10

11

12

13

14

15

16

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.02.526821; this version posted February 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Running title: Genetic characterization of Campylobacter from broiler litter

Broiler house environment and litter management practices impose selective pressures on
antimicrobial resistance genes and virulence factors of Campylobacter

Reed Woyda'?, Adelumola Oladeinde®’, Dinku Endale**, Timothy Strickland*, Jodie Plumblee
Lawrence®, Zaid Abdo"*"

"Department of Microbiology, Immunology and Pathology, Colorado State University, Fort
Collins, Colorado, USA

*Program of Cell and Molecular Biology, Colorado State University, Fort Collins, Colorado,
USA

3U.S. National Poultry Research Center, USDA-ARS, Athens, Georgia, USA

“*Southeast Watershed Research Laboratory, USDA, Tifton, GA, 31793

"Retired

Corresponding Authors: Zaid Abdo (zaid.abdo@colostate.edu), Adelumola Oladeinde

(ade.oladeinde@usda.gov)



mailto:ade.oladeinde@usda.gov
https://doi.org/10.1101/2023.02.02.526821
http://creativecommons.org/licenses/by-nc-nd/4.0/

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.02.526821; this version posted February 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Abstract

Campylobacter infections are a leading cause of bacterial diarrhea in humans globally.
Infections are due to consumption of contaminated food products and are highly associated with
chicken meat, with chickens being an important reservoir for Campylobacter. Here, we
characterized the genetic diversity of Campylobacter species detected in broiler chicken litter
over three consecutive flocks and determined their antimicrobial resistance and virulence factor
profiles. Antimicrobial susceptibility testing and whole genome sequencing were performed on
Campylobacter jejuni (n = 39) and Campylobacter coli (n = 5) isolates. All C. jejuni isolates
were susceptible to all antibiotics tested while C. coli (n =4) were resistant to only tetracycline
and harbored the tetracycline-resistant ribosomal protection protein (TetO). Virulence factors
differed within and across grow houses but were explained by the isolates’ flock cohort, species
and multilocus sequence type. Virulence factors involved in the ability to invade and colonize
host tissues and evade host defenses were absent from flock cohort 3 C. jejuni isolates as
compared to flock 1 and 2 isolates. Our results show that virulence factors and antimicrobial
resistance genes differed by the isolates’ multilocus sequence type and by the flock cohort they
were present in. These data suggest that the house environment and litter management practices
performed imposed selective pressures on antimicrobial resistance genes and virulence factors.
In particular, the absence of key virulence factors within the final flock cohort 3 isolates suggests
litter reuse selected for Campylobacter strains that are less likely to colonize the chicken host.
Importance

Campylobacter is a leading cause of foodborne illness in the United States due to the

consumption of contaminated food products or from mishandling of food products, often
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associated with chicken meat. Campylobacter is common in the microbiota of avian and
mammalian gut; however, the acquisition of antimicrobial resistance genes and virulence factors
may result in strains that pose a significant threat to public health. Although there are studies that
have investigated the genetic diversity of Campylobacter strains isolated from post-harvest
chicken samples, there is limited data on the genome characteristics of isolates recovered from
pre-harvest broiler production. In this study, we show that Campylobacter jejuni and
Campylobacter coli that differ in their carriage of antimicrobial resistance and virulence factors
may differ in their ability to evade host defense mechanisms and colonize the gut of chickens and
humans. Furthermore, we found that differences in virulence factor profiles were explained by

the species of Campylobacter and its multilocus sequence type.
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Introduction

Campylobacteriosis is a leading cause of diarrheal illness worldwide and poultry are the
major reservoir of Campylobacter species (Young, Davis and DiRita, 2007; De Vries et al.,
2018). The Centers for Disease Control and Prevention (CDC, 2019) estimate that 1.5 million
United States residents are affected by campylobacteriosis each year (CDC, 2019). While it
rarely results in long-term health problems, studies estimate that 5-20% of campylobacteriosis
cases develop irritable bowel syndrome, 1-5% develop arthritis and, in very rare instances,
campylobacteriosis may cause Guillain-Barré syndrome (Mishu 1993, Hansson 2016). Economic
burden from Campylobacter infections was estimated in 2012 to be $1.56 billion and
Campylobacter, specifically from poultry, was ranked as the leading pathogen-food combination
to cause health risks to humans and to negatively impact the economy (Scharff, 2012; Hoffmann,
Maculloch and Batz, 2015). Transmission of Campylobacter species occurs through consumption
or handling of contaminated food products, direct contact with farm or domesticated animals and
abattoir workers not practicing good handwashing and food safety practices (Hansson et al.,
2018; Igwaran and Okoh, 2019; Mourkas et al., 2020).

Campylobacter pathogenicity, disease severity and treatment options are influenced by
the repertoire of virulence factors (VFs) and antimicrobial resistance genes (ARGs) they carry.
The global rise of antimicrobial resistance (AMR) has impaired effective treatment of
Campylobacter infections especially when Campylobacter strains harbor ARGs that confer
resistance to critically important antibiotics (Florez-Cuadrado et al., 2016; Chen et al., 2018; Liu
et al., 2019; Zachariah et al., 2021; Liao et al., 2022). Campylobacter ARGs may be acquired

through mutations (for example the C257T change in gyrA (DNA gyrase)) resulting in resistance
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to fluoroquinolones), encoded on plasmids, or located within multidrug resistance genomic
islands (MDRGTISs) such as the erm(B), which confers high levels of macrolide resistance (Shen
et al., 2018).

Importantly, ARGs located on plasmids or MDRGIs are generally transferable across
Campylobacter species which may lead to the emergence of multidrug resistant strains.
Similarly, Campylobacter may carry VFs that increase their pathogenicity and the ability to
survive within a given host, which can exacerbate disease severity (Lopes et al., 2021). Like
ARGs, VFs may be accumulated in Campylobacters leading to strains that are highly virulent
and pathogenic (Ghatak et al., 2017; de Fatima Rauber Wiirfel et al., 2020; Lopes et al., 2021).
This may lead to their persistence through pre-harvest and post-harvest, thereby posing a risk to
the public (Ghatak et al., 2017; Al Hakeem et al., 2022). Furthermore, strains carrying ARGs
conferring resistance to critically important antibiotics for humans, as well as possessing VFs
that increase their ability to colonize host tissues, will be harder to treat in the event
contaminated food products reach consumers (Montgomery et al., 2018; Liu et al., 2019; Béjaoui
et al., 2022).

Bacterial pathogens such as Campylobacter have been shown to persist in poultry litter
that is reused to grow multiple flocks of broiler chickens (Rauber Wiirfel et al., 2019). The
copraphagic nature of these birds makes the litter one of the first broiler sourced material
ingested upon placement in a broiler house. Therefore, it is plausible that broiler chicks get
exposed to Campylobacter during pecking, bathing, or resting activities. Many studies have
characterized Campylobacter presence in commonly used bedding materials such as pine

shavings, sawdust and ricehulls (Kelley et al., 1995; Pope and Cherry, 2000; Willis, Murray and
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95 Talbott, 2000; Stern et al., 2001; Line, 2002, p. 2; Line and Bailey, 2006; Kassem et al., 2010;
96 Rauber Wiirfel et al., 2019). However, none of these studies performed an in-depth genomic
97  characterization of the Campylobacter isolates found.
98 We previously showed that C. coli and C. jejuni were unequally distributed across the
99 litter of four co-located broiler houses on a single farm (Oladeinde et al., 2022). We also showed
100 that the probability of detecting Campylobacter in litter was higher for the first broiler flock
101  cohort raised on litter compared to cohorts 2 and 3 (Oladeinde et al., 2022). In the present study,
102  we performed antimicrobial susceptibility testing and whole genome sequencing on forty-four
103  Campylobacter isolates recovered from the study (Oladeinde et al., 2022). An in-depth genomic
104 characterization and phylogenetic analysis revealed that isolates clustered based on their VFs and
105 suggest that the litter environment exacts a selective pressure on VFs harbored by
106  Campylobacter species.
107 Results
108  Campylobacter jejuni and coli were present over three broiler flock cohorts
109 The objective of this study was to understand the changes in ARGs and VFs in Campylobacter
110 isolates obtained from litter used to raise multiple flocks of birds. Isolates were obtained from
111  peanut hull litter samples collected from three consecutive flock cohorts within 4 co-located
112  broiler houses. To determine the prevalence of Campylobacter in the collected litter samples
113  (Oladeinde et al., 2022), we performed direct and selective enrichment plating of litter eluate
114  onto Cefex agar (Oladeinde et al., 2022). Campylobacter was detected in 9.38 % (27/288) of
115 litter samples. Next, we selected a total of 44 Campylobacter isolates for whole genome

116 sequencing (Oladeinde et al., 2022). At least one Campylobacter isolate was selected from each
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117 Campylobacter positive litter sample. Additionally, if there were multiple positive isolates

118 obtained from the same litter sample using the different isolation methods (i.e., direct plating,
119 filter method, or enrichment), the filter and enrichment isolates were chosen over the direct

120 plating isolates. The sequenced Campylobacter population consisted of 5 Campylobacter coli
121 (CC) and 39 Campylobacter jejuni (CJ) isolates as determined by taxonomic classification via
122 Kraken2 (Wood, Lu and Langmead, 2019). C. coli was isolated from flocks 1 (n=1) and 2 (n=4)
123  samples but absent from flock 3 (Table 1), while C. jejuni was isolated from each of the 3 flock
124 cohorts. Occurrence of C. jejuni across flock cohorts was predominantly in flocks 1 (n=30) and 3
125 (n=8), while only 1 C. jejuni was isolated in flock 2. The 4 co-located broiler houses had unequal
126  representation of both C. coli and C. jejuni (Figure 1, (Oladeinde et al., 2022)). Houses 1, 2, 3
127 and 4 harbored 3, 3, 17 and 16 C. jejuni isolates respectively, while houses 1, 3 and 4 harbored 1,
128 3, and 1 C. coli isolates, respectively. Only broiler house 4 harbored C. jejuni over 3 consecutive
129  flock cohorts and no house harbored C. coli over successive flocks. All C. jejuni isolated during
130 flocks 1 and 2 were ST464 while all flock 3 isolates were ST48 (Table S1). One C. coli isolate
131  was identified as ST9450, while the remaining 4 C. coli isolates did not match any multilocus
132 sequence type (MLST) profiles (Table S1) due to poor sequencing coverage. Taken together, C.
133  jejuni and C. coli were isolated from peanut hull-based litter reused to raise 3 consecutive flocks
134  of birds within 4 co-located broiler houses.

135

136  Virulence factor and antimicrobial resistance profiles differed by species and by multilocus

137 sequence type
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138  We sought to understand the relationship between an isolate’s repertoire of ARGs and VFs, its
139  spatial distribution within a given broiler house, and how it is impacted by broiler house

140  environmental factors. Environmental parameters measured included house temperature, litter
141 moisture, and litter pH. Hierarchical clustering based on the presence and absence of all

142 identified VFs and ARGs (Table S1) revealed ARG and VF profiles were grouped by flock,

143  Campylobacter species and by isolates’ multilocus sequence type (Figure 2). Correspondence
144  analysis revealed overlapping 95% confidence ellipses for isolates by species (Figure 3A).

145  While hierarchical clustering grouped C. jejuni isolates by flock, it is important to note C. jejuni
146  isolates from flock 1 encompass a single MLST, ST464, while flock 3 isolates are all ST48. This
147  was recapitulated through correspondence analysis which identified non-overlapping 95%

148  confidence ellipses for isolates by MLST (Figure 3B). Taken together, these results suggest that
149  the species and sequence type of Campylobacter are the main factors explaining the differences
150 observed in ARG and VF profiles.

151

152  Virulence factor profiles differed between species and multilocus sequence type

153  Correspondence and clustering analysis revealed that VF and ARG differences were explained
154 by species and sequence type. Therefore, we sought to further investigate the functional

155 differences of VFs across these parameters. The 112 VFs identified were grouped into 10 VF
156 functional categories (Table S1, Table S2). Sixty-three (56%) of the VFs were present in all
157  isolates (Table S1). Across species, C. jejuni isolates harbored significantly higher average

158 proportions of VFs than C. coli (P< 0.01) with functions relating to toxins, adherence, invasion,

159 colonization and immune evasion, and motility and export apparatus (Figure 4, Table 2). C. coli
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160 isolate CC1 was the sole C. coli isolate that harbored Cj1415/cysC (cytidine diphosphoramidate
161 kinase) - a toxin-related VF. Cj1415/cysC is involved in polysaccharide modification and

162  contributes to serum resistance and the invasion of epithelial cells (Taylor and Raushel, 2018).
163  Contrastingly, Cj1415/cysC was present in all C. jejuni isolates except for isolate 28 (CJ28). The
164  ctdA, ctdB and ctdC VFs encoding for the cytolethal-distending toxin and responsible for cellular
165 distension and death in the epithelial cell layer, were present in all C. jejuni isolates. The

166 CheVAWY (cheA, cheY, cheV and cheW) system that is involved in adherence, motility, and

167 chemotaxis (Reuter et al., 2021), was also present in all C. jejuni isolates. Moreover, studies have
168 shown that gene deletions, or insertional inactivation of cheY can result in the attenuation of

169  growth within the chicken gastrointestinal tract (Hendrixson and DiRita, 2004) and the inability
170  to colonize in murine or ferret disease models (Yao, Burr and Guerry, 1997; Bereswill et al.,

171 2011).

172 The capsular polysaccharrides (CPS) of C. jejuni are involved in virulence and are

173  essential for survival in certain host environments. The CPS transporter gene (kpsE) was present
174 inall C. jejuni isolates and in C. coli isolate 1 (CC1). C. jejuni lipopolysaccharide (LPS) is a
175 known VF that mediates adhesion to epithelial cells while kpsM and kpsT are involved in LPS
176  export (Karlyshev et al., 2002). Both kpsM and kpsT were present in all C. jejuni and C. coli
177  isolates. However, kpsC that is responsible for capsule modification, was only present in C.

178  jejuni isolates and in a single C. coli isolate, CC1.

179 When comparing the presence of VFs in C. jejuni isolates across houses, only VF

180 functions relating to immune evasion and glycosylation system were significantly different

181 (P<0.01) (Table 3, Table 4). C. jejuni isolates from house 3 harbored more VF functions relating
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to immune evasion and glycosylation than C. jejuni isolates from houses 1 (Table 3) and 2 (Table
4). No significant differences in VF functions were found between house 1 and house 2 C. jejuni
isolates, or between house 4 and any other house (Table S3, S4, S5, S6). When compared across
flocks, significant differences in VF functions relating to immune evasion, glycosylation system,
and ‘colonization and immune evasion’ were found between C. jejuni isolates from flock 1 and
flock 3 (Table 5). No significant differences in VF functions were found between flock 1 and 2
C. jejuni isolates (Table S7) albeit, only 1 C. jejuni isolate was sequenced from flock 2.
Similarly, no significant differences in VF were identified between flock 2 and flock 3 C. jejuni
isolates (Table S8). There were 7 VFs (Cj1426c, fcl, pseE, kfiD, Cj1432c, Cj1440c and glf) that
were present in flock 1 (ST464) isolates but absent in C. jejuni isolates from flock 3 (ST48)
(Table S9). Cj1426c, kfiD, Cj1432c, Cj1440c and glf are all involved in capsule biosysnthesis
and transport, fcl (putative fucose synthase) is involved in LPS biosynthesis, and pseE is
involved in O-linked flagellar glycosylation. Taken together, C. jejuni isolates from flock 3, all
identified as ST48, harbored fewer VF than C. jejuni isolates from flocks 1 and 2, identified as

ST464.

The presence of Type IV and type VI secretion systems differentiated Campylobacter species
Both type IV and type VI secretion systems (T4SS and T6SS) enable delivery of bacterial
effector proteins into neighboring bacterial and eukaryotic cells (Bleumink-Pluym 2013) and are
commonly present in C. jejuni and C. coli (Bleumink-Pluym 2013, Daya Marasini 2020).
Although genes encoding these secretion systems may be chromosomally encoded, they are

commonly identified on plasmids (Cascales, 2008; Lertpiriyapong et al., 2012; Bleumink-Pluym
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et al., 2013; Ghatak et al., 2017). Using the C. jejuni strain WP2202 plasmid pCJDM202
(NZ_CP014743) that has both the T4SS and T6SS operons as a reference, we determined that
T4SS was present only in C. coli isolates and T6SS was present only in C. jejuni isolates. C. coli
isolates CC32, CC34 and CC36 harbored the largest segments of the reference query (>88%)
while CC33 only contained 33% of the reference query (Table S10). Sixteen C. jejuni isolates
(41%) harbored >85% of the T6SS operon with >99% pairwise identity (Table S11). Eight C.
jejuni isolates contained between 14% and 76% of the T6SS operon, with >98% pairwise
identity, while the remaining 15 isolates harbored <10% of the operon. No isolates from the final
flock cohort, flock 3, harbored any T6SS genes. In summary, T4SS and T6SS were
Campylobacter species-specific and were only found in isolates recovered from the litter of
flocks 1 and 2. As these secretion systems aid in colonization in chickens, as well as humans, this
data suggests isolates that lack these systems may have a decreased ability to infect chickens in

subsequent flocks.

ARG carriage differed by species and flock

Antimicrobial susceptibility testing (AST) was performed on all Campylobacter isolates (Table
S12). All C. jejuni isolates were susceptible to all drugs tested, while C. coli isolates (4/5) were
resistant to tetracycline. Eleven ARGs were identified across all isolates after gene annotation
(Table S13). All C. coli isolates with phenotypic resistance to tetracycline harbored tetO
(tetracycline resistance gene). tetO is known to confer tetracycline resistance in C. coli
(Sougakoff et al., 1987). To determine if tetO was harbored on a plasmid, we used C. jejuni

strain WP2202 plasmid pCJDM202 (NZ_CP014743) as a reference for a BLAST search. We
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226  identified regions on the WP2202 plasmid that had high percent identity (99.5%) to C. coli

227  contigs containing tetO from this study. This result suggests that tetO is either located on a

228 plasmid or has been integrated into the chromosome, even though no plasmid replicons were
229  identified.

230 The class D beta-lactamase structural gene, blaoxa-e1, that confers resistance to penams,
231 cephalosporins and carbapenems (Alfredson and Korolik, 2005) was found in all 5 C. coli

232 isolates and in 9 C. jejuni isolates. The C. coli isolates were isolated from house 2 of flock 1 and
233 houses 3 and 4 of flock 2, whereas C. jejuni isolates carrying blaoxa.e1 were from houses 1, 2 and
234 4 of flock 3 (Table S1). blaoxa-: has been previously identified in both C. jejuni and C. coli

235 isolates obtained from poultry production as well as humans (Griggs et al., 2009; De Vries et al.,
236  2018; Gharbi et al., 2021). Truncation of the upstream sequence of blaoxa-e: -35 region has been
237  reported by Alfredson et al (2005) to result in wild-type C. jejuni beta-lactam-susceptibility

238  (Alfredson and Korolik, 2005). The upstream conserved sequence of blaoxa-e1 of C. coli isolates
239 (CC32, CC33 and CC36 was 100% identical to the upstream sequence of blaoxa.e: harbored on a
240 recombinant plasmid (NCBI: pGU0401) (Alfredson and Korolik, 2005). The other two C. coli
241 isolates (CC1 and CC34) had a single T to G mutation at base 66 and CC1 had an additional T to
242 C mutation at base 23. Neither of these mutations were located within the ribosomal binding site
243  or the -10 or -35 promoter regions. We do not know if the presence of blaoxa.s: conferred the
244  expected resistance phenotype in these isolates since the NARMS Campylobacter AST panels
245  used did not include antibiotics classified as penams, cephalosporins or carbapenems.

246  Furthermore, resistance-nodulation-cell division-type multidrug efflux pumps (CmeABC and

247 CmeDEF operons) that confer resistance to antimicrobials and toxic compounds (Akiba et al.,
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248 2006) were found in Campylobacter isolates. CmeABC was present in all C. jejuni isolates while
249 CmeDEF was found in both C. coli and C. jejuni isolates. CmeR is a known transcriptional

250 regulator of CmeABC and when absent or mutated leads to the overexpression of the CmeABC
251 efflux pump and increases levels of resistance to several antimicrobials (Lin et al., 2005). While
252  the cmeR gene was present in all C. jejuni isolates, it was absent from C. coli isolates CC32,

253 (CC33, CC34 and CC36. In addition to ARGs, we found genes that contribute to arsenic

254  resistance within C. jejuni isolates. The arsenical-resistance membrane transporter acr3, the

255 putative membrane permease arsP and the arsenical pump membrane protein arsB were found in
256 all C. jejuni isolates from flocks 1 and 2 but absent from flock 3 isolates.

257 In summary, AST revealed that phenotypic resistance to antibiotics was only present for
258 tetracycline in C. coli isolates. Genomic characterization of ARGs discovered the presence of a
259 beta-lactamase gene in flock 2 and 3 isolates that was absent from flock 1 isolates. In addition,
260 two multidrug efflux pumps, one of which was only present in C. coli isolates were identified.
261 Therefore, the distribution of ARGs within the Campylobacter isolates differed by flock cohort
262 and by Campylobacter species.

263

264 Core genome analysis revealed limited genetic diversity among C. jejuni isolates

265 The following C. jejuni isolates were found to be identical based on the alignment of their core
266 genome: CJ5, CJ7 and CJ10; CJ4, CJ11, CJ12 and CJ16; CJ14 and CJ23; CJ19 and 28; CJ6,

267 CJ20, CJ21, CJ22 and CJ24; and CJ39, CJ40, CJ41, CJ42 and CJ43. Each set of identical isolates
268 were from the same flock and of the same MLST but not from the same house (Figure 1). The

269 high number of identical core genomes suggest that there is limited genetic diversity within the
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270  core genomes (genes present in >=95% of isolates) of isolates of the same species or MLST. The
271  core genome for C. jejuni isolates consisted of 1116 genes and the core genome for C. coli was
272 1561 genes (Table S14).

273 Using the Roary-generated core genome alignment, we estimated a maximum likelihood
274  phylogenetic tree using RAXML under a GTR substitution matrix. The resulting phylogeny

275  clustered isolates of the same species or MLST into separate clades. For instance, separate clades
276  were identified for C. coli isolates, ST48 C. jejuni isolates from flock 3 and C. jejuni ST464

277  isolates from flocks 1 and 2 (Figure 5).

278 C. coli isolates had a distinct accessory genome (genes present in <95% of the isolates)
279 profile as seen by the Roary-produced accessory genome tree which was plotted alongside the
280 gene presence/absence information (Figure 6, top). This consisted of 1,223 genes including 557
281 associated with hypothetical proteins and 666 annotated genes. Additionally, isolates recovered
282  from flock 3 carried a set of accessory genes lowly present in flock 1 and 2 isolates. This

283  collection of 188 accessory genes consists of 147 associated hypothetical proteins and 41 genes
284  with annotations. Although many isolates shared an identical core genome, all isolates were

285 dissimilar from one another based on their accessory genome. Correspondence analysis based on
286 the presence/absence of accessory genes, VFs and ARGs indicated a separation between flock 3
287  (ST48) isolates and flock 1 and 2 isolates (ST464) (Figure 6, bottom). Thus, both the accessory
288 genome and core genomes grouped Campylobacter isolates based on their species and multilocus
289  sequence type.

290

291 Discussion
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292  The purpose of this study was to characterize the ARGs and VFs of Campylobacter isolates

293 recovered from litter during 3 consecutive flock cohorts of broiler chickens from 4 co-located
294  broiler houses. Our objective was to identify the ARGs and VFs harbored by these isolates as
295 well as understand how management and environmental factors can lead to genomic changes
296 over the course of multiple flocks.

297 We found VFs and VF functions that significantly differed across species. VFs relating to
298 adhesion, immune evasion and toxin production differed between C. jejuni and C. coli (Table
299 S2).In general, C. coli isolates harbored fewer VF relating to toxin production, adherence,

300 invasion, motility, colonization, and immune evasion than C. jejuni (Figure 4, Table 2). This
301 higher number of VFs in C. jejuni may explain why they are more widespread than C. coli in
302 broiler production (Powell et al., 2012; Whitehouse et al., 2018; Tang et al., 2020). We also

303 observed differences between C. jejuni and C. coli in their carriage of T4SS and T6SS. The T4SS
304 aids in the invasion of epithelial cells and has been shown to support intraspecies and

305 interspecies conjugative DNA transfer in Campylobacter fetus (Kienesberger et al., 2011;

306 Gokulan et al., 2013; Van Der Graaf-Van Bloois et al., 2016). Similarly, the T6SS is an important
307 VF for C. jejuni and it is involved in cell adhesion, cytotoxicity, and invasion (Lertpiriyapong et
308 al., 2012). C. jejuni isolates carrying a T6SS have been identified in poultry and human clinical
309 settings (Bleumink-Pluym et al., 2013; Ghatak et al., 2017; Kanwal et al., 2019; Marasini et al.,
310 2020). Kanwal et al. (2019) determined that C. jejuni possessing hcp, a T6SS gene and important
311 effector protein, had higher hemolytic activity and higher competitive growth advantage against
312 Helicobacter pullorum, a bacterium which inhabits a similar physiological niche in chickens

313 (Kanwal et al., 2019). No T6SS genes were identified in isolates from the final flock cohort,
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314 flock 3, and suggests these genes may impose a fitness cost when in a litter environment. As both
315 the T4SS and T6SS are important virulence factors for the colonization of both chickens and
316 humans, our data suggest that Campylobacter isolates in litter that lack secretion systems will be
317 less likely to infect chickens and therefore less likely to enter into the production facility and
318 consumer-borne food products.

319 We also found that C. coli and C. jejuni differed in their susceptibility to antibiotics. C.
320 coli isolates (4/5) were resistant to tetracycline while all C. jejuni isolates were susceptible to all
321 drugs tested. We identified ARGs and metal resistance genes encoding tetracycline resistance
322  (tetO), arsenic resistance (arsP and acr3), multidrug efflux pumps (CmeABC and CmeDEF

323 operons) and class D beta-lactamase structural gene (blaoxa-e1). Tetracycline is both approved for
324  use in food-producing animals and classified as medically important antimicrobial (Center for
325 Veterinary Medicine, 2022). Tetracycline accounts for the largest volume of sales for

326 antimicrobials in food-producing animals and second highest used antibiotic in poultry (Center
327  for Veterinary Medicine, 2022). Thus, it is not surprising we observed tetracycline resistant genes
328 within our isolates. NARMS reporting for Campylobacters does not include beta-lactam/beta-
329 lactamase inhibitor combination agents (Center for Veterinary Medicine, 2022) however,

330 resistance to beta-lactams has been identified in both humans and chickens (Lachance et al.,

331 1991; Thwaites and Frost, 1999). For example, blaoxa-e1 has been identified in both human and
332 chicken isolates (Griggs et al., 2009; Casagrande Proietti et al., 2020).

333 Species differences were also observed based on the presence of the transcriptional

334 repressor gene for the MDR pump CmeABC, cmeR. Mutations, or absence thereof, of the

335 transcriptional repressor, CmeR can lead to enhanced production of the MDR pumps. CmeABC
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336 overexpression can lead to reduced susceptibility to tetracycline, ampicillin, cefotaxime,

337 erythromycin, and fusidic acid in Campylobacter jejuni (Lin et al., 2005) and therefore could
338 explain resistance seen in isolates lacking CmeR. The CmeABC MDR pump and the

339 corresponding regulator, cmeR, were present in all C. jejuni isolates. C. coli isolates that

340 harbored tetO harbored CmeABC but not the cmeR regulator. The absence of the cmeR regulator
341 could have contributed to the level of tetracycline resistance observed in C. coli isolates. The

342 presence of this MDR pump, along with its regulator cmeR, in the C. jejuni isolates suggests that
343 it does not confer resistance, above the epidemiological cutoff value, to the antibiotics tested in
344  our AST panel as all C. jejuni were pan susceptible. Overall, Campylobacter isolates from this
345  study pose no significant ARG threat and this observation may be attributed to the management
346 program enacted by the producer. Here, the farmer adopted a “No Antibiotics Ever” program

347  after a complete cleanout of the houses were done (Oladeinde et al., 2022).

348 Our previous results (Oladeinde et al., 2022) indicated Campylobacter was most

349 prevalent during the grow-out of the first flock cohort compared to flock 3 (Oladeinde et al.,

350 2022). We observed flock differences with respect to VFs and ARGs. We determined that isolates
351 recovered from the same flock cohort had similar VFs and VF associated functions. Isolates from
352 flock 1 were raised on fresh peanut hull while flocks 2 and 3 were raised on the reused litter from
353 flocks 1 and 2, respectively. We observed a significant difference in VFs in flock 3 (ST48)

354 isolates compared to flock 1 isolates (ST464). We hypothesize that as the litter was reused over
355 multiple flock cohorts the litter microbiome underwent significant flux. The VFs lost over the
356 multiple flock cycles may have imposed a fitness cost resulting in ST464 isolates not being

357 detected past the second flock cohort and ST48 isolates being detected in the final flock cohort,
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358 flock 3. The VFs which were absent from flock 3 (ST48) isolates are associated with survival
359 within the chicken gut: capsule biosynthesis and motile phenotype and may not be essential for
360 survival within the peanut hull litter. For example, the glf gene, encoding UDP-galactopyranose
361 mutase, is involved in capsule polysaccharide biosynthesis (Poulin et al., 2010) and is a known
362 determinant for invasion, serum resistance, adherence, colonization and modulation of host

363 immune responses (Rojas et al., 2019). Alternatively, the introduction of ST48 C. jejuni isolates
364 into the final flock cohort could have occurred through other means: 1) human or rodent

365 transmission of these strains into the broiler houses, 2) isolation of present isolates was

366 unsuccessful in the previous flock cohorts, or 3) incoming chicks harbored new strains which
367 were then isolated.

368 We also found that Campylobacter prevalence differed between houses. For instance,
369 there was a higher probability of detecting Campylobacter in houses 3 and 4 compared to houses
370 1 and 2 (Oladeinde et al., 2022). Observed house differences are unlikely due to differences in
371 day-old chicks because all chicks originated from the same hatchery and were randomly assigned
372  to houses. VFs significantly differed across grow-out houses (Table 3, Table 4) and this suggests
373 the house environment played an integral role in selecting for these strains. It is possible that
374  these strains were introduced from the hatchery, as a new ST was detected following the

375 introduction of chicks in the final, flock 3, cohort. It is also plausible these strains were residual
376 contamination from the previous flocks and the cleanup performed was not sufficient to remove
377  them. Consequently, upon placement of new chicks, these strains were able to efficiently

378 colonize the naive gastrointestinal tract and spread through houses 3 and 4. Recently, Yi Fan et

379 al. (2022) showed that cleaning broiler houses with water increased activity of the gut microbiota
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380 and reduced Campylobacter transmission relative to a full disinfection (Fan et al., 2022).

381 Therefore, it is possible that the cleaning procedure used had differential effects on the resident
382 bacterial population in each house. For instance, strains from houses 3 and 4 carried VFs that
383 also play a role in organized biofilm formation (cheA, cheY, cheV and cheW), which may allow
384 them to adhere to surfaces and persist through cleaning. Additionally, isolates from house 3,
385 which were all from the first flock cohort, harbored a higher proportion of VFs with functions
386 related to immune evasion, glycosylation system and colonization and immune evasion. Flagellin
387 glycosylation has been shown to affect the adherence and invasion of human epithelial cells
388 (Guerry et al., 2006). Thus, while these isolates may be better equipped to evade the immune
389 system of the chicken gut and invade epithelial cells, our data suggest these VFs may impose a
390 fitness cost resulting in an inability to persist over multiple flock cohorts.

391 We have provided new data on the genome characteristics of C. jejuni and C. coli isolates
392 recovered from the litter of broiler chickens. We demonstrated that the presence of VFs and

393 ARGs varied by species and by flock. While significantly more VFs were present in isolates
394 from house 3, these isolates were not detected in the final flock (flock 3). Additionally, isolates
395 that were found in the litter of flock 3 were missing several VFs that increase an isolate’s ability
396 to colonize and survive within the chicken host including VFs for capsule biosynthesis, motility
397 and the T6SS. Therefore, these data suggest that the house environment and management

398 practices including the initial house cleaning procedure and the reuse of the peanut hull litter
399 over multiple flocks imposed selective pressure on VFs. Nonetheless, there are several

400 limitations of the study which could have biased our interpretation of the results including the

401 small number of flocks, unknown broiler house conditions, as well as the limit of detection of
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402 our sampling methodology for Campylobacter isolation. Lastly, results from this study are based
403 on one farm and may not be representative of all farms which reuse peanut hull-based litter for
404  broiler chicken production.

405

406 Materials and Methods

407  Details of methods used for sampling on farms, litter management and bacterial isolation have
408 been described before (Oladeinde et al., 2022). We briefly re-describe some of these methods
409 and present others below.

410 Study design

411 Four broiler houses on a farm in Central Georgia, each containing 22,000 to 24,000 broilers per
412  flock, were selected for this study. Three cohorts of broiler flocks were raised in succession in
413 each of the 4 broiler houses between February and August 2018. Before the start of the study a
414 complete litter cleanout was performed in each of the four houses. Before the first broiler flock
415 was introduced fresh peanut hull litter was prepared in each house. Each successive flock, after
416 the first, was raised on the previous flock cohorts’ litter without any cleanout between flock
417  cohorts. During the downtime between flocks the litter was mechanically conditioned by

418 removing the caked portions. Additionally, during the downtime the litter was treated for

419 ammonium control (typically 1 week before sampling) via topical application of a commercial
420 litter acidifier. For the first 14 days of each flock cohort half house brooding was practiced;
421 chicks were only allowed to occupy the front section of the broiler house until after 14 days.
422  Copper sulfate was added to drinking water. All management procedures used are within the

423  scope for routine industry practices.
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424  Litter sample collection

425 From February 2018 to August 2018, a total of 288 poultry litter (PL) samples were collected
426 from 4 co-located broiler houses throughout the study. This represents 96 PL sample collections
427  from poultry houses per cohort of broiler flock raised on the same litter. For each broiler cohort,
428 PL samples were collected both early (< 14 days) and late (days 32 - 38) during the grow-out
429 phase at three different sampling times. During each sampling time from each of the four poultry
430 houses, PL samples were collected from four sections: front, mid-front, mid-back and back.

431 From each section, a pool of three litter grabs were collected, bagged litter was transported in a
432 cooler with icepacks until arrival at the laboratory. Litter moisture content was determined for
433 each litter sample by initially weighing 1 g, drying at ~106°C overnight, and re-weighing to

434 measure dry weight. Moisture content was determined by the difference. Litter pH was obtained
435 by mixing litter (10 g) with 20 ml water, immersing pH probe into mixture, and recording the
436 reading. Poultry house temperature was also collected during each sampling time.

437 Bacterial isolation and identification

438 For Campylobacter species detection, appropriate dilutions of the litter mixture were direct

439 plated to Cefex agar (Remel, Lenexa, KS). Plates were incubated in a microaerobic, hydrogen
440 enriched atmosphere (7.5 % H2, 2.5 % 02, 10 % CO2, and 80 % N2) at 42°C for 48 h.

441  Additionally, aliquots of the litter mixture (4 x 50 ul drops) were placed onto a 0.65 pum cellulose
442  acetate filter placed on Cefex agar. Filters were allowed to dry 30 min before being removed and
443 plates were incubated as above. Enrichment was also performed by adding 1 ml of litter mixture
444 to 9 ml bolton’s broth and incubated in a microaerobic atmosphere at 42°C for 48 h before being

445 transferred to Cefex agar and incubated as above. Presumptive positive colonies were selected
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446 based on typical cellular morphology and motility using phase contrast microscopy. Isolates were
447  confirmed using the Campylobacter BAX® real-time PCR Assay (Hygiena; Wilmington, DE)
448 according to manufacturer’s directions. Twenty-seven unique litter samples were positive for
449  Campylobacter and a total of 53 Campylobacter isolates were obtained following the different
450 isolation methods described above. For whole genome sequencing, at least one Campylobacter
451 positive isolate was selected from the 27 litter samples. Additionally, if there were multiple

452  positive isolates obtained from the same litter sample using the different isolation methods (i.e.,
453 direct plating, filter method, or enrichment), the filter and enrichment isolate were chosen over
454  the direct plating isolate. A total of 44 Campylobacter positive samples were chosen for whole
455 genome sequencing.

456 Antibiotic susceptibility testing

457  We performed antimicrobial susceptibility testing (AST) on 5 Campylobacter coli and 39

458 Campylobacter jejuni isolates recovered from the litter of broiler chicks following the National
459 Antimicrobial Resistance Monitoring System (NARMS) protocol for Gram-negative bacteria.
460 The following antimicrobials were tested: Azithromycin, Ciprofloxacin, Clindamycin,

461 Erythromycin, Florfenicol, Gentamicin, Nalidixic Acid, Telithromycin and Tetracycline.

462  Antimicrobial susceptibility of Campylobacter isolates was determined using the Sensititre semi-
463 automated system (Thermo Fisher Scientific, Kansas City, KS) according to manufacturer’s
464  instructions. Briefly, bacterial suspensions equivalent to a 0.5 McFarland suspension were

465 prepared, aliquoted into a CAMPY panel and incubated at 42°C for 24 h under microaerobic
466 conditions. Minimum inhibitory concentrations were determined and categorized as resistant

467 according to breakpoints based on epidemiological cut-off values as used by the National
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Antimicrobial Resistance Monitoring System (NARMS;
https://www.fda.gov/media/108180/download).

Whole genome sequencing and processing

[llumina short read sequencing was performed on DNA extracted from Campylobacter isolates
recovered from litter. Libraries were prepared using Nextera XT DNA library preparation kits
(Tllumina, Inc., San Diego, CA) following the manufacturers protocol. Libraries were sequenced
on the MiSeq platform with 250-bp paired end reads. Genome assembly, antimicrobial resistance
gene identification, virulence factor identification, plasmid replicon identification, phage region
identification and genome annotation were done using Reads2Resistome pipeline v0.0.2(Woyda,
Oladeinde and Abdo, 2023). Online ResFinder (Bortolaia et al., 2020) for annotation of acquired
resistance genes and additional resistance gene identification was performed using the Resistance
Gene Identifier v5.1.1 (RIG) and antibacterial biocide and metal resistance genes were identified
with BacMet (Pal et al., 2014). MLST was determined using the mlst software (Jolley and

Maiden, 2010; Seemann, no date), which utilizes the PubMLST website (https://pubmlst.org/). It

was required for all reference database hits needed to meet a minimum identity match of 85%.
Reference Genbank plasmids AF301164.1, CP044166.1, CP020775.1 and CP014743 were used
to determine the exact locations of type 4 and type 6 secretion systems. Verification of genes

using Megablast was performed in Geneious Prime version 2022.2.2.

Statistical analysis
ARGs and virulence database hits from R2R, ResFinder, BacMet and RGI were filtered utilizing

>=85% sequence identity to the reference database query and a table was generated based on the
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490 presence/absence of identified genes from all isolates. Correspondence analysis on the

491 presence/absence table of ARGs and virulence factors was done in R using factoextra v1.0.7

492  (Alboukadel Kassambara, Fabian Mundt, 2020), FactoMineR v2.4 (L&, Josse and Husson, 2008)
493 and corrplot v0.2-0 (Wei, Taiyun and Simko, Viliam, 2021) packages. Heatmaps were generated
494  using the pheatmap (Raivo Kolde, 2019) package in R. A distance matrix was generated using
495  the jaccard metric via the vegdist() function from the vegan v2.6-4 package (Jari Oksanen et al.,
496 2022). Optimal number of clusters was identified using the silhouette method implemented by
497  the fviz_nbclust function from the factoextra v1.0.7 package. hclust() from the stats v3.6.2 (R
498 Team, 2015) package was then utilized to perform hierarchical clustering under the ‘average’
499 (UPGMA) method using the determined optimal number of clusters. All analyses were done in R
500 v4.0.4 (R Team, 2015) utilizing RStudio v1.2.1106 (RStudio Team, 2016).

501 Taxonomic classification and phylogenetic analysis

502 Taxonomic classification of Campylobcater isolates using the quality controlled Ilumina short-
503 read sequences was performed with Kraken2 (Wood, Lu and Langmead, 2019, p. 2). Pangenome
504 analysis of annotated assemblies was performed with Roary (Page et al., 2015). A phylogenetic
505 tree of the core genome alignment from Roary (core_gene_alighment.aln) was constructed using
506 RAxML with the maximum likelihood method under a GTR model with 1000 bootstraps

507 (Stamatakis, 2006, 2014). The following command was used for phylogentic tree estimation

508 using RAXML: “raxmlHPC -m GTR -p 12345 -s core_gene_alignment.aln -f a -x 12345 -N 1000
509 -T 48”. Tree visualization was conducted using the Interactive Tree of Life (Letunic and Bork,
510 2021).

511
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512 Data Availability
513 All raw isolate data, in FASTQ format, is available from NCBI under the accession number:
514 XYZ. All other data are available upon request.
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Figures:

Figure 1. Visual representation of Campylobacter species isolated from peanut hull litter within

each section of each broiler house. Samples were taken from 4 co-located broiler houses from 3

consecutive flock cohorts. Circles represent individual isolates labeled by their prospective

species: Campylobacter jejuni (CJ) and Campylobacter coli (CC). Circle color indicates which

flock cohort an isolate was obtained from: flock cohort 1 (purple), flock cohort 2 (blue) and flock

cohort 3 (green).
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559 Figure 2. Heatmap of antimicrobial resistance genes and virulence factors across all isolates.
560 Hierarchical clustering revealed ARG and VF profiles were grouped by flock, Campylobacter
561 species and by isolates’ multilocus sequence type. Heatmap was generated in R v4.0.4 with
562 pheatmap v1.0.12 (clustering_method = "average" (UPGMA), clustering_distance_cols =

563 "binary") using the filtered antimicrobial resistance gene and virulence factor table (Table S1).

564 Columns on the right-hand side display the metadata associated with each isolate (labels on left-

565 hand side).
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587 Figure 3. Correspondence analysis using presence/absence ARG and virulence factor profiles.
588 Correspondence analysis revealed overlapping 95% confidence ellipses for isolates by species
589 and non-overlapping 95% confidence ellipses for isolates by MLST. (A) Correspondence

590 analysis on all Campylobacter isolates (n=44). Circle color corresponds to the verified species:
591 C. coli (red) and C. jejuni (blue). Species labels are denoted with CC (C. coli) and CJ (C. jejuni).
592 (B) Correspondence analysis on Campylobacter jejuni isolates (n = 39). Circle color corresponds
593 to the identified multilocus sequence type (MLST). Ellipses represent a 95% confidence

594 ellipsoid. Correspondence analysis on the presence/absence table of ARGs and virulence factors

595 was conducted in R using factoextra v1.0.7, FactoMineR v2.4 and corrplot v0.2-0 packages.
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613 Figure 4. Average proportion of virulence factor-associated functions between C. coli and C.
614  jejuni isolates. C. jejuni isolates harbored significantly higher average proportions of VFs with
615 functions relating to toxins, adherence, invasion, colonization and immune evasion, and motility

616 and export apparatus. Comparison was performed using the Wilcoxon rank-sum test. (*)

617 indicates an adjusted p value > 0.05. Virulence genes associated with each function were
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618 enumerated for each isolate and a proportion was calculated using the total number of genes in
619 the study population with the given function. Adjusted p value adjustment was performed by the

620 Benjamini-Hochberg false discovery rate correction.
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637 Figure 5. RAXML maximum likelihood phylogenetic tree estimated from the Roary core
638 genome alignment under a GTR model of evolution. 1000 bootstraps were performed to ensure

639 nodal support. Tree was visualized using the Interactive Tree of Life (iTOL).
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662 Figure 6. Core and accessory genome analysis. Species labels are denoted with CC (C. coli) and
663 CJ (C. jejuni). C. coli isolates, C. jejuni ST48 isolates and C. jejuni ST464 isolates harbor

664  distinct accessory genomes. (Top) Gene presence/absence matrix of core and accessory genes.
665 The matrix was produced using roary_plots.py and the Roary-generated

666 gene_presence_absence.csv and accessory_binary_genes.fa.newick files. (Bottom) Roary, ARG,
667 virulence factor presence/absence correspondence analysis. Correspondence analysis was

668 performed on the combination of the Roary-generated gene_presence_absence.csv and the

669 presence/absence table of ARGs and VFs. Correspondence analysis was conducted in R using

670 factoextra v1.0.7, FactoMineR v2.4 and corrplot v0.2-0 packages.
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Tables:
Table 1. Occurrence of Campylobacter species in peanut hull litter from 3 consecutive grow-out

cycles across 4 co-located broiler houses.

Broiler Flock cohort 1 Flock cohort 2 Flock cohort 3
House
C. coli C. jejuni C. coli C. jejuni C. coli C. jejuni
1 0 0 0 0 0 3
2 1 0 0 0 0 3
3 0 17 3 0 0 0
4 0 13 1 1 0 2
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710
711

712  Table 2. Average proportion of virulence factor-associated functions between C. coli and C.

713  jejuni isolates. Comparison was performed using the Wilcoxon rank-sum test. Virulence genes
714  associated with each function were enumerated for each isolate and a proportion was calculated
715 using the total number of genes in the study population with the given function. Adjusted p value
716  adjustment was performed using the Benjamini-Hochberg false discovery rate correction method.
717  ‘NaN’ values are due to the inability to compute p values due to average proportion values being
718 identical for all isolates.

Wilcoxon rank-sum test between C. jejuni and C. coli

Virulence Factor Function

adjusted p value

Toxin 1.76E-08

Adherence 4.16E-08

Invasion 3.01E-06

Motility and export apparatus 3.44E-06

Colonization and Immune evasion 0.0062
Glycosylation system 0.31
Immune evasion 1

Capsule NaN
Chemotaxis and motility NaN
Secretion system NaN

719

720


https://doi.org/10.1101/2023.02.02.526821
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.02.526821; this version posted February 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

721
722
723
724
725
726
727
728
729
730
731
732

733 Table 3. Comparison of average proportions of virulence factor-associated functions for C. jejuni
734  isolates which significantly differed in proportion between broiler houses 1 and 3 as determined
735 by the Wilcoxon rank-sum test. Virulence genes associated with each function were enumerated
736  for each isolate and a proportion was calculated using the total number of genes in the study

737  population with the given function. Adjusted p value adjustment was performed by the

738 Benjamini-Hochberg false discovery rate correction method. ‘NaN’ values are due to the

739 inability to compute p values due to average proportion values being identical for all isolates.

Wilcoxon rank-sum test: house 1 vs house 3 (C. jejuni)

Function adjusted p value
Glycosylation system 0.0015
Immune evasion 0.0034

Colonization and Immune evasion 0.070
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Invasion 1
Motility and export apparatus 1

Adherence NaN

Capsule NaN

Chemotaxis and motility NaN

Secretion system NaN

Toxin NaN
740
741
742
743
744
745
746
747
748
749
750
751
752
753

754  Table 4. Comparison of average proportions of virulence factor-associated functions for C. jejuni
755 isolates which significantly differed in proportion between broiler houses 2 and 3 as determined
756 by the Wilcoxon rank-sum test. Virulence genes associated with each function were enumerated

757  for each isolate and a proportion was calculated using the total number of genes in the study
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758  population with the given function. Adjusted p value adjustment was performed by the
759 Benjamini-Hochberg false discovery rate correction method. ‘NaN’ values are due to the
760 inability to compute p values due to average proportion values being identical for all isolates.

Wilcoxon rank-sum test: house 2 vs house 3

Function adjusted p value
Glycosylation system 0.0015
Immune evasion 0.0034
Colonization and Immune evasion 0.070
Adherence 0.25
Invasion 1
Motility and export apparatus 1
Capsule NaN
Chemotaxis and motility NaN
Secretion system NaN
Toxin NaN
761
762
763
764
765
766
767
768

769
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770
771
772
773
774

775 Table 5. Comparison of average proportions of virulence factor-associated functions for C. jejuni
776  isolates which significantly differed in proportion between flock cohorts 1 and 3 as determined
777 by the Wilcoxon rank-sum test. Virulence genes associated with each function were enumerated
778  for each isolate and a proportion was calculated using the total number of genes in the study

779  population with the given function. Adjusted p value adjustment was performed by the

780 Benjamini-Hochberg false discovery rate correction method. ‘NaN’ values are due to the

781 inability to compute p values due to average proportion values being identical for all isolates.

782

Wilcoxon by flock 1 vs flock 3 C. jejuni (house 1, 2, 3 and 4)

Function adjusted p value
Immune evasion 1.46E-06
Glycosylation system 3.91E-06
Colonization and Immune evasion 0.00056
Adherence 0.61
Invasion 1
Motility and export apparatus 1

Toxin 1
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Secretion system NalN
Capsule NaN
Chemotaxis and motility NaN

783
784
785
786
787
788
789
790
791
792
793

794
795 Supplemental Tables:
796 Table S1: ARG and VF presence absence spreadsheet (separate file)
797
798 Table S2. Virulence factor-associated functions across all C. jejuni and C. coli isolated.
799  Virulence factor identification was performed with ABRICATE which utilized the Virulence
800 Factor Database (VFDB). For each identified virulence gene, the associated function(s) were
801 enumerated.
Virulence Factor Function Count

Motility and export apparatus 1623
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Colonization and Immune evasion 779
Glycosylation system 436
Immune evasion 340
Toxin 312
Adherence 302
Invasion 295
Chemotaxis and motility 220
Secretion system 44
capsule 44

802

803 Table S3. Comparison of average proportions of virulence factor-associated functions for C.
804  jejuni isolates which significantly differed in proportion between broiler houses 1 and 2 as

805 determined by the Wilcoxon rank-sum test. Virulence genes associated with each function were
806 enumerated for each isolate and a proportion was calculated using the total number of genes in
807 the study population with the given function. Adjusted p value adjustment was performed by the
808 Benjamini-Hochberg false discovery rate correction method. ‘NalN’ values are due to the

809 inability to compute p values due to average proportion values being identical for all isolates.

Wilcoxon rank-sum test:house 1 vs house 2 (C. jejuni)

Function adjusted p value
Adherence 1
Colonization and Immune evasion 1
Capsule NaN

Chemotaxis and motility NaN
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Glycosylation system NaN

Immune evasion NaN

Invasion NaN

Motility and export apparatus NaN

Secretion system NaN

Toxin NaN
810
811

812 Table S4. Comparison of average proportions of virulence factor-associated functions for C.
813 jejuni isolates which significantly differed in proportion between broiler houses 2 and 4 as

814  determined by the Wilcoxon rank-sum test. Virulence genes associated with each function were
815 enumerated for each isolate and a proportion was calculated using the total number of genes in
816 the study population with the given function. Adjusted p value adjustment was performed by the
817 Benjamini-Hochberg false discovery rate correction method. ‘NalN’ values are due to the

818 inability to compute p values due to average proportion values being identical for all isolates.

Wilcoxon rank-sum test: house 2 vs house 4 (C. jejuni)

Function FDR-BH
Immune evasion 0.16
Adherence 0.30
Colonization and Immune evasion 0.37
Glycosylation system 0.49

Invasion 1
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Motility and export apparatus 1
Toxin 1
Capsule NaN
Chemotaxis and motility NaN
Secretion system NaN

819

820 Table S5. Comparison of average proportions of virulence factor-associated functions for C.
821 jejuni isolates which significantly differed in proportion between broiler houses 1 and 4 as

822  determined by the Wilcoxon rank-sum test. Virulence genes associated with each function were
823 enumerated for each isolate and a proportion was calculated using the total number of genes in
824  the study population with the given function. Adjusted p value adjustment was performed by the
825 Benjamini-Hochberg false discovery rate correction method. ‘NaN’ values are due to the

826 inability to compute p values due to average proportion values being identical for all isolates.

Wilcoxon rank-sum test: house 1 vs house 4 (C. jejuni)

Function adjusted p value
Immune evasion 0.17
Colonization and Immune evasion 0.39
Glycosylation system 0.87
Invasion 1
Motility and export apparatus 1
Toxin 1

Adherence 1
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Capsule NaN

Chemotaxis and motility NaN

Secretion system NaN
827
828

829 Table S6. Comparison of average proportions of virulence factor-associated functions for C.
830 jejuni isolates which significantly differed in proportion between broiler houses 3 and 4 as

831 determined by the Wilcoxon rank-sum test. Virulence genes associated with each function were
832 enumerated for each isolate and a proportion was calculated using the total number of genes in
833 the study population with the given function. Adjusted p value adjustment was performed by the
834 Benjamini-Hochberg false discovery rate correction method. ‘NalN’ values are due to the

835 inability to compute p values due to average proportion values being identical for all isolates.
836

Wilcoxon rank-sum test: house 3 vs house 4 (C. jejuni)

Function adjusted p value
Colonization and Immune evasion 1
Glycosylation system 1
Immune evasion 1
Invasion 1
Motility and export apparatus 1
Toxin 1

Adherence NaN
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Capsule NaN

Chemotaxis and motility NaN

Secretion system NaN
837
838
839
840
841

842 Table S7. Comparison of virulence factor-associated functions for C. coli isolates from flock 1
843 and flock 2. Comparison was performed by the Wilcoxon rank-sum test. Virulence genes

844  associated with each function were enumerated for each isolate and a proportion was calculated
845 using the total number of genes in the study population with the given function. Adjusted p value
846 adjustment was performed by the Benjamini-Hochberg false discovery rate correction method.
847  ‘NaN’values are due to the inability to compute p values due to average proportion values being
848 identical for all isolates.

Wilcoxon rank-sum test: flock 1 vs flock 2 (C. coli: houses 2,3,4)

Function adjusted p value
Colonization and Immune evasion 1
Glycosylation system 1
Immune evasion 1
Invasion 1
Toxin 1

Adherence NaN
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Capsule NaN

Chemotaxis and motility NaN

Motility and export apparatus NaN

Secretion system NaN
849
850

851 Table S8. Comparison of virulence factor-associated functions for C. jejuni isolates from flock 2
852 and flock 3. Comparison was performed by the Wilcoxon rank-sum test. Virulence genes

853 associated with each function were enumerated for each isolate and a proportion was calculated
854  using the total number of genes in the study population with the given function. Adjusted p value
855 adjustment was performed by the Benjamini-Hochberg false discovery rate correction method.
856 ‘NaN’values are due to the inability to compute p values due to average proportion values being
857 identical for all isolates.

858

Wilcoxon by flock 2 vs flock 3 C. jejuni (house 1, 2 and 4)

Function adjusted p value
Immune evasion 0.63
Colonization and Immune evasion 0.63
Adherence 1
Invasion 1

Glycosylation system 1
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Secretion system NaN
Toxin NaN

Capsule NaN

Motility and export apparatus NaN
Chemotaxis and motility NaN

859

860 Table S9: Virulence factors and functions absent from grow-out cycle 3 isolates.

Virulence Factor Function Function
ArsP arsenic resistance arsenic resistance
acr3 arsenic resistance arsenic resistance
fcl GDP-L-fucose synthetase related to capsule - virulence
kfiD UDP-glucose 6-dehydrogenase related to capsule - virulence
PseE.maf5 Glycosylation system N-linked protein glycosylation,

mutation results in non-motile
phenotype
glf UDP-galactopyranose mutase Galactose metabolism, Amino sugar

and nucleotide sugar metabolism

Cj1440c Colonization and Immune evasion  Capsule biosynthesis and transport
Cj1432c Colonization and Immune evasion  Capsule biosynthesis and transport
Cjl421c Colonization and Immune evasion  Capsule biosynthesis and transport
Cj1438c* Colonization and Immune evasion  Capsule biosynthesis and transport

Cj1422c* Colonization and Immune evasion  Capsule biosynthesis and transport
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Cj1437c* Colonization and Immune evasion  Capsule biosynthesis and transport
Cj1436¢* Colonization and Immune evasion  Capsule biosynthesis and transport
Cj1435¢c* Colonization and Immune evasion ~ Capsule biosynthesis and transport

861 * indicates genes absent from grow-out cycle 2
862
863

864

865 Table S10. Megablast results for Campyloabcter coli isolates against the NZ_CP014743 T4SS.
866

Isolate ID Flock cohort % Pairwise Identity Query coverage E Value Max Sequence Length

CC32 297.5% 61.78% 0 12354
CC34 297.5% 61.45% 0 12288
CC36 2 96.5% 37.07% 0 7414
CC32 2 99.5% 34.87% 0 6974
CC36 2 99.5% 34.87% 0 6974
CC33 295.1% 24.70% 0 4940
CC36 299.1% 24.05% 0 4810
CC34 299.7% 17.77% 0 3553
CC34 2 99.3% 16.47% 0 3294
CC33 299.2% 11.48% 0 2296

867  *T4SS query length 21,526 bp from the Campylobacter megaplasmid NZ_CP014743 (50,831bp
868 - 72,356bp). Results with a query coverage cutoff <10% were excluded. Isolates with multiple

869 row entries are representative of hits on separate contigs.
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870
871

872 Table S11. Megablast results for Campyloabcter jejuni isolates against the NZ_CP014743

873 T6SS.

874
Isolate  Flock % Pairwise Query E Value Max Sequence Length
CJ15 199.3% 95.13% 0 16171
CJ23 199.3% 95.13% 0 16171
CJ29 199.3% 95.13% 0 16171
Cl4 199.3% 95.13% 0 16171
CJ6 199.3% 95.13% 0 16171
cJ7 199.3% 95.13% 0 16171
CH22 199.4% 85.14% 0 14461
CJ12 199.4% 85.14% 0 14461
CJ16 199.4% 85.14% 0 14461
CJ2 199.4% 85.14% 0 14461
CJ20 199.4% 85.14% 0 14461
CJ21 199.4% 85.14% 0 14461
CJ3 199.4% 85.14% 0 14461
CJ35 2 99.4% 85.14% 0 14461
CJ10 199.3% 76.20% 0 12958
CJ25 198.3% 74.05% 0 12593
CJ26 199.2% 64.11% 0 10910
CJ5 199.4% 37.08% 0 6306
CJ13 199.7% 30.72% 0 5214
CJ5 199.7% 30.67% 0 5207
CJ26 199.7% 30.39% 0 5159
CJ13 199.4% 30.25% 0 5147
CJ25 199.7% 25.58% 0 4342
CJ19 199.6% 21.38% 0 3630
CJ17 198.8% 20.82% 0 3551
CJ17 1 99.6% 20.37% 0 3457
CJ27 199.7% 15.37% 0 2609
CJ30 197.8% 14.49% 0 2462
CJ27 198.4% 13.36% 0 2284
CJ9 199.7% 12.97% 0 2201
CJ17 199.1% 12.48% 0 2118
CJ9 198.4% 12.16% 0 2081

875
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877 *T6SS query length 16,975 from the Campylobacter megaplasmid NZ_CP014743 (13,397bp to
878 30,371bp). Results with a query coverage cutoff <10% were excluded. Isolates with multiple row
879 entries are representative of hits on separate contigs.

880

881 Table S12. Antibiotic susceptibility testing of Campylobacter isolates (separate file)

882

883 Table S13. Antimicrobial resistance genes identified in Campylobacter isolates (separate file)
884

885 Table S14: Roary presence absence spreadsheet (separate file)
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