plugin was used to perform similar quality
filtering and ASV identification, similar to that described for the bacterial taxonomic assignment.
Individual sample read count was normalize@7¢g392 and useahdysis ofthegut microbiome
and mycobiome taxonomic compositions
Resistome analysis (pilot study)

Fecal samplesnE18) from two production pigs atineagepoints (dag 2, 22, 26 40, 54
94, 128, and 179) were subjectedstmtgunmetagenomic sequencifgr evduating the age
related dynamics of the fecal resistome in pigs.

FecalDNA extraction, library preparation , and sequencing for resistome analysis

FecalDNA was extrated from each sample using th&leasy PowerSoil Pro Kit
(Qiagen Germany) according to tmeanufacturer instructions. Briefly, 250 mg of the fecal
samples were placed in power bead tubes and vortexed for 10 minutes at maximum speed and
then centrifuged (15,000xfor 1 minute). After centrifugation, 600 uL supernataais
transferred into posdn 2 of the rotor adapter, which was then placed into the centrifuge of the
Qiacube (@agen Germany). All subsequent steps, including the removal of inhibitory
substances, were performed on the Qiacube following the DNeasyJtwrro Kit Qiagen
Germany) IRT method. DNA concentration and quality were determined by fluorometric
quantification Qubit" (Thermo Fisher Scientific, Germany), and quality was assessed by
measuring the A260/A280 ratio using Nanodrop 1000 Spectrapiet¢éo (Thermo Fisher

Scientfic, Germany). After DNA extraction, libraries were constructed usin@liagenQIAseq
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FX DNA Kit (Qiagen Germany)with 100 ng individual DNA samples. Pairedd sequencing
was performed on the NovaSeq system (Novogene, diG.USA).

Resistance genanalysis

The sequencing reads were aligned to the AMR genes database MEGAREs to identify
the resistome composition using AMR++ pipelifeskin et al., 2017)Briefly, raw fquence
reads were processed, anddquality reads and adapter contamination were removed using
Trimmomatic(Bolger et al., 2014and merged reads were mapped using Bur\Whseler
Alignment (BWA) (Li and Durbin, 2009and then converted to SAM formatted file using
SamtoolgqLi et al., 2009)which was then analyzed through ResistomeAnalyzer. The counts of
aligned gquenceeads were recorded at the gene (e.g., &Y group gene level group for
that sequence, e.g., SHMactamase, MCH.), the mechanisr{the biological mechanism of
resistance, e.g., penicillininding protein) and class levehajor antimicrobial chemicalass,
e.g.,b-lactams, aminoglycosideSVIEGARes, provide explicit annotation and facilitates
hierachical statistical analysis at the population level. It is ciaasied, similar to microbiome
analysis, and the annotation graph contains no cycles atalroanly three hierarchical levels
(Lakin et al., 2016)The AMR gene sequencing depth and length were normalized before
performing the statistical analysis on &R count data.
Phenotypic AMR in fecal bacteria

A total of 270samplegn=108 fecal samples from paction pigs 1i=12/agepoints),
n=162 from breeding sows£18/agepoints))were subjected to bacteriological culture and
guantified forcoliformsandenterococg by spiral plating using an Eddy Jet 2 spiral plater
(Neutech Group Inc., Farmingdale, NY, US#s described previous{Zhalmers et al., 2018)

Briefly, thefecal sample wadiluted in phosphatbuffered saline (PBS) at a 1:10 ratio. The
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dilution wasplated on MacConkey agarR e me | E | L e n éMAL), anckNPAC U S A)
supplemented with an antimicrobial dr{ige drug concentrations are listed in TahlB.4The
dilution was also plated on-fnterococcus agdr Re me | E , L e n dENA&),andkESIT USA)
supplemented with an antimicrobial drug (the drug concentimaaiee listed in Table.¥). The
plates werencubated at 37€C for 18 hours for MAC and up to 48 hours for EN'hie bacterial
density (CFU/mL) vasdetermined by counting the colesof bacteria.
Statistical analysis

Statistical analysis was performedetealuate age related dynamafsecal micrdiome
and mycobiome taxonomic compositiaand AMR in cohorts of production pigs and breeding
sows Alpha diversityof microbiome and mycobiome as capturedd®a richness (Chaol
index), diversity hannorand Rsher alpha index) indiceand evenness weestimatedn the
rarefied microbiome and mycobiortexonomic composition datasing the PAleontological
STatistics (PAST) softwargiammerMuntz et al., 2001)A mixed-effects linear modgR
p a ¢ k ang4) witf pig identity as the randosmifect variable (accounting for tmepeated
measuremetvas usedo determineignificant trends in alpha diversity with pig ageredictor
variable) Non-metric multidimensional scaling (NMDS) ordination plots were made using R
veganpackaggJari Oksanen, 2019n HellingertransformedLegendre and Gallagher, 2001)
bacterial and fungal taxonomic counts using BCaytis dissimiarity distances and visualized
using ggplot2 pekage(Wickham, 2009)The plot was used if stress < OThe ASVs presd in
< 1% samples were discarded prior to analy&e difference in betdiversity based oBray-
Curtisdistance wsevaluatedy Permutational analysis of variance (PERMANOVA) with strata
of individual pigs to account for the repeated measurementdofidual pigs using thadonisin

veganpackagen R software (version 3.6The permutational analysis of multivariate dispersion
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(PERMDISP) was then performed to compare to the Bhantis distance to grougentroids
among samples.

Similarly, the richnes and diversity of the fecal resistome (gene encoding AMR
mechanisms of AMR encoded by the present genes, and by drug classes) were also estimated.
TheProcrustegPeresNeto and Jackson, 200d/as performed to compared resistome AMR
genes and microbial species composition ordination bas@&tapCurtis similarity metricavith
M? statistic measure of fit and correlation (r).

The changes ithe total and anticrobiatresistamncoliformsandenterococcilog-
transformedi counts vere andyzed using generalized linear mixed modgiimes package in R
softwarg (R, 2019)on data from pigs tat had ateast one positive count forgiven
antimicrobial.The pig identity was used as a random effect to account for the lack of

independence between the samples.

Results

Age-dependent dynamics of the pig fecal microbiome (bacteriomi@nd mycobiome

We profiled thedynamics of théecalmicrobiome(bacteriome) and mycobiome
taxonomic compositionis a longitudinal study of one cohort of production pigs and two cohorts
of breedng sows. A cohort of production pige<8 pigs)was samplé atnine different age
points from~ 2 days old to the market age b79 days(Figure 41). Two cohorts of breeder
sows (=6 andn=12 per cohort) were sampled from the time of purchasing at ~21 days of age
until weaning the first litter at 371 days of ggégure 41).

The results showed that the fecal microbial community was established rapidly after birth
and the diversity increased with age. In the production pig cahedasurements of alpha

di versity of the speci es0.69 6E=0.2pa0001)andliversiyss ( Ch
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indices(Shannon indef:1=0.005, SE=0.002)=0.01; Fisher alpha inddéx=0.12, SE=0.03
<0.00) demonstrated a significant positive iease from day 2 to day 177 of d§egures4.2,
4.3 and 43, §. However, evergss did not significantly change with g@égure 45, g. The pig
housing environment (barn/facility) also significantly impacted alpha diversity (richness,
diversity of bactaal taxa). For instance, richness and diversity significantly increased (6)
after the pigs were moved from the nursery to the finisher facility.

The significant shift irthe overallmicrobiometaxonomic compositiofrom 2 days old
through day 179 ithe cohort of production pgjs visualized usinggon-metric multidimensional
scaling(NDMS plots) based otheBray-Curtis dissimilarity distancEPERMANOVA p <
0.001)(Figure 46 g. Further,each of the nine aggoints showed unique clusters and cadso
There were significant separatiandbeta diversityamongsamples collectedndays 2 21 (end
of weaning and moving to the nursery facijtand 26 (4 days in the nursery facility on a solid
phase 2 diet) and the rest of the-pg@ts. Variation bfecal microbiome composition among
individual animals was higest at 2 days old, with a decrease and leveling of approximately 2
months of age (PERDISB <0.001)(Figure 46, d).

In contrast, alpha diversity of fecal mycobiome taxonomic compositidre apecies
level demonstrated an overall decrease with agedasated by the decreasing richness (Chaol
i ndax10.02pSE=0.00Hh=0. 03), di ver si t10.q08 BEE=0.008n di ver s
=0.001; Fi s h enn0.089, PEFGO0H+ 0v.e0 k)i ,t yamdi000be nness (I
SE=0.002p =0.02) indices fro day 2 to day 179. the alpha diversity of the mycobiome showed
a slight increase after weaning on day 22 and remained stable until day 54, then dropped by day
77 and again increased from days 93 to (E2§ures 42, 43 and 44, b). The evenness of fungal

species steadily decreased from birth to day 40 and then slightly increased and remained similar
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until the harvest on day 1{Bigures 45, b). The NMDS plots based on the Br@wrtis

distances show significant shifts in the fungatmunity compositionrbm day 2 to day 179
(PERMANOVA, p=0.001)(Figures4.6, 8. The variation of fecal mycobiome composition

among individual animals was highest at 2 days old, with fecal samples at older ages becoming
less variable in the mycobiomextanomiccomposition(Figure 47, b). Variation of beta

diversity of fecal mycobiome showed mixed trends, first increasing from day 2 tald§ (a
beforethe change from phase 2 to phase 3idigte nursery facility) and then gradually

decreasing througlub the rest of the agaoints until day 179RERMDISP;p < 0.00) (Figure

4.6, d).

In breeder sows, alpha diversity of fecal microbiome at the species level as captured by
richness ( &G0.2a1oSE=0.1p=dC.x04)b and di veris0.a0% ( Shannc
SE=0.002p=0001 and Fi s h=d.03, 3E=QOh6 =0i05) idiceslso b
significantly increased with age and these dynamics were comparable to that of production pigs
in this study(Figures 42, 4.3 and 44, c).In contrast, the evenness of taxa decreastuthe
age of the breedingpw (Figure 45, c). The richness and diversity of the microbial community
increased starting from ~3 weeks oltitfee time of purchase/enteritige first growingfacility)
through day 154 and then leveled off. However, nai@ant changes in the evenness of taxa
were observed (Figure4 c). The significant shift in microbiome community composition and
structure from days 21 to 371 (farrowing and weaning) wbserved on the NMDS plots based
on the BrayCurtis distance (PBRMNOVA, p <0.001) (Figure 4, b-c). Day 21 (time of entry at
the farm, first growing facility) followed by day 43 (veeks after entjywere the most distinct

from the rest of the aggoints Variation of beta diversity of fecal microbiome showed
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decreamg dynamics from 3 weeks to farrowing (day@dy 371) in breedesows PERDISPp
<0.001) (Figure 4, e-f).

In contrast, fecal mycobiome of breeding sows showed mixed temporal trenplsan al
diversity over the nine aggoints from day 21 through day B (end of weaning the first litter)
(Figures 42,4.3 and 44, c). Overall, alpha diversity showed decreasing trends with age but did
not change significantly. 1F®.0013, 850.00¢00d), richn
showed decreasing trendstin day 21 to day 70 and then slight increase on day 84, day 224 to
day 371. The di versik092 SESOHO@IN=0.29andd-isheraalpleai t y; Db
di verisioON,,SEX0.00h=0. 33) an d=T16.008 SE=6.60% =0(38)
showed incrasing trends from day 21 to day 154 and a slight decrease follodayng24 and
then remained at the same level.

However, noametric multidimensional scaling (NMDS) plots based on the Erastis
distance of mycobiome revealed a shift in the fungal commywunih the age of the breeding
sow (PERMNOVA p <0.001) (Figure 4, b-c). Further the \ariationof fecal micrdiome
composition among individual animals showed a slight increase from day 21 to day 70 and then
a decrease following day 84 and remainedlstthe rest of the agmints(PERMDISP;p <
0.001)(Figure 47, ef).

Microbial community taxonomic composition

Taxonomic compositions difacterial andungal communities at the phylum, family,
genus, and species levels were evaluated. A dynamic shdtterial and fungal taxa with the
age of pigs were observed. For microbiome composititimegphylum level, Bacteroidetesvas
themost abundanthylum (34% of thetotal phyla) followed byFusobacter(~24%) and

Firmicutes(~23%) at the first sampling giglets (2 days old)}-irmicutesappeared to be the
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most abundant phylum followed Bacteroidete$rom weaning on day 21 to the day of harvest
on day 179Figures 48). The abundance &irmicutes TenericutesCyanobacteria
Kiritimatiellaeota Patescilacteriasignificantly increased with age (false discovery rate adjusted
p < 0.001), whileProteobacteia andFusobacteriasignificantly decreased with age in

production pigs. At the family level, there was also a significant shift in bacterial taxa detecte
from day 2 to day 179. For instance, several bacterial families including,
BacteroidalesRF16_groupnidentified bacteum RF39 Streptococcaceae
Anaeroplasmatacea&accharimonadaceaand others (uncultured bacterium) significantly
increased with thage of pigs while an abundanceFafsobacteriaceaandEnterobacteriaceae
decreased with the age of the pigs (Figur&e,4).

Similarly, in breeding sows;irmicutes(~50%) andBacteroidete$~40%)werethetwo
most dominant phyla across all age pe{igure 49). However, othetess abundant phg; such
asFibrobacteres SpirochaetesandKiritimatiellaeota, significanty (p <0.001) increasd with
age while Chlamydiaesignificantly decreased witihe age of breeding savAt the family
level, Prevotdlaceae,Spirochaetacegdeptostreptococcacea@naeroplasmataceae
FibrobacteraceaeClostridiaceae 1, Erysipelotrichaceagp25105 andVeillonellaceae
significantly increasedy(<0.001) with age, whil€oriobacteriacea@ndChlamydiaceae
decreased witthe age of breeding sows (Figurd@\ b).

The mycobiome was composed of a lower number of phyla comfmatied microbiome
of the fecal samples. Among the fungal phylacomycotandBasidiomycotavere the most
abundant in production pigs and breedingsthroughout all the aggoints. The relative
abundance dBasidiomycotasignificantly decreased with agn production pigsp(= 0.001),

while the phylumMucoromycotasignificantly increasedp(= 0.001) with age in breeding sows.
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At the family level, theabundance of several fungal families, includiegctriaceae
MucoraceaeDiaporthaceaeUstilaginaceaeRhizopodacegaeandAspergillaceassignificantly

(p<0.05, adjusteg-v al ue at U = 0. 05) Didymetlaceaalesreaded wilht h a g e
agein production pigqFigure 411, a) Similarly, in breeding sows, the abundance of
NectriaceaeRhizopodacead)rbiliaceae andCeratostomataceasignificantly increased with

age (Figure 41, b).

The overall dynamics of the pig phenotypic AMR in production pigs and breeding

Sows

The temporbfluctuations in abundance of AMR fecal coliforms and enterococci (Figures
412,413, 414 and 415) in the presence of the resistant breakpoint concentrations of
antimicrobials (Table 4) was observed in both cohortspsbduction pigs and breeding sew
Similarly, there was variability in pig yielding AMR fecal coliforms and enterococci (TaBle 4
and 43). The higher abundance of AMR coliforms and enterococci were detected in the earliest
ages in both cohorts of prodiat pigs and breeder sows.

Total coliforms and enterococcount(no antimicrobial) remained relatively stable over
time and did not decline as the pigs aged in production pigs (total colifigrt4,6, enterococci
p=0.6). There was no relationship betwéetal coliforms or enterococcounts and being
housed (different housing or changes in diet) in production pig8.(Q). Similarly, coliform
counts (logo CFU/qg) in the presence of ceftriaxone (3rd generation cephalosporins),
aminoglycosides (gentamicand streptomycin), aminopeniails, and macrolides
(azithromycin) significantly declined with the pig age<0.05). The coliform counts (lag
CFU/ g) in the presence of tetracyclim®8 or su

but was lowethan the abovenentioned antimicrobials. Similarly, enterococount(logio
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CFU/qg) in the presence of tetracyclines, nalidixic acid (quinolpr@siaminoglycosides
(gentamicin and streptomyci np<0.85).Iigowevéri cantl y d
enterococccount(logio CFU/g) in the presence of aminopenicillins, lincomycin (lincosamides),
and nitrofurans did not significantly change with the age of the pig6.05).

In breeding sows, the total counts @@GFU/g) of coliforns also remained laively
stable over time and dipdO0.Il9Hphbwevke total entemcoeei t h t he
counts decl i ne¢=0Alx The doliioems m thg pghesenae gf eeftrifaxone (3rd
generation cephalosporins) or tetreloyes significait y decr eased @3009). t he pi
Similarly, coliforms in the presence of aminoglycosides or aminopenicillins declined with age,
but this relationship was not significaptX0.1). Similarly, enterococ@ountin the presence of
aminoglycosides caminopenicillins declined significantlyp & 0.05 with the pig age.

Our results showed that cohort pigs rapidly acquired the AMR coliform or enterococci
shortly after birth. The abundance of fecal bacteria in the presence of thentdsstkpoint
coneentrations of antimicrobials within the cohort declined at the earliest age points over the
study period (birth to harvest) in production pigs and breeding sows. Tiiepgedent
dynamics of AMR abundance in fecal bacteria was the higlieélse earlieshigepoints and
decreased with age.
Resistome composition in production pigs

The shotgun metagenomic sequence analyses were used to assess the resistome
dynamics. In production pigs£2/agepoints), the highestiversity and abundance AMR-
genesoccurredt t he e ar hndteadecreaqywith age A total ef116 AMR genes,
which represen84 AMR mechanisms anti3 AMR classes in production pigs. Antimicrobial

resistance genes predicted to confer resistance to tetracyclinesergpd a signdant portion
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of resistome (~50%), followed by rifampin (~20%), aminoglycosides (~11%), macrolides
lincosamidesstreptogramin (~7%), multidrug resistance (~4Bdpctams (1%),
fluoroquinolones (1%)and @tionic antimicrobial peptidg4%) (Fig 416). Thetotal number
within eachAMR-gene classsuch aswith b-lactams, fluoroquinolones, tetracyclines,
sulfonamidestrimethoprim, phenicolsandcationic antimicrobial peptidesererelatively higher
in earliest agepoints while other AMR gengsuch asnacroldes, lincosamidesnd
streptogramia (MLS), increased with ag&imilarly, the richness and diversity of genes
encoding AMR, mechanisms, and drug classes revealed the fecal resistome changes aver time |
pigs (Figure 417 and 418). The Procrustes analgdased orthe Bray-Curtis similarity metrics
also showed relationship(m?=0.48,p=0.1) between MR genecomposition and microbial
community compositiomhen pigs were housed in the finishecility.

Discussion

The canposition diversityand interactias ofthe gut microbial community of the pig
from birth tothe harvest ag@ production pigs anttom early life through the first breeding,
farrowing, and weaning ibreeding sows are critictd the overallanimalhealthand
performanceUnderstandinghtese dynamgisalso importantor theoverall epidemiology of
AMR as microbial commurnigsserveas a reservoir for AMR gen@swhich theAMR genes
can be transferred between native and tesmigut bacterigSammer et al., 2010; Hu et al.,
2014) Our longitudinal study of the pig fecal microbiome, mycobiparel AMR ina cohort of
production piggfrom day 2throughday 179f age n=12 pigs) and two cobrts of breeding
sows {rom day 21through day371/1% farrowing and weaning)=6 andn=12 sows revealed
similar microbiome alpha diversity trends between production pigs and breeding sows. However,

we found differentnycobiomealphadiversitytrends betwenproduction pigs and breeder sows
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Also, for either prduction pigs obreedingsows, the mycobiome trends differed from the
microbiome trendd-urther,phenotypicAMR in indicatorfecal bacterial (coliforms and
enterococcipnd the resistome demonstragepkdependent dynansg with thehighestAMR at
the ealiest agepoints sampled and a decrease in AMR with age in either production pigs or
breeder sows

Microbiome taxonomic compogion, richness, and diversity

The observations of overall increasing diversity and richness of the fecal microbial
species withtlie age of production pig are in agreement with the results of earlier fOders
et al., 2017; Lu et al., 2018; Wang et al., 20B¥nilar dynamics of microbiome divetgiwere
also noted in humans from earhfants to adult¢Kong et al., 2019)in our study, lhe bacterial
species diversity (measured by Shannon index) and richness (measured by Chaol index) was
highest on da®8 andthen plateaued until day79.The diversity and richness demonstrated a
sharp increastllowing the transition to a sokighase diet around 3 weeks of age. Similar
results of increasing bacterial diversity with age (birth, days 10, 21, 23, 62, 84, and market)
were reported in productiongs (De Ralas et al., 2018)n the same studyheyrepoted the
effect of age on microbiome diversity and richness across all gut location samples
(duodenum/jejunum, ileum, cecum, and colon) with a substantial shift in microbial community
composition betweendaydand330f t he pigbds age.

Further, thebeta dversity analysis of pig fecal microbiome composition showed clear
clustering by age. Based on NMDS, bacterial communities appeared to separate on days 2, 22,
and 26 and become more similar between indiVigigs at later ag@oints. An earlier study
alsoshowed age related clustering of the microbial communities in(pigaget al., 2019;

Arfken et al., 2020and calvegHennessy et al., 2020yecal samples from piglets 48 hours after
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birth could contain meconium; a study reported that meconiomplea contain v but diverse
microorganismgWang et al., 2019)

FirmicutesandBacteriodetesvere themost abundant fecal bacterial phyla detected
throughout the study period, which agrees with an earlier ¢kt al., 2019)The bacterial
phyla, FusobacteriaandProteobacteriavere dominant in earlages and decreased with the age
of the production pigs. It has been reported that the phiflusnbacteriavas linked vith the
disease irtheanimal, suggesting that opportunistic pathagmecommonly found in nursing
piglets(De Witte et al., 2017)The bacterial phyla such & micutes Tenericutes
Kiritimatiellaeota, andCyanobacteriasignificantly increased with age, possibly because of the
introduction of solid feed during nursery stages (after day 22). Interestingly, we also found that
the rehtive abundance of bacterial families sucEaterobacteriaceadecreased witthepigd s
age This finding indicates an aggpecific change of the microbiome abundance in production
pigs(Ke et al., 2019)

Similarly, the dynamics of alpha diversity patterns in breeding sows were similar in the
cohort of production pigs (within overlapping age periods), with overall increasing diversity and
richness of species. For example, Choal richness and Fishedapisity increased from days
21 to 154 and remained stable until day 3tis indicatedhat the bacterial communities in
breeding sows increased until day 154 (closed to first breeding period) and then stabilized at
subsequent farrowing and weaning. 3&eesults were comparable to those of the production
pigs cohort, suggesting that swind gucrobial communities fully develop and mature before
the marke{(Wang et al., 2019)Similarly, beta diversity of the microbiome composition showed

distinct clusters on days 21 (at the time of arrival afdima) and42, from the rest of the age
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points. Similarly,a study alseeported a clear aggependent succession of overall bacterial
community structure in piglets and so(@an et al., 2016)

Similarly, in breedingsows, consistent with the previous findir{y$ach et al., 2015)
FirmicutesandBacteriodetesvere the twgpredominant phyla present in the longitudinal study.
Interestingly, the relative abundance of bacteriglgpkuch a$SpirochaeteKiritimatiellaeota,
andFibrobacteresncreased with age \ilb the relative abundance Ghlamydiaedecreased
with the age of breeding sows. Similarly, the relative abundance of bacteria family such as
ErysipelotrichaceageClostridiaceael SpirochaetacegeandPeptostreptococcaceaeacreased
with age, andChlamydiacea@andCoriobacteriaceasignificantly decreased with age. Han et al.
(Han et al., 20183lso reported similar relative abumdas of phyla at various growth stages in
pigs (day 10 to day 147 of age).

Domestic pighave a life expectancy of 1520 years but were only studied until 1 year
of age. Therefore, whether the pig fecal bacterial diversity remains stable aftgrettieade
point or how the gut microbiome congititon changes during aging cannot be inferred.
However, results showed that between ehbityand 1 year of agehé dynamics of richness and
diversity ofthefecal microbiome compositiomeresimilarand compaableamong the
production pig and breedingow cohortswhich suggested that age is a major driver of the
microbiome composition.

Mycobiome taxonomic composition, richness, and diversity

In contrastthefecalmycobiomen production pigshowedherichness(measured by
Chao indexpnddiversity indices (Shannon index and Fisher alpha indéx)ingaltaxa
remained relatilg stea@ until theage of weaning and then slightly increasedeesining

(day 26) and then remaddrelativdy unchanged. Inteesingly, evennesswas reducedrom hirth
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to day 40 (2 weeks after diet changed in nursery barn) and remained relatively stable until the
day of harvest (day 179

Further thediversity and richness decreasedday 77 i.e., adaybeforemoving the
nursery o thefinisher barn). This indidasa potential fuctuation of fungal communities with
ageand wherpigsmoved to different facilitiesSimilarly, in breeding sows, the fecal
mycobiome showed a reduction in Chaol richness, Shannon diversity, and eoéfunegal
taxa from day 21 througday 154 (alay prior to moving to the breeding baend remained
stable until day 371IThe similar dynamigsof fungal diversity and rialiess were also observed in
aprevious mycobiome study in pigeefrombirth to weamg (Arfken et al., 2020yhere the
piglets were nursed with their mother until 21 days of age (weaned on day 21) and then received
nursery diet 1 (days 228) followed by nursery diét (days 2935). No antibiotics, antifungals,
or other additives were administered to the pigletsatieme during the study period. The most
abundant bacterial phyla in the Gl tract and feces ®Baoteroidetesk-irmicutes and
Epsilonbacteraeotaand the dominant fungal phyla wekscomycot§90%) andBasidiomyca
(9%).

Similarly, low fungal diversit has been reported in healthy adult human fecal samples
(Raimondi et al., 2019 he lowfungal diversity in pigs corresponded to human findings as
these samples are collected from apparently healthy anibeksfrom the study showed a
significant increase in the abundancé\sepergillaceagRhizopodacegdNectriaceagand
Mucoraceaavith the age of pigs (both production and breeding sows). Interestingly, the
abundance dDidymellaceaalecreased with the age bktpigs Further there were
compositional differencein early ageshowever, thédetadiversity indicated no distinct cluest

of fungal taxa with the age of pigs (both production pigs and breeding sows). In addition to the
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fungal taxa compositiostructue, greatewariationamong the fungal community was observed
in both production and breeding sows. This indicates thatighfeqal mycobiome does not
follow the defined pattern of colonization and succession that does a micrqBidken et al.,
2019; Summers et al., 2019)
AMR in enteric bacteria

In the present study, boétbbundance diecal coliforms and enterocoddngio CFU/g)in
the presencef antimicrobials (esistanbreakpoint concentrations)ere hidner at early ages in
both production pigs and breeding sow coh@tszeral previous studies demonstrated carriage
of AMR resistance bacteria associated with the age of food animals with a higher prevalence of
AMR in fecal bacteria within the hoshortly after birth andhen adecline over timéHoyle et
al., 2004a; Hoyle et al., 2004b; Khachatryan et al., 2004; Berge et al., 2010; Edrington et al.,
2012a; Mainda et al., 2015a&nd piggMoro et al., 1998; Agga et ap14; Agga et al., 2015b)
We also observed similar dynamicshigh levels of abundance of AMR fecal bacteria
(coliforms and enterococqiwithin the cohor of production pigs and breeding sowsre
observedThis phenomenon could be associated with ardagendent shift of gut microbial
communitieChen et al., 2017; Grosicki et al., 2018; Ke et al., 2019; Wang et al., 2¢1i6h
often serveasan AMR gene reseoir and cariransfer between native and transient gut bacteria
(Sommer et al., 2010; Hu et al., 2014)

To understand the aggependent resistome dynamic, shotgun metagenomic sequencing
was used for the analysi§the presence of AMR genes in production ggsstudy,n=2 pigs
at9 agepoints). Thiswas selected based on the fact that cohorts of pigs possess similar
microbiome and mycobiome diversity and phenotypic AMR prelgheearly agesln our

preliminary study, we detectedl6 AMR genes, which represent8d AMR mechanisms anti3
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AMR classes of drugs. This preliminasigta indicated that the richness angedsity of the fecal
resistome change overtime with pig age with the relatively highest divatsityearly age. The
abundance of AMR gerndrug classes, such Bdactams fluoroquinolonestetracyclinestc.,
were relatively higher in the earliest ageints.This agedependent AMR in pig fecal bacteria
could directly be related to the decrease in the relative abundance of specific microbial taxa, for
instanceEnterobacteriaceaéd.e., significantly dereased with agen our pig fecal samplés
which was considered to harbor the most AMR genes at an earlfl@agever, resistance to
MLS increased over time, indicating that not every AMR gene decreased in abzinddmihe

p i g 0 $thaa lgeen.suggest¢hat the resistome is mainly structured by the bacterial
phylogeny and bacterial taXxoteobacteriavere more likely to drive the resistance than other
phyla(Forsberg eal., 2014) Interestingly, in the production pigs taxonomic data, the relative
abundance dProteobacterigwhich include€nterobacteriacegedecreased with ag@ne

study showed that mobitMR genesveremainly present in four bacterial phykae
Proteobacteria Firmicutes ActinobacteriaandBacteroidetegHuddleston, 2014)The same
study showed tha@treptococcusgalactiae E. coli, andStreptococcusuiswerethe tireemost
abundanbacterial speciethat aresharedbetween animal and human intestirmand consistently
harbor known AMR genes.

Recent studies have shown the fecal resistome significantly changed ovier fiioe
animal (e.gdairy calve¥, with the highest being at early ages and then a decreastanoe in
dairy calveqLiu et al., 2019rnd pigqPollock et al., 2020)Further,it has beeshown that the
prevalence and abundance of AMR genes weténfluenced by antibiotic uséAMR gene
abundance was higher in nursing piglets with low microbiome divdRitjock et al., 2020)

Thus, consistent with the hypothesis, ouadatggest that the gut microbiome in pigs may serve
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as a natural reservoir of AMR genésaddtion, the Procrustegbased on BrayCurtis distance)
analysisshowedhe marginallysignificant relationshigm?=0.48,p=0.1) betweenrAMR gene
composition and mrobial community compositiowhen pigs were housed a&finisher

facility). Furthermore(Joyce et al., 2019porteda significant positive correlation between the
total resistome and the total microbiome frisoal samples of healthy pigsirther suggesting
microbiome composdibn influenced the resistome composition.

The microbial community is dynamic in early life in food animals as well as humans; it is
typically established immediately after birth, and tfierobial population composition is in
fluctuation until maturity isattained(Yatsunenko et al., 2012; De Rodas et al., 20ARgration
to the microbial community during development may alter both its phyltigeztenposition and
its associated resistome.

Conclusiors

In this study, the fecal microbiome, mycobiome, and AMR profiles (phenotypic and
genotypic) at nine agpointsusing cohorts of production pigs (day 2 to harvest) and breeding
sows (day 21 througtirst farrowing and weaning) were assessed. The results indicated that
bacterial richness and diversity significantly increased with the age of pigs. Thasagk
dynamc shift of the ecological community in the swine gut microbiome was exhibited with
Firmicutesas the dominant phylum in early life, followed Bgcteroideteshroughout the rest
of the studied ages. The study also showed shifts in the fungal communggsibam, richness,
and diversity in individuahnimals with age; howevethe dynamicslid not follow the same
defined pattern as the bacterial colonization and succession and were less repeatable among the
animals. Ascomycota was the most abundant fupigglum at all ages, followed by

Basidiomycota. The indicator fecal bacteria (colifognsl enterococci) in the pig cohorts
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exhibited an agelependent dynamic of AMR to many antimicrobial drug classes, including the
third-generation cephalosporins, aminojedlins, aminoglycosides, and macrolides, with the

highest betweeanimal prevalencand withinanimal AMR abundance in early ages, followed

by a decrease with as the age of the pigs increased. The shotgun metagenomic approach revealed
that the diversityf AMR genes was largest at earliest-pgénts and decreased with age. The

variety ofgenes encoding resistance to each obtlastams fluoroquinolonestetracyclines, or

cationic antimicrobial peptides was highest at the earliespaigs. The agelependent

dynamics of richness and diversity of the fecal microbiome and mycobiometaio

compositions, and phenotypic AMR in fecal bacteria were comparable among the production pig

and breeding sow cohorts, indicating age rather than the producttemsyas the bigger driver.
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Table 4.1

Antimicrobial drug concentraticGrused to supplemetite microbiological agao evaluatghe
dynamics of the phenotypic AMR in production pigs and breeding.sows

Antimicrobial (class)  Antimicrobial agent Concentration

Bacteria/Media

supplemented supplemented (Abbreviation  (ug/mL) ?
Coliforms
MacConkey Agar Aminoglycostdes Gentamicin (GEN) 16
(MAC)
Streptomycin (STR) 32
3 generation Ceftriaxone (AXO) 4
cephalosporins
Sulfonamides/folate path Sulfamethoxazole (SMX) 512
inhibitors
Macrolides Azithromycin (AZI) 32
Aminopenicillins Ampicillin (AMP) 32
Phenicols Chloramphenicol (CHL) 32
Fluoroquinolones Ciprofloxacin (CIP 1 (and 0.25)
Quinolones Nalidixic acid (NAL) 32
Tetracyclines Tetracycline (TET) 16
Fluoroquinolones Enrofloxacin (ENR) 0.125*
Enterococci
Enterococcus Agar Aminoglycosides Gentamgin (GEN) 500
(ENT)
Streptomycin (STR) 1024
Lincosamides Lincomycin (LIN) 8
Macrolides Erythromycin (ERY) 8
Tylosin 32
Nitrofurans Nitrofurantoin (NIT) 128
Aminopenicillins Penicillin (PEN) 16
Phenicols Chloramphenicol (CHL) 32
Fluoroquinolones Ciprofloxacin (CIP) 4
Enrofloxacin (ENR) 4
Quinolones Nalidixic acid (NAL) 3X
Tetracyclines Tetracycline (TET) 16

aBreakpoints based on Clinical Laboratory Standards Institute guid€ih&d, 2008)and

National Antimicrobial Resistance Monitoring Systenturopean Commiteon Antimicrobial

Susceptibility Testingepidemiologichcutoff value) adoptedrom E. coli breakpoint

concentratia
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Table 4.2
Percentge (95% confidence intervals) of production pigs12) yielding antimicrobiatesistant coliform®r enterococci

Fecal _ Age, days
bacteria Antimicrobials 2 22 26 40 54 77 93 128 177
Coliforms | 100 91.6 100 83.3 75 83.3 91.7 83.3 100
P (73.5100) (61.599.7) (73.5100) (51.597.9) (42.894.5) (51.697.9) (61.599.8) (51.697.9) (73.5100)
39 generation 83 91.6 58.3 33.3 75 16.7 33.3 25 (gi'g
cephalosporins  (51.697.9) (61.599.7) (27.684.8) (9.965.1) (42.894.5) (2.1:148.4) (9.965.1) (5.557.2) 97 '9)
Tetracvalines 100 100 100 83.3 91.7 91.7 100 100 100
y (73.5100) (73.5100) (73.5100) (51.597.9) (61.599.8) (61.599.8) (73.5100) (73.5100) (73.5100)
Macrolides 75 0 100 75 83.3 66.7 100 75 0
(42.894.5) (73.5100) (42.894.5) (51.697.9) (34.990.1) (73.5100) (42.894.5)
Aminodlveosides . 916 91.6 75 83.3 83.3 66.6 83.3 50 100
gy (61.599.7) (61.599.7) (42.894.5) (51.697.9) (51.697.9) (34.890) (51.597) (21-78.9) (73.5100)
Sulfonamides 91.6 100 83.3 83.3 83.3 83.3 91.6 75 100
(61.599.8) (73.5100) (51-97.9) (51.697.9) (51.697.9) (51.697.9) (61.599.8) (42.894.5) (73.5100)
ohenicols 25 41.67 33.3 333 25 333 41.6 333 (411&13'2
(5.4572) (15.2723) (99651) (9.9652) (5557.2) (9.9651) (152723) (9.9651) '3
Enterococci . - 58.3 50 25 50
Aminopeniallins 7 car 8y (21:78.9)  (5.557.2) 0 0 0 0 0 (21-78.90)
Ouinolones 100 100 91.6 100 (21'2 75 75 75 100
(735100) (735100) (61599.8) (735100) go7g  (428945) (428945) (42.8945) (735100)
Tetracvelines 100 100 100 100 (2%2 91.6 91.6 100 100
y (735100) (735100) (735100) (735100) go7g  (61599.7) (61.599.8) (73.5100) (73.5100)
Macrolides (gi'g_ 100 100 100 (gi'g 58.3 100 83. 3 100
5007 (735100) (735100) (735100)  good  (27.684.8) (735100) (51.597.9) (73.5100)
Aminoalveosides 75 16.7 58.3 83.3 50 66.6 75 66.6 0
gy (42.894.5) (2-48.4) (27.684.8) (51.597.9) (21-78.9) (34.890) (42.894.5) (34.890)
Lincosamides 75 100 83.3 33.3 75 50 50 58.3 100
(42.894.5) (73.5100) (51.697.9) (9.965.1) (42.894.5) (21-78.9) (21-78.9) (27.684.8) (73.5100)
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Nitrafurans 66.6 8.33 41.6 41.6 8.3 0 16.67 33.3
(34.890)  (2-38.4) (15.1:72.3) (15.272.3) (2-38.5) (2-48.41)  (9.9-65.1)

*95% confidencanterval (Cl) is an exact confidence interval based on the binomial distribution

113



Table 4.3

Percentag€5% confidence intervals) dfeeding sow$n=18) yielding antimicrobialresistant coliform®r enterococci

Fecal Age, days
bacteria Antimicrobials 21 42 70 84 154 224 350 371
Coliforms Aminopenicillins 100 94.4 100 66.6 94.4 100 88.8 100
P (81.4100 (72.7/99.8) (81.4100) (40.986.6) (72-99.8) (81.4100) (81.4100) (65.398.6) (81.4100)
34 generation 100 88.9 77.8 83.3 61.1 44 .4 61.1 77.7
cephalosporins  (81.4100) (65.398.6) (52.393.5) (58.696.4) (35.7-82.7) (21.569.2) (35.782.7) (52.593.6)
Tetracvclines 100 100 88.8 100 100 100 100 100
y (81.4100) (81.4100) (65.398.6) (81.4100) (81.4100) (81.4100) (81.4100) (81.4100)
Macrolides 77.8 77.7 61.1 44 .4 44 .4 83.3 72.2 88
(52.493.6) (52.3693.5) (35.7-82.7) (21.569.2) (21-69.2) (58.596.4) (46.590.3)  (65-98)
Aminoalvcosides 100 88.9 (ggg 88.8 72.2 94.4 94.4 38.9
gy (81.4100) (65.398.6) 96 42) (65.398.6) (46.590.3) (72.7-99.8) (72.7799.8) (17.364.3)
Sulfonamides 94.4 94.4 72.2 55.6 83.3 88.8 83.3 88.8
(72.7799.8) (72.7-99.8) (46.590.3) (30.7-78.5) (58.696.4) (6598.6) (58.696.4) (65.398.6)
Phenicols 77.8 66.6 50 27.7 0 16.6 22 72.2
(52.493.6) (40.986.65) (26-73.9) (9.6-53.5) (3.541.4) (6.4-47.63) (46.590.3)
Enterococci Aminopenicillins 38.8 22.2 33.3 33.3 33.3 33.3 16.6 0
P (17.364.3) (6.447.6) (13.359) (13.459) (13.359) (13.359) (3.541.4)
Quinolones 94.4 83.3 94.4 61.1 61.1 77.7 95 83.3
(727-99.9) (58.696.4) (72.7-99.8) (35.7-82.7) (35.582.7) (52.393.5) (72.799.8) (58.596.4)
Tetracvelines 94.4 100 88.8 61.1 83.3 94.4 100 94.4
Y (72.7-99.8) (81-100) (65.398.6) (35.7-82.7) (58.696.5) (72.7-99.8) (81.5100) (72.7-99.8)
Macrolides 100 77 77 88.8 66.6 77.7 33.3 50
(81-100) (52.393.5) (52.393.5) (65.398.6) (0.40.86) (52.393.5) (13.359) (26-73.9)
Aminoalvcosides 100 88.8 83.3 88.8 72.2 100 72.2 83
gy (81-100) (65.398.6) (58.696.4) (65.398.6) (46.590.3) (81.5100) (46.590) (58.6:96)
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(52.4

93.6)
Lincosamides 100 66.6 55.6 83.3 72.2 88.8 (gé'%_ 66.6 100
(815100)  (40867) (30.778.6) (58.5896.4) (46.590)  (65.3986) x>, (40-86.6) (815100)
33.3 50 50 38.8 22.2 27.7 27.7 33.3 50

Nitrofurans (13.359) (2673.9) (2673.9) (17.364.3) (6.547.63) (9.653.5) (9.653.5) (13.359) (26-73.9)

*95% confidence interval (Cl) is an exact confidence interval based on the binomial distribution
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Production pigs (one cohort, =12, 6 males and 6 females)

 Famowing/weaning bam Nursery barn
Day 2 Day 22 Day 26 Day 40 Day 54 Day 77
Within 48 1 day prior to weaning 1 day prior to 2 weeks 2 weeks after the 1 day before
1 ours of birth and moving anew diet  after the diet diet change moving to the
to the nursery barn change/ finisher barn
1 day prior to a

Animals/age-points: new diet
Bacteriome and

Finisher barn
Day 128 Day 179
2 weeks after 7 weeks after Day of
moving to the moving to the harvest

finisher barn

mycobiome (n=8) -
Phenotypic AMR
(n=12), resistome (n=2)

Fecal samples

Breeding sows (two cohorts, n=6 and n=12)

Day 350 Day 371
Day of parturition ~ Day finishing
— Parity 1 weaning/
separation from the
litter—Parity 1

Ist growing barn 2nd growing barn Breeding barn
Day 21 Day 42 Day 70 Day 84 Day 154 Day 224
Day of 3 weeks 1 day prior to 2 weeks after 1 day prior to First 1 week prior to
purchase/entry after entry moving to the 2nd entry to the 2nd ~ moving to the  breeding/artificial ~ moving to the
\ growing barn growing barn breeding barn insemination — farrowing barn
Parity 1
Animals/age-points: —
Bacterl.ome and Fecal samples
mycobiome (n=8)
Phenotypic AMR
(n=18)

Figure 4.1. Schematic of the sampling design of tbeditudinal studies of production pig and breeding sow coHegtsalmicrobiome
(bacteriome)mycobiome and phenotypic AMRvere evaluated at each ageint sampl&l. In the production pig cohort, 6 males and 6
femalesn= 12 animals were sampled at each of 9pgjats, from 2 days old to harvest at 6 monthdoreear sows,two cohorts of
pigs 6 pigsin 1%t cohort and 12igsin 2" cohor) were sampledt each of 9 ag@ointsfrom day 21of ageto first farrowing and
weaning Microbiome andnycobiomeanalysiswere performean thefecal samples from all 9 agmints per pigs from production
pigs (4 males and 4 females;8 pigs andn=72 fecal samples) armteeding sows (4 pigs cohort 1 and 4 cohort=8 pigs anch=72
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fecal samples). Phenotypic AM&n fecal bacteria (coliforms and enterococci) weeeformed fromthe cohort of production pigs
(n=12) at 9 agepoints (=108 fecal samplesand cohorts of bexing sows{=18) at 9 ageoints =162 fecal samplesand fecal

samplesi=18) from the cohort of production pige<2) at 9 agepoints per pig were subjecteddlbotgunmetagenomic sequencing for
evaluating age related dynamicfetalresistome
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) . ) _ Production pigs ) _ _
(a) Richness of species (microbiome) (b) Richness of species (mycobiome)
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Figure 4.2. Alpha diversitydescribed agchness Chaolindex) of the fecal microbiome (a, ¢) and mycobiome (b, d) in production pigs
(n=8) and breeidg sows (=8). The color bar above the-Xxis representhe pig housing facility; for production pigs: pihkarrowing
and weaning, light purpienursery, andellowd finisher; and for breeding sows: bfuést growing facility, light greed 2" grower
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facility, orang@ breeding barn, and pidkfarrowing and weaning lba. The red dotted line shows overlapping-pgats between the
cohorts of production pigs and brasglsows.
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(a) Diversity of species (microbiome) Production pigs (b) Diversity of species (mycobiome)
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Figure 4.3. Alpha diversity described as diversity (Shannon index) of the fecal microbigrmaeaad mycobiome (b, d) in production
pigs (=8) and breeding sow®%£8). The color bar above the-Xxis represents the pig housing facility; for production pigs:dink
farrowing and weaning, light pur@enursery, and yello@ finisher; and for breeding s@wblué 15t growing facility, light greed 2™

120



grower facility, orangé breeding barn, and pidkfarrowing and weaning barn. The red dotted line shows overlappirgcags
between the cohorts of production pigs and breeding.sows
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Production pigs

(a) Diversity of species (microbiome) (b)  Diversity of species (mycobiome)
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Figure 4.4. Alpha diversity described as diversity (Fisher alptdek) of the fecal microbiome (a, ¢) and mycobiome (b, d) in production
pigs (=8) and breeding sow®%£8). The color bar above the-Xxis represents the pig haug facility; for production pigs: pink
farrowing and weaning, light pur@enursery, angellowd finisher; and for breeding sows: bfués growing facility, light greed 2"
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grower facility, orangé breeding barn, and pidkfarrowing and weaning barn. The rddtted line shows overlapping ageints
between the cohorts of production pigs and bregslows.
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Production pigs

(a) Evenness of species (microbiome) (b)  Evenness of species (mycobiome)
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Figure 4.5. Alpha diversity described as evenness (evenness index) of the fecal microbiome (a, c)andmey(b, d) in production
pigs (=8) and breeding sow®%£8). The color bar above the-Xxis represents the pig housing facility; for production pigs:dink
farrowing and weaning, light pur@enursery, and yello@ finisher; and for breeding sows: bfués growing facility, light greed 2"

124



grower facility, orangé breeding barn, and pidkfarrowing and weaning barn. The red dotted line shows overlappirgcags
between the cohorts of production pigs and breeding sows.
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Figure 4.6. Betadiversity of fecal micobiomecomposition in production pig$£8) and breeding sows£8) by age Non-metric
multidimensional scaling (NMDS) plots based on the Btaytis distances {a), and boxplot of the distancesage specificcentroid
for each of the agpoints in production pigsl}, breeding sowgday 21 through day 154 of agwerlapping aggoints with production
pigs) (e), andbreeding sowg¢day 21 through day 371} (f).
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Figure 4.7. Betadiversity of fecal mycobiome composition in production pigs8) and breeding sows£8) by age Non-metric
multidimensional scaling (NMDS) plots based on the Btaytis distances {a), andboxplot of the distances tge spcific centoid
for each of the agpoints in production pig&l), breeding sowgday 21 through day 154 of agwerlapping aggoints with production
pigs) (e), andbreeding sowsgday 21 through day 371 (f).
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Production pigs
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Figure 4.8. Taxonomic composition of thfiecalmicrobiome(relative abundance of individual phyla)production pigsri=8) at nine
agepoints
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Breeding sows
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Figure 4.9. Taxonomiccomposition of the microbiomegfative abundance of individual phylan breeder sowg=8) at nine age
points
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Figure 4.10. Taxonomic composition (relative abundance) of the microbiome at the familyihepedduction pigs (a) and bread
sows (b). The rectangular red box represents the overlappifgpage between cohorts of production pigs&) and breeding sows
(n=8). The arrovs indicate dietary changes during the production stage
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Figure 4.11. Taxonomic composition (relative abundance) of the mycobiome at the family level in production pigs (a) and breeding
sows (b). The rectangular red box represents the overlappingoages between cohortd production pigsr{=8) and breedingows
(n=8). The arrovs indicate dietary changes during the production stage
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Figure 4.12. Phenotypically antimicrobialesistant fecal coliforms (mean, 95% CI of thg-tmansformed viable coliform counts
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Abstract

Age and diet are the main factors influencingabmposition of the fecal microbiome.
The use of antimicrobials can alter the taxmic composition of bacterial communities. This
study aimed to evaluate agelated dynamics, effects of the diet, and antimicrobial treatments on
the fecal microbiome or anticrobial resistance. Pigd the finishing stage were randomly
distributed to 3gpens, and the pens were randomly assigned to 1 of 3 dietary treatments with
different levels and sources of fiber conteajsontrol diet (corrsoybean based with 8.7%
neutral detergent fiber (NDF), 2.2 % crude fib&))PDGS-distillers dried grains v solubles
based dietZd0% DDGS with 13.6% NDF and 3.1% crude fiber andharily contains insoluble
fiber), andc) sugar beepulp-based diet (14.5% sugar beet pulp with 13.6% NDF and 5.1%
crude fiber and primarily contains soluble fibéfive finisherpigs fromeach treatment groups
wereselected randomlygnd fecal samples were collectmuday98, 110, 144, and 179 (day of
harvest).Also, fecal samples were collected from pigatreceivednjectableceftiofur
hydrochloride or penicillin G day 1 amthy 3after injectionalong with permate untreated
control. Fecal samples were subjected to 16s rRiMApliconbased microbiomanalysis and
culture methods tquantify the abundance abtal and antimicrobiatesistantoliformsand
enterococci. The alpld@iversity, such as species richness, significantly increased with pig age,

and the overall bacterial composition changgith age ( <0.001) and dietg< 0.001).A diet-
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specific shift in the microbial community was observed. Neither ceftiofur nor genil
changed the richness, diversity, and evenness of the taxa; however, the antibiotics abtdribute
an altered overall fethacterial taxonomic composition and specific taxa. Our data suggest that

age and diet affect antimicrobial resistance (AMRfeiral bacteria.
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Introduction

The composition of the gut microbial community is strongly influenced by several
factors, including the age of animals, host immune and genetics factors, antimicrofliaafse
et al., 2012b; Relman, 2013nd dietary effect&Scott et al., 2013)The study found that diet,
especially crude fiber, was a significant factor shaping the pig gut microlfWwareg et al.,
2019) The microbial colonization of the pig intestine stddt birth and developed during the
neonatal period to weang time with a sharp increase following the transition to solid food after
weaning(De Rodas et al., 2018However, the microbial ecosystem is dynamic and significantly
altered after weaning, which caometimslead to enteric dysbios(talles et al., 2007; Mann et
al., 2014)

Therelativeabundance ofommensabacteria such dsactobacillusis reduced after
weaning; this, in turn, allows pathogenic bacteria to adhere and proliferate in the irftéstine
et al., 2@3). Thus, antibiotics and minerals are often used in diets to prevent digeastegen
and Williams, 2002)However, use of antibiotics in a therapeutic setting can cause selective
pressure that may drive the development ofhaictobialresistace (AMR) due to horizontal
gene transfer or mutatidqivartinez, 2008)Thus, due to the growing concerns o&&fR,
alternative approaches such as padtics and dietary interventions have been investigated.
Therefore, studiemvestigating the role of dietary intervention in modulating the microbial
population has received more attention. For instance, an inenefdser in the diet has been
shown to benefit gut microbial communities and improve the health and performamgs of
(Everts, 2010; Niu et al., 2013hese interventions could minimize AMR in animalewer

fiber in the diet leads to a decrease in the microbiome diversity in hyfariset al., 2012)A
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highfiber diet can significantly enridBacteroidetesnd depletéirmicutes(De Filippo et al.,
2010)

Generally, microbesin animalsat a young age were mainly fagibwing, grain
fermenting types, while those in atlahimals were fibedigesting type¢Huhtanen and Gall,
1953) In anoher study, De Rodas and colleag(ies Rodas et al., 2018pserved that the
exposure to solid feed between days 21 and 33 had a more significant overall impact on
microbial community structure than age and environm8&milarly, thisstudy showed that the
dietal interventions significantly reduced both the richness and diversity of the gut resistome in
children(Wu et al., 2016)The study also showed that the moderate sictuof dietary fiber in
the died particularly protein levels of 20%rude proteinCP) supplemented with wheat bran
and sugar beetup (2%) increasd production performance and gut maturation of the piglet
with less incidence of diarrhea anded forantbiotic intervention(Hermes et al., 2009)

Overall, these studs suggested that gut microbial colonization is influenced by diet and
progresses with age.

The antibiotics commonly used in swine can markedly alter the microbial community.
Examples include ifieed antimicrobials carbadox or a condiion of chlortetracgline,
sulfamethazine, and penicillih.ooft et al., 2012h)The thirdgeneration cephalosporin ceftiofur
is commonly used in swine as common preventive strategy for various bacterial diseases
(Callens et al., 2012An earlier study showed that the fecal microbiome of pigs that received
ceftiofur returned to the initial microbiome two weeks after treatrfi&inddin et al., 2018)
However, the impact of antimicrobial treatment administration on the bacterial composition of
pigs has not yet been clearly demonstrated, especially within a combination of dietary

treatmentsHere, we investigated agelated dynamicsnd the effects of diet (varying the fiber
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contents) as well as the impact of a ceftiofur and penicillin G treatment-{thyeteeatment
regimens). We characterize the longitudinal changes in the swine fecal microbiome with an

abundance of AMRn coliformsand enterococci during the finishing stage.

Materials and methods

Study design and animals

The study was performed at the Kansas State University Swine Teaching and Research
Center, Kansas State University Manhattan, Kansas. A total q#ig8&-36 kgstartingbody
weight) from one finishing group were randomly distributed to 36 pens. Each pen was balanced
by gendemwith 4 male and 4 female pigs. Pens were randomly assigned to 1 of 3 dietary
treatments (different level and source of fiba))control det (cornsoybean based with 8.7%
neutral detergent fiber (NDF), 2.2 % crude fibé))distillers dried grains with solubles
(DDGS)based dietZ0% DDGS with 13.6% NDF and 3.1% crude fiber aricharily contains
insoluble fiber)andc) sugar beet pulpased diet (14.5% sugar beet pulp with 13.6% NDF and
5.1% crude fiber and primarily contains soluble fib&he dietary compositions are shown in
(Table 51).

The diets were formulated and prepared akthiesas State University O.H. Keigeed
Technologyinnovation Center (Manhattan, K3l pigs of each experimental diet were
followed throughout the finisher stage. When clinical signs of diarrhea, leg swelling, or other
productionrelated diseases appeared, the pigs were treated withillpeG or cefiofur
hydrochloride(Excene?) by injection onceaday for 1to 3 days. The animal experiments were
approved by the Institutional Animal Care and Use Comm({tfs@UC) of Kansas State
University.

Longitudinal sampling of untreated pigs onthe dietary treatments
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Five pigsof each dietary treatmegtoup(control, DDGSbased digtand sugar beet
pulp- based digtwere sampled longitudinally during the finishing phase. Fecal samples were
collected per rectum from each of ~5 pigs at 4p@ats: at ~98 daydi(st week after moving
into the finisher facility and associated diet change), 110 days (~ 2.5 weeks after moving into
finisher facility), 144 days (~6 weeks after moving into finisher facility), and 177 days (day of
harvest) (Figure.3) (Table 52). The feces and fecal aliquots mixed with 50% glycerol were
frozen and stored aBO°C.

Ceftiofur and penicillin G treated pigs on the dietary treatments

The fecal samples were collected from ceftiofur hydrochleaae penicillin Gtreated
pigsat twotime points of the 3day treatment regimen. Qlays 1 and 3f treatmentsamples
were collected approximate6/hours (no later than 8 hours) after the intramuscular (IM)
injection). A fecal sample was collected froome peAmateuntreatecig on day 1Howeve,
some animals were only treateddaysl and2 when clinical improvement was seen; hence,
only day 1 samples were collected.

A total of 40 fecal samples were collected from the ceftitemted (\=25) and untated
penrmate contro(n=15) pigs. Spedi€ally, on the control diet3 pigswere sampled on day 1
only and 3 pigs on both days 1 and 3 of the regimen along with 6 untreatethfmmtreated
pigs on day 1; on the DDA%sedliet, 4 pigs were sampled both day 1 and 3 of the regimen
along with4 untreated pemated pigs on day 1, and on the sugar beetipagied diet, 2pigs
were sampled on day 1 only and 3 pigs on botls @aand 3 of the regimen along with 5
untreated pemmated control pigs on day(Eigure 51) (Table 52).

Similarly, a toal of 45 fecal samples were collected from gemicillin G treatedr{=30

and untreated pemate contro{(n=15) pigs. Specifically, 5 pigs on each diet (control, DDGS
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based dietand sugar beet pulased digtwere sampled on both day 1 and day 3 of dggmen
along with 5 untreated panated control pigs on day 1 on each @#agure 51) (Table 52).
Fecal samples were transported to the laboratory for fystbeessing, and the feces and fecal
aliquots were mixed with 50% glycerol and storeeB&C until DNA extraction, microbiome
analysis, and quantification AMR was performed.
16s rRNA basedmicrobiome analysis

Fecal DNA extraction

A total of 140 fecal samples£55 from pigs not treatedith ceftiofur,n=40 from
ceftiofur-treated pigslong with utreated pemmate contrglandn=45 from penicillin G treated
pigsalong with untreated pemate contrglwere collectedFecal DNA was extracted using the
protocol published bgyu and Morrison, 204) and (Korte et al., 2020)Briefly, fecal samples
weretransferrednto roundbottom tubes (2 mLgontaining 80QuL of lysis bufferand a single
steel bead (0.5 caiamete). Samples were then heated at 70°C for 20 minutes with vortexing
thenhomogenized using a TissueLyser Il (Qiagen, Venlo, thidé&tlands) for 3 minutes a0
per secondand then centrifuged at 5000 x g for 5 minutes anrtamperature. Theupernatant
thentransferrednto the new Eppendorf tube (1.5 maygded with 200 pL of 10 mM ammonium
acetate, incubated for 5 minutes on ice, and then centrifug@®@tx g for 5 minuteS.he
supernatant (upo 750 pL) wasmixed with an equal volume of isopropanioicubated for 30
minutes on ice, and centrifuged at 16,000 x g at 4°@5aninutesThe recovered DNA pellet
was washed and resuspended in 150 pL cfEDTA. After theaddition of proteinas& (15
pL) and Buffer AL (200 uL)YDNeasy Blood and TissuatkQiagen, Germanyysamples were
incubated at 70°C for 10 minutes. In each t@®$), uL of 100% ethanadded vortexed,

transferred to a spin column apobcessed accordingtoe manu f act u r(@agéns
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Germany. The DNA concentration weraeasured via fluorometry (Qubit 2.0, Life
Technologies, Carlsbad, CA) using Quénbroad range (or high sensitivity) dsSDNA reagent
kits (Invitrogen, Cdsbad, CA).

16S rRNA gene sequencing anblioinformatic analysis

Extracted pig feces DNA weprocessé at the Universityf MissouriMetagenomics
Center The 16s rDNA amplicons/é region of the 16S rRNA gehwere createdith universal
primers (U515F/80R) (Caporaso et al., 2011; Walters et al., 2(dd3inst tk V4 region
(flanked by lllumina standard adapter sequeirfitiesnina Inc CA, USA) Oligonucleotide
sequences are available at proB@sgabase of rRNAargeted oligonucleotide probes and
primers)(Loy et al., 2007)Duatindexedforward and reverse primers werged in all reactions.
Metagenomic DNA (100 ng) was used, and PCR was perform&d jiL reactionsvith primers,
dNTPs and DNApolymerasePCR plate was transferred to the thermocycler for amplification
(98°C(3 minuteg + [98°C(15 seconds) + 50°(30 seconds) + 72°(30 second$X 25cyclest
72°C (7 minutes). After amplification completioamplicon pools (5 pL/reactionyere
combined mixed, and purified baddingof Axygen Axyprep MagPCR cleamp bead$50 uL
beads were thoroughly mixed with 50 pL amplicons) and incubated fimirilies at room
temperature. The plate was placed on the magnetic stand for 5 minutes untietinatsun was
cleared and then washed with 80% ethanol. gdwed ampliconwasevalwted byusing the
Advanced Analytical Fragment Analyzandquantified ughg QuantiT HS dsDNA Kkits, and
dilutedbased ot | | u mtandaddpeotoc®l for sequencingiSeqinstrumeny.

Sequencing data processing and bioinformatic analysis

The amplicon sequence variant (ASV) (also called exact sequence variants, ESVs) based

analysis. were performed. The Cutad@partin, 2011)algorithm was used to remove the
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primers at 56end of forward reads. Read pai
a 506pri mer, and salobwee Qualtyrfiltering,paringy denoidingtde w a
replication, ad determination of the count of ASVs were performed with the Division Amplicon
Denoising Algorithm (DADA2) plugir(Callahan et al., 2016) the QMME2 platform. For
quality trimming, forward and reverse reads were truncated to 150 badefose with a read
number of expected errors higher than 2 were discarded, and the bacterial 16s rRNA gene was
subsetted to retain only those sequences thdetinesen 249 and 275 nucleotides inclusive.
Bacterial taxonomy was assigned to the sequaimsiag the SILVA database v13Rruesse et
al., 2007)of 16S rRNA sequences of bacterial species of different taxonomy using the elassify
sklearn procedure. The ASVs identified other than bacteria were removed from dundhgesis.
For the rarification, if there were matiean10,000 counts in one or more samptégy were
rarefied to the value of the smallest sample greater than 10,000 minus 1. The total count from
each sample was normalized to 38,628 prior to estimatpita and beta diversity measures.
Phenotypic AMR in fecal bacteria

A total of 140 fecal saples (=55 from pigs not treatedith ceftiofur,n=40 from
ceftiofur-treated pigslong with untreated pemate contrglandn=45 from penicillin G treated
pigsalong with untreated pemate contrglwere subjected toulturemethod toquantify for
coliformsandenterococcby spiral plating using an Eddy Jet 2 spiral plater (Neutech Group Inc.,
Farmingdale, NY, USA) as described previoyshalmers et al., 2018recal samples were
diluted inphosphatéouffered saline (PBS) at a 1:10 ratio. The dilution was plated on
MacConkey agar (MACho quantify coliformsand MAC supplemented with an antimicrobial
drug (the drug concérrations are listed in Table3 to quantify antimicrobiatesistant

cdiforms. Similarly, the dilution was plated on4nterococcus agar (ENT), and ENT
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supplemented with an antimicrobial drug (threag concentrations are listed in Tablg)%o
guantifyantimicrobiatresistanenterococciThe plates were incubated at 37fo€18 hours for
MAC and up to 48 hours for ENThe coliform andenterococcusolonies were counted, and
viable counts of the bacteria were estimated as cdilamying units per g (CB/g) of feces,
following the spiralplater manufacturer's recommendatio

Statistical analysis

Microbiome data analysis

The alpha diversityas captured by richness (Chaol index), diversity (Shannon diversity
index, Fisher alpha indexndevenness of i&a, was estimated from rarefied samples using the
PAleontological STastics (PAST) softwar@HammerMuntz et al., 2001)The associationsf
the age, dietandtheir interaction (age x diet) with several alpha diversity indices (outcome
variablesWwereevaluatedising the generalized linear mixedf f ect s| merdke | s ( A
softwarg (R, 2019) The pig identity was entered as a random effect to account for the lack of
independence between samples.

Non-metric multidimensional scaling (NMDS) ordination plots were made using R
packagevegan(Jari Oksanen, 2019n Hellinger transforme (Legendre and Gallagher, 2001)
bacterial taxonomic counts data using the BZaytis dissimilarity distances; they were
visualized using gplot2 packagéwickham, 2009)A two-dimension plot was used if stresas
less tharD.2. The ASVs present in £% samples were discarded to avoid potential bias before
analysis.The permutational multivariate analysis of variance (PERMANOVA) of the-Bray
Curtis distance was performed using da@nisfunction in the Rveganpackage, with ne or
more of the explanatory variablgsg age antbr dietary treatment The random effect of the

individual pig was included in the model. The distancebemicrobiome across individuals
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within and between age groups receiving 1 ofedaily treatmets were calculated usirige
Bray-Curtis matrices, and differences in variation between age groups and dietary treatments on
the microbiome composition were tested with the multivariate homogeneity of group dispersion
test Betadisperfunctionin thevega packagan R) (Jari Oksanen, 201%llowed by Tukey's
honest significance difference method.

Phenotypic AMR data analysis

For the pigs sampled longitudinally and not treat#tl antimicrobial drugs throughout
the finishemphase 1t=5 sampled at 4 agmoints), changes in the total AMR coliform and
enterococcus populations (w@FU/g) by age were analyzed usihggeneralized linear
mixed-effects model. For an individual antimidrial drug, the data for all animals that fzd
least one positive sample (coliforms or enterococci growing on the agar supplemented with that
drug) were used. The pig identity was used as a random effect to account for the lack of
independence betweereteamples in the mixeeffects models. For &épigs treated by ceftiofur
or penicillin G, analysis of variance was performed for the total and AMR coldodn
enterococci populations to evaluate the effect of dietary treatment, antimicrobial exposure, and

their interaction.
Results
The agerelated dynamicsand effect of dietary treatmenton the taxonomic

composition offecal bacterial communities

We first investigated the dynamic fecal microbioof@intreated pigs on the dietary
treatmentgcontroldiet 8.7% NDF, 2.2 % crude fiber), DDE&sed die13.6% NDF and 3.1%
crude fiber angbrimarily contains insoluble fibergnd sugar beet pulpased diet (13.6% NDF

and 5.1% crude fiber and primarily contains soluble fiber) (Tallgby characterizin®5 fecal
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samples collected on da98 (moving to fhisher facility) through 177 (market). The richness,
diversity, and evenness of the fecal microbial taxa changed with agO@]ay10, 144, and 177)
of the pigs receiving 1 of 3 dietary treatnge(itigure 5.2). The bacterial richnes€hoal index

of speces richnesssignificantly increased with age € 0.05). Likewise, diversity indices
(Shannon index and Fisher alpha indaispsignificantly increasedu(< 0.001) from dag98 to
177 (market) of age. Similarly, the evenness of taxa also changed wigh=8g004).However,
there was no significant effect of di¢s>0.05) and interaction between age and dietary
treatment | >0.05) onthe Chaol richness, Shannon and Fisligina diversity indices, and
evenness of taxa.

The noametric multidimension sdang (NMDS) ofthe Bray-Curtis distances showed
that age could lead to a significant variation in the fecal microbiome of pigs on dietary treatment
(Figure 53). A significantshift in the overall microbial community composition with age was
observed baskontheBray-Curtis distance; day 98 samples were unique from those of the other
agepoints (dag 110, 144, and 177) (Figure3 b-d). We further analyzed the taxonomic
compasition of bacterial communities with age and diet as well as their interasiiog u
PERMANOVA (based omthe Bray-Curtis distances), and we found that there was a significant
difference in the overall taxonomic composition with age@.001) and diety<0.001).

However, we did not find enough evidence of interaction between agbedro=0.55). The
degree of variation in the microbiome among individual pig was similar across ages and diet
(multivariate homogeneity test of group dispersigr(.18,p=0.79, respectively).

The dynamic shift inhefecal microbiome taxonomic compositiavas further evaluated

at the taxonomic level. Figuredsshows the taxonomic composition of the fecal microbiome at

the phylum level at four age points (888, 110, 144, and 177) on the dietary treatments.
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Firmicutesfollowed byBacteroidesverethe mast dominant phy across all ag@oints butwith
slight variatiors betweerdietary treatments. On the control diet, the relative abundance of
bacterial phylssuch asSpirochaetesEpsilonbacteraeotaandTenericutesignificantly increased
(p < 0.05) withage. In contrast, the relative abundancAafnobacteriaandFirmicutes
decreased with the age of pigs. However, dynamics were less distinct in thoséigh fiteer
diets (sugar beet pulp basaad DDGS based d®t Few phyla, such dspsilonbacteraotaand
Proteobacteriasignificantly increased with age on the DD8&sed diet. However, there were
no bacterial phyla associated with pigge on the sugdeet pulpbased diet.

We further evaluated the relative abundance of bacterial taxa at th laral by fitting
the DESeq2 algorithm (negative binomial with bias correction; false discovery rate based
adjustedo-v al ue at U=0. 05 }he rel@iwve abuhdancecob2534 118B) di et ,
BacteroidaleRF16, FO82BarnesiellaceagBacteroidaceagSpirochaetacegdrikenellaceae
Fibrobacteraceae, TannerellaceandClostridiales taxonomy families significantly ineased
with the age of pigsLactobacilaceag VeillonellaceagCoriobacteriaceag
SuccinivibrionaceagEggerthellaceagd_achnospiraceaeAtopobiaceagandBifidobacteriaceae
significantly decreaseg&0.05) with age. Similarly, on the DDGS based died, ridative
abundance ofannerellaceagF082, p 2534 18BBacteroidaceagBacteroidaledRF16, and
Campylobacteraceaeacreased with agéHowever,on the same dietary grouglative
abundance od¥eillonellaceaeLactobacillaceagCoriobacteriaceagStrepbcoccaceage
AtopobiaceagEggerthellaceagandRuminococcaceaggnificantly decreaseg«0.05) with
age. On the sugar beet pdipsed diet, the relative abundanc®atteroidaleRF16, p

2534 18B5andElusimicrobiaceaéncreased with age. However, ttegative abundance of

151



Streptococcaceaé\topobiaceagEnterobacteriaceaeandVeillonellaceaesignificantly
decreasewvith age(Figure 55, ac).

The effects of the dietary treatments and antimicrobiatreatments on the richness,
diversity, and taxonomic @mposition of bacterial communities

Of the pigs treatedith ceftiofur, the richness of taxa (Chaol index), diversity (Shannon
index, Fisher alpha index), and evenness of taxa did not dittethose received ceftiofur
treatment versus untreated paate contro] day of treatmenfday 1 and day 3nd dietary
treatmentgp >0.10)(Figure 56 and 57). Ho we v e r , Fi sherds al pha dive]
higher  <0.05) onthesugar beet pulpased diets compared to control diets. Similarly, there
was nosignificant interaction between dietary treatnseartd ceftiofur treatment on richness,
diversity, and taxa evenness. There was no significant effelety of treatmentday lversus
day 3) or treatment effectar{treatedrersusceftiofur treated).

Next, we performed aonmetric multtdimension scaling (NMDS) dhe Bray-Curtis
distancedo assess the effects of diet and antibiotics (ceftivkated or penicillin Greated
group) on the overall bacterial taxonomic compositidre PERMANOVAresults(based on
Bray-Curtis distancesshowed that both dietp £€0.001)and ceftiofur treatmer{p=0.001)
affected the overall bacterial composititreta diversity)Figure 58, ad). However, we did not
find sufficient evidence of thiateraction ofdiet and c#iofur treatment orbacterialcommunity
composition. Furthethe degree of variation in the taxonomic composition among individuals
pigs was similar across diet (multivaridemogeneity test of group dispersigs0.2) and
antimicrobialtreatment groupndday of treatment (multivariate homogeneity test of group

dispersionp=0.48).
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The relative abundance of thacterialtaxonomic composition (at the phylum level) is
shown in Figure ®. There was no significant difference in the relative abundarizectérial
phyla in the ceftiofuitreatedpigsreceiving either a control diet or DDAfased diet. However,
on the sugar k& pulpbased dietthe relative abundance Kfritimatiellaeotasignificantly
increasedi < 0.05) in ceftiofurtreated pigs (das/l andday3) compared tthe untreated pen
mate control (day). In the same sugar beet pulp dietary treatntéetrelativeabundance of
Pirellulaceae Spirochaetacegdlethanobacteriacea@andChristensenellaceaef bacterial
familiessignificantly increasd (DESeq, adjustqul<0.05) in the treatedigscompared tahe
untreated pemate contropigs. The relative abundancé BifidobacteriaceagPrevotellaceag
andChlamydiaceaelecreased in theeftiofur treatedpigs compared tantreated pemnate
control(Figure 511, ac). However, we did not find asignificant change in the relative bacterial
abundance (at the family level) in those &der controand DDGSbased diet

In the penicillin G treated group, the richness of taxa (Chaol), diversity (Shdfisber
alpha), and evenness of taxa did niffed with penicillin G treatedday of treatment (day 1 vs.
day 3) and dietary treatmer{toontrol, DDGSbased dieand sugar beet pulpased diet)There
was no interaction between dietary treatmenttheéffect of penicillintreatmenbn richness,
diversity, and evenness of taxa (Figureésdnd 57). However, overall bacterial community
composition(beta diversityhanged based on diet atiay ofpenicillin G treament(Figure 58,
e-h). ThePERMANOVA (based on Braurtis distances)f taxonomic corposition showed
significant differences in the bacterial community composition based orpd®0(01) and
penicillin Gtreatmen{p=0.001) However, there was no significant interaction between dietary
treament and penicillin treatment effects on theotaxmic composition of bacterial

communities.
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The relative abundance bécterialphyla did not vary with the penicillin G treatment
groupor across dietary treatments (Figurg&®. However, theelative abudance of the
bacterial familyvaried with dietay treatments (those received control diet). For instance, the
relative abundance éfeptostreptococcaceamdEnterobacteriaceasignificantly ¢ < 0.05)
increasedn pig treated with penicillin G while thelative abundance &treptococcaceae
VeillonellaceagandPrevotellaceasignificantly decreased in theenicillin G treatedpigs
(Figure 511, d-f).
The abundance of phenotypically AMR fecal bacteria

We fownd that 49% and 46% of all samples%5) fran untreated pigé pigs/diet, day
98, 110, 144 and 170n the dietary treatmenfgeceiving 1 of 3 dietary treatments: control,
DDGS-based diebr sugar beet putpased dietrarried coliforms and enterocogeisistant to at
least one antimicrobial druggspectively (Table.B). The change in counts (lagCFU/g) of the
total and antimicrobiatesistant coliforms and enterococci in the pigs receiving different diets
are shown in Figures® and 513. The tot&coliform counts did not change with afgkay 98
through day 177/markeéind dietary treatments. However, total enterococci counts did vary with
dietary treatmentpE0.1) with lower in the DDGSbased diet compared to the control diet.
Similarly, there weg interactions between pig age and dietagnges [(=0.01) in total
enterococci count&oliform resistant taeftriaxone (3 generation cephalosporins)
tetracyclinesmacrolides, aminoglyaes and sulfonamidedid not vary withage or dietary
treatrents Similarly, enterococci resistant to arapenicillins, tetracyclingsnacrolidesand
lincosamides did not change with pig age or dietary treatment (and their interaction effects).
However, nalidixic acid (quinolonegsistant enterococci varigdth dietary treatment(=

0.1).
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Of theceftiofur-treatedday 1 and day 3 along witintreated pen mate confyd9% and
50% of all samplesnE40) carried coliforraand enterococci resistatat at least one of the tested
antimicrobial drugs, respectly (Figures 514, 515 and 516).

Of the ceftiolir treated pigs, thiotal coliform counts did not change with the dietary
treatments (ANOVAp >0.05), and there was no interaction betweercéfgofur treatment and
dietary treatments (ANOVAp >0.05).Similarly, coliform resistant teeftriaxone (3 generation
cephalosporins)etracyclines, macrolides, aminoglycosides, and sulfonamides did not change
significantly with both dietary treatment and ceftiofur treatnf@MNOVA, p>0.05).However
only amiropenicillin resistant coliforms were significanthifferentacross thelietary treatmerst
(p=0.03)(sugar beet pulpased diet to control diet and sugar beet pulp to DDGS basedriet)
the same ceftiofur treated pigs, enterococci resistant to amicdires) quinolones,
tetracyclines, macrolidesgranoglycosides, and lincosamides also did not change with either
dietary treatment or ceftiofur treatment or their interaction effects.

Similarly, 62% and 48% of the penicillin-@eated(day 1 and day 3 along with untreated
pen mate controlxarried restant coliforms and enterococci, respectively (to at least one
antimicrobial drug tested (Table3p (Figures 514, 515 and 516)). Total coliform counts did
not change with the dietatgeatmentr antibiotic treatmentANOVA, p >0.05) Coliform
resisant toceftriaxone (8 generation cephalosporinggtracyclines, macrolides, and
sulfonamideslsodid not change significantly witkither dietary treatment @enicillin
treatmen{ANOVA, p > 0.05).Enterococci resistant to aminopenicillins, tetragyes,
macrolides, aminoglycosides, and lincosamides alswatiwith either dietary treatment or

ceftiofur treatment or their interactions. However, quinolones resistant enterococei weuoat
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significantly varied with dietary treatmentsimrbeet pulpbased diet versus control diet
adjustedp-value=0.01)

Overall, higher variabilityn theabundance (lag CFU/g) ofAMR coliforms or
enterococcwereobserved based on dietary treattn@nd antimicrobial treatme(gither
injectable ceftiofur openidllin G).

Discussion

When designing this study, our research hypothesis was that there wouldrbatege
dynamics and effects of the diet and antimicrobial treatments on the fecal microbiome or AMR.
Thus, we modified dietary composition (with differéexels and sources @ibers) to understand
and measure the agelated change and effect of diet or antimicrobial use on the fecal
microbiome and AMR. We targeted the treatment efisttgceftiofur and penicillin G,
common antibiotics in swine produati in the United Stage
The alpha diversity and taxonomic composition changes significantly with age

The richness and diversity of the fecal microbiome increased with pig age. The alpha
diversity indices such as richness and diversity (Fisher alpha)infithe taxa graduall
increased from day 98 (first week after moving finisher/starting dietary treatments) until day 177
(market) on both control and sugar beet pudised diet This increasdtrend with age was
comparablédo previous studiefl_u et al., 2018; Wang et al., 2019; Arfken et al., 2020)

However, these dynamics dropped on day 177 (market) in pigs recBDiB&-based diet
indicating age and diet effect8revious studies have showrat age, diet,ra the use of
antimicrobials can influence the swine gut microbial commu@tyanbari et al., 2019; Pollock

et al., 2020)
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The decreasing trend of microbiome diversity during the market age of production pigs
wasalso reported in previous studies. For instance, Han and colle@l&m)studied
microbiome diversity and composition of healthy pigs32) atfive agepoints(days 10, 21, 63,
93, and 147). They found that the intestinal microbiome changed with gravwéh and reduced
the alpha diversity on day 63 when antimicrobials were supplemented in thidahett al.,

2018) Similarly,De Rodas et al. (2018¢ported that alpha diversity decreased in different
locations of the Gl tradh pigs from birth to day 84. This decreadtrend was most noticeable in
samples from the market age.

In our stug, we modified the diet composition with varying levels and sources of fiber
(higher in sugar beet pulpased dietdllowed byDDGS-based diet compared to the
control/cornsoybean based diet). We found both age and diet effects on the oveteildba
community structure. Similar agenddiet related clustering of the bacterial community was
reported in several studie$ pigs(Frese et al.,@.5b; Wang et al., 2019; Arfken et al., 2020)
and cattlgLiu et al., 2019; Hennessy et al., 202D)et was one of the important factams
shapimg the pig gut microbiome study showed that neutral detergent fiber is particularly
impactful in shaping theig gut microbiomgWang et al., 2019ecause the plant cells cannot
be digested bthe pig andthus hey arepassed to the colon for fermentation by the gut
microbiome.

Similarly, Frese et al. (2015ag¢ported that the diversity of bacterial taxa increased with
dietary changefrom sows milk to a plariiased starter diet. The relative abundance of
LactobacillaceaeRumimococcagé/eillonellaceagandPrevotellaceaéncreased in the weaned
piglets. RecentlyZhang et al. (201&eportedthat moderately increased fiber (both soluble and

insoluble fiber) in the diet influenced the gut microbial composition in piglets fed with different
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levels of fibercontaining diet comparedo a control diet from postnatal day to 22.In

contrast a sudy byKraler et al. (20163howed no difference in taxonomic composition related
to diet modification (control diet and with low and high fiber di€@dher studies showed that
dietary changesoupled with othemanagement factors in the farms such aeed

antimicrobias, prebiotics, and probiotics administration played an important role in shaping the
gut microbial community in pig@ian et al., 2016; Guevarra et &019)

Microbiome alpha diversity was not affected by antimicrobial exposure, but the
community compositionvaried with diet and antimicrobial exposure

An earlig study showed impastothe swine gut microbiome composition from
antimicrobial exposur@_ooft et al., 2014; Zhao et al., 2018jowever, our data showed the
alpha diversity indicesf fecal microbiomevere not affected by antimicrobial exposure
(injectable ceftiofur and penicillin G). Similar findingere reported biPollock et al. (2020)
where higler levels of chlortetracycline and tylosin in the feed did not affect the fecal
microbiome diversity in young pigs. Similarly, no impagtsubtherapeutic effegbf
chlortetracycline and tylosinmncalpha diversityverereported by lolman and Chenier (2013)

In contrast, another study showed that the richness and diversity (Shannon index) of taxa
differed in weaned pigs following oxytetracycline administra{Ghanbari etla, 2019) In our
study, the taxa richness was less dispersed in ceftigfated (both das/l day 3) pigs across all
diets compared to pemate untreated controls (day 1). Similarly, in the penicillitréated
group, the fecal miabiome was more divee (as measured by Shannon and Fisher alpha
indices) in pigs receiving a sugar beet pogsed diet followed by BDGS-based diet compared
to the control diet. These results indicated that despite penicillin G use, fecal bacteredgich

and diversity igreased based on the sugar {prap andDDGSbased digtsuggesting that
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penicillin G might have a minimal effect on gut microbial communities varsogared to that
of ceftiofur. An earlier study also showed that the diversity efrtticrobiome taxa (nasured by
Shannon index) of untreated pigs was significantly lower compared to piglets treated with
tulathromycin(Schokker et al., 2014Howe\er, it is difficult to understand whether the short
term changes in thdynamis of microbial richness and diversifsom antimicrobial
administratiorcould have any significant lorterm impacs.

Similarly, the beta diversity of the fecal bacterial community structure revealed a shift in
the composition of the bacterial caomnity in both ceftiofur or penicillin Greated pigs.
Recently,Ruczizka et al. (2019Eported the effect of parenteral treatment of ceftiofur on the
fecal microbiome in pigs from the suckling to growingggs birth to day 97). They also found
that ceftiofur administration disturbed the fecal microbiome composition as early as 12 hours
postpartum. Ceftiofur is a common antibiotic in pigs and is administered intramuscularly. It is
effective for at least 15Boursin plasma, but most of the drug is excreted as metabolites in
feces(Hornish and Kotarski, 2002; Ruczizka et al., 20I%is ceftiofur metabolite is then
excreted via urine (~68%) and feces (~13%) in 10 @dgsnish and Kotarski, 2002nd may
impact the gut microbial communities.

Of ceftiofurtreated pigs, no visible difference®re seen in the abundance of the
bacterial families in pigs fed either control@DGS-based diet. However, on the sugar beet
pulp-based diet, the most notable change in bacterial abundaneminaseag in the relative
abundance aheKiritimatiellaeota phylum. Similarly, at the family level, the relative
abundance dPirellulaceae SpirochaetaceadviethanobacteriacegandChristensenellacea
increased in the treated pigs compared to theknpate unteated pigs. Similarly, in the same

dietary groupthe relative abundance BffidobacteriaceagPrevotellaceagandChlamydiaceae
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significantly decreased in the treated group. In line with previous studies, our findings also
showed the parental administoat of ceftiofur in pigs reduceBlifidobacteriaceein fecal
samplegRuczizka et al., 2019)

Of the penicillin treated pigshere was no difference in the fecal microbiome at the
phylum level acrosall dietary treatments following-value correction. An eadr study also
showed no significant difference in microbiome composition after day 55 of age between the
treatment groups (those received tulathromycin at four days after birth and o@ahalkker et
al., 2015) A similar finding was seen for the effect of antibiotic treatment on the fecal
microbiome(Ruczizka et al., 2019FurthermoreKalmokoff et al. (2011jeported that the
addition of either tylosin or virginiamycin to pig feed over 15 weeks did rfettthe animal
fecal microbiome (16S rRNA).

A great deal of variability was observed in the abundance of phenotypically AMR
with age of pigson the dietary treatment and antimicrobial exposure

Our data suggested agand dietrelated changes imnabundace of phenotypic AMR in
fecal coliforms and enterococci of finisher pigs &88 to 177). The total coliforms or
enterococci remagdstable throughout the study period antbas the dietary treatments. There
was a noticeable fluctuation in the abundantAMR fecal coliforms and enterococci with the
age of pigs fed with different levels and sources of fiber; however, most marked changes were
generally associated with the agfethe pigs. A previous study showed that housing and dietary
changes might &ct the prevalence of AMR by changing the total coliforms in the
gastrointestinal tradOverland et al., 200@nd calvegHoyle et al., 2004aRecently, the rumen
resistome composition was shown to be significantly related to diet and abundance. Thg diversit

of AMR genes was higher in concentrated fed animals than féeddé@uffret et al., 2017)An
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earlier study also shadthat the fecal resistome significantly chadgeer time in animalgLiu
et al., 2019and is associated with diet.

Further, variabity in the abundance of phenotypically AMR in colifororsenterococci
was not generally affected by antimicrobial exposure (injectable ceftiofur or penicillin G). An
earlier study also showed that chas in the abundance of AMR genes were not assosted
antimicrobial exposuréPollock et al., 2020)This couldbe related to the relatively short
sampling time (dayl and 3 of the treatment regimen) or other factors affecting the entire farm,
management, or environmental conditighathew et al., 2003)

Conclusions

There is growing concern over antimicrobial resistance, and alternative approaches such
as pre/pobiotics and dietary interventions have been investigated. The benefits associated with
the presence of fiber in theadlihave been identified, including positisiganges in the gut
microbial community composition to a reduction in both richness and diversity of the gut
resistome. In addition to diet, several factors such as animal age, antimicrobial use, and the
environmet could influence microbial diversity andtanicrobial resistance in fecal bacteria.

Our data revealed that both pig age and diet are associated with bacterial taxonomic,diversity
community composition and phenotypically AMR in fecal bacteria. Even-gton
administration of ceftiofur and peiilicn G changed the bacterial taxonomic composition. Our

data further suggest an effect of age, diet, and antimicrobial use on the AMR in fecal bacteria.
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Table 5.1

Formulation and chemical composition of dietary treatments.

Ingredients, %

Corn

Soybean Meal, Dehull,
Solvent Extracted
Sugar beet pulp
ChoiceWhite Grease
Calcium carbont
Calcium phosphate
(monocalcium)
Sodium chloride

L- Lysing HCI

DL- Methionine

L- Threonine

L- Tryptophan
L-Valine

Trace mineral premix
Vitamin premix without
phytase

Ronozyme HiPhos 2700
Corn DDGS, 7.5% Oill
Total

Chemical composition
Digestible Lysine, %
Net energy, kcal/kg
NDF, %

Crude fiber, %

Crude protein, %

Diet (Phase 1)

Diet (Phase 2)

Diet (Phase 3)

Control DDGS Sugar beet Control DDGS Sugar beet Control DDGS Sugar beet
pulp pulp pulp
75.45 62.55 58.65 81.81 68.83 64.96 85.19 70.55 68.47
21.78 14.53 21.42 15.64 8.39 15.28 12.37 6.73 12.00
- - 14.50 - - 14.50 - - 14.50
- 0.20 2.80 - 0.25 2.85 - 0.40 2.75
0.92 1.05 0.60 0.92 1.07 0.62 0.92 1.07 0.62
0.55 0.25 0.62 0.40 0.10 0.45 0.35 0.00 0.37
0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
0.30 0.45 0.30 0.30 0.45 0.30 0.30 0.40 0.30
0.06 0.02 0.11 0.03 - 0.08 0.01 - 0.06
0.09 0.09 0.12 0.10 0.09 0.12 0.11 0.09 0.14
0.01 0.03 0.01 0.01 0.03 0.02 0.02 0.03 0.02
- - 0.04 - - 0.03 - - 0.03
0.15 0.15 0.15 0.12 0.12 0.12 0.10 0.10 0.10
0.15 0.15 0.15 0.12 0.12 0.12 0.10 0.10 0.10
0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
- 20.00 - - 20.00 - - 20.00 -
100.0 100.0 1000 100.0 100.0 100.0 100.0 100.0 100.0
0.95 0.95 0.95 0.80 0.80 0.80 0.72 0.72 0.72
2,487 2,487 2,487 2,528 2,529 2,530 2,549 2,549 2,547
8.7 13.6 13.6 8.7 13.7 13.7 8.8 13.7 13.7
2.3 3.3 5.3 2.2 3.1 5.1 2.2 3.1 5.1
17.0 18.2 16.9 14.6 15.8 14.4 13.3 15.1 13.2
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Crude fat, % 3.0 4.1 5.2 3.1 4.3 5.4 3.2 4.4 54

Calcium, % 0.59 0.59 0.59 0.54 0.54 0.54 0.51 0.51 0.51
Phosphors, % 0.47 0.47 0.45 0.41 0.41 0.39 0.38 0.38 0.36
Digestible phosphorus, % 0.33 0.33 0.33 0.28 0.28 0.28 0.26 0.26 0.26

Dietary fiber includes solublgietary fiber and insoluble dietary fibddDGS& distillers dried grains with solubléby-productwhen
corn is fermented to make ethanohainly contains arnnsoluble fiber sugar beet pukpmainly containssoluble fiber NDFs Neutral
Detergentiber, the pigswere ~93 days old when they entered to finisher facility and started on dietary treaphasési(day 93 to
103, phase-day 103 to 132and phase-Jay 132 to 179).
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Table 5.2
Numbers of pigs sampled on the dietary treatments

Study group AgeZ days Dietary treatments Total fecal
(sampl_lng time Control DDGS Sugar Beet samples
points)
Pulp
Untreated pigs 98 3 4 3 10
110 5 5 5 15
144 5 5 5 15
177 5 5 5 15
Subtotal n=55 samples
Ceftiofurtreated pigs
Ceftiofur treated day 1 and day 3 3 4 3 10 pigs x 2 time
points=20
samples
day 1 only 3 2 5
Untreated pemate control day 1 6 4 5 15
Subtotal n=40 samples
Penicillin G treated pigs
Penicillin G treated day 1 and day 3 5 5 5 15 pigs x 2 time
points= 30
samples
Untreated pemmate control day 1 5 5 5 15
Subtotal n=45samples

DDGSs distillers dried grains with soluble *pigs were only treated-2 days when clinical
improvement was seen; hence, only day 1 sampgecollected.
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Table 5.3

Antimicrobial drug concentraticused to supplementicrobiolagical agargo evaluate the

dynamics of the phenotypic AMR fmisher pigs.

Drug
: . - , Antimicrobial drug concentration
Bacteria/Media Antimicrobial drug class supplementedspbreviation) (Lg/mL)
supplementet
Coliforms
MacConkey Agar Aminoglycosides Gentamicin (GEN) 16
(MAC)
Streptomycin (STR) 32
34 generation Ceftriaxone (AXO) 4
cephalosporins
Sulfonamides/folate path Sulfamethoxazole (SMX) 512
inhibitors
Macrolides Azithromycin (AZI) 32
Penicillin Ampicillin (AMP) 32
Phenicols Chlorampheniol (CHL) 32
Fluoroquinolones Ciprofloxacin (CIP 1 (and 0.25)
Quinolones Nalidixic acid (NAL) 32
Tetracyclines Tetracycline (TET) 16
Fluoroquinolones Enrofloxacin (ENR) 0.125*
Enterococci spp.
Enterococcus Agar Aminoglycosides Gentamicin(GEN) 500
(ENT)
Streptomycin (STR) 1024
Lincosamides Lincomycin (LIN) 8
Macrolides Erythromycin (ERY) 8
Tylosin 32
Nitrofurans Nitrofurantoin (NIT) 128
Aminopenicillins Penicillin (PEN) 16
Phenicols Chloramphenicol (CHL) 32
Fluoroquinolones Ciprofloxacin (CIP) 4
Enrofloxacin (ENR) 4
Quinolones Nalidixic acid (NAL) 3X
Tetracyclines Tetracycline (TET) 16

aBreakpoints based on Clinical Laboratory Standards Institute guid€ih&d, 2008)and

National Antimicrobial Resistance Monitoring Systentturopean Committee on Antimicrobial

Susceptibility Testingepidemiological cutoff value) adoptedrom E. colibreakpoint

concentrabn
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A production pig cohort where each finisher pen was randomly allocated to
| of the 3 dietary treatments* with a different level and source of fiber

- Nursery barn Finisher barn

Sub-study 1 Age x diet, 5 pigs per diet LO— O C O ’
followed and sampled at 4 age- ~ Day 98 Day 110 Day 144 Day 177
points, these pigs were not treated (Day of harvest)
by antimicrobial drugs

Sub-study 2 Age x diet x ceftiofur treatment (sampled w0k k% g
day | and day 3 of treatment, along with ﬁﬁ W E F Fﬁ; ﬁ W n=~4 pigs per diet
day 1 pen-mate untreated control) g

Sub-study 3 Age x diet x penicillin G treatment (sampled‘&%& XX m‘x &\k n=5 pigs per diet

day 1 and day 3 of treatment, along with day
1 pen-mate untreated control)

. Pig treated (day 1 and day 3)
% .

Dletary treatments: on control diet (* day 1 only)
Control: Corn-soybean and 8.7% neutral detergent fiber (NDF) and 2.2 % crude fiber
DDGS: 20% distillers dried grains with soluble and 13.6% NDF and and 3.1% crude fiber
Beet Pulp: 14.5% sugar beet pulp and 13.6% NDF and 5.1% crude fiber

Pig treated (day 1 and day 3) on
DDGS diet

F Pig treated (day | and day 3) on
Beet Pulp diet

Figure 5.1. Schematicof the sudy designthe agerelated dynamie and effects ofdiet and antimicrobial treatments on the fecal
microbiometaxonomic compsition and AMR in finisher pigsSubstudy 1, where fecal samples were colledtaditudinally from
individual pigs (=5 pigsper diet, the animals were not treated with antimicrobial drugs during the finishe) phaS8 days (first
week after movingnto the finisherbarnfacility and associated diet change), 110 days (~ 2.5 weeks after moving into finisher
barnfacility), 144 days (~6 weeks after moving into finisk@rnfacility), and 177 days (day of harvestpubstudy 2, where fecal
samples wereollected frontheindividual ceftiofurtreated pig (~ 4 pigs per diethe animals were sampled oaydl and day 3 dhe
treatmentegimen an untreated pemate control animal was sampledday 1). Sukstudy 3, where fecal samples were collected from
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individual penicillinG treated pigs (~ 5 pigs per didte animals were sampled on day 1 and day 3 of the treatment; an untreated pen
mate control animal was sampled on dyyThe dietary treatments varied in fiber content and its source: contrgtdretsoybean

based wth 8.7% neutral detergent fiber (NDF), 2.2 % crude fil2DGSO distillers dried grains witkoluble(20% DDGS with 13.6%

NDF and 3.1% crude fiber), and sugar beet {inaped diet (14.5% sugar beet pulp with 13.6% NDF and 5.1% cbed f
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Figure 5.2. Age-dependent chang@s alpha diversityof the fecal microbiome taxa depending ondretary treatmenn finisher pigs
The richness obacterialspecies (Chaol index (a)), diveystf species (Shannon index (b) and Fisher alpha index (c)), and evenness
of species (d), from day 98 to day 1df7age.The dietary treatments varied in fiber content and its source: contrgtdiatsoybean

168



based with 8.7% neutral detergent fiber (NOE2% crude fiber)DDGS3 distillers dried grains with soluble2@% DDGS with 13.6%
NDF and 3.1% crude fiber), and sugar beet {inaped diet (14.5% sugar beet pulp with 13.6% NDF and 5.1% crude fiber).
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Figure 5.3. Beta diversity of the fecal microbiome taxa depending on the age and dietary treatment in finishgornpigstric
multidimensional scaling (NMDS) plots are basedlmBray-Curtis distances by aga), by ageand dietary treatment {#), and by
dietary treatment (eJhe dietary treatments varied in fiber content and its source: contrgcdietsoybean based with 8.7% neutral
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