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Summary

Multicellular biofilms are an ancient bacterial adapta-
tion that offers a protective environment for survival
in hostile habitats. In microaerophilic organisms such
as Campylobacter, biofilms play a key role in trans-
mission to humans as the bacteria are exposed to
atmospheric oxygen concentrations when leaving the
reservoir host gut. Genetic determinants of biofilm
formation differ between species, but little is known
about how strains of the same species achieve the
biofilm phenotype with different genetic back-
grounds. Our approach combines genome-wide
association studies with traditional microbiology
techniques to investigate the genetic basis of biofilm
formation in 102 Campylobacter jejuni isolates. We
quantified biofilm formation among the isolates and
identified hotspots of genetic variation in homolo-
gous sequences that correspond to variation in
biofilm phenotypes. Thirteen genes demonstrated a
statistically robust association including those
involved in adhesion, motility, glycosylation, capsule
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production and oxidative stress. The genes associ-
ated with biofilm formation were different in the host
generalist ST-21 and ST-45 clonal complexes, which
are frequently isolated from multiple host species and
clinical samples. This suggests the evolution of
enhanced biofilm from different genetic backgrounds
and a possible role in colonization of multiple hosts
and transmission to humans.

Introduction

The formation of multicellular biofilms is an ancient adap-
tation shared by numerous bacteria and archaea (Otto,
2014; Solano et al., 2014). These structurally complex,
dynamic systems offer a protective environment for sur-
vival in hostile habitats and can play a key role in
the dispersal of pathogens. Biofilm formation involves the
interaction of genetic and environmental factors and the
relative contribution of these is the subject of ongoing
debate. Much of the work in this area has focused on
identifying biofilm-associated genes such as those
involved in surface adhesion, motility and regulation or
expression of extracellular polymeric substances. Experi-
ments typically involve comparison of wild-type and
mutant strains to assess the role of specific genes
(Asakura et al., 2007; Svensson et al., 2009; Gundogdu
et al., 2011; Frirdich et al., 2012; Sulaeman et al., 2012;
Oh and Jeon, 2014), but understanding the influence of
genetic variation in complex natural populations with mul-
tiple strains has been challenging. In particular, it has
been difficult to quantify multi-gene associations and the
role of homologous sequence variation.

Recent advances in high-throughput sequencing tech-
nologies and the increasing availability of genome-
sequenced isolate collections provide opportunities for
investigating the genetic basis of complex traits. Genome-
wide association studies, which have been widely used
in human genetics, can identify statistical associations
between causal genetic variation and phenotype
(Wellcome Trust Case Control Consortium, 2007;
Craddock et al., 2010). These techniques have consider-
able potential for enhancing understanding of how genetic
variation in natural bacterial populations may influence
their ecology. However, there are specific challenges when
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applying genome-wide association studies to bacteria
(Sheppard et al.,, 2013a; Alam et al., 2014; Laabei et al.,
2014). First, bacterial species can display a high degree of
genetic variation within shared core genome elements and
can have a large accessory genome. Second, because of
the clonal population structure, the progeny of an expand-
ing lineage will share adaptive elements associated with
the phenotype of interest, as well as elements that are not,
confounding the association and reducing the statistical
power (Falush and Bowden, 2006).

Through simultaneous identification of core and acces-
sory genome associations, and weighting with reference
to the clonal frame of the population (Sheppard et al.,
2013a), we identify genetic elements that are associated
with biofilm production in the microaerophilic bacteria
Campylobacter jejuni and C. coli. These organisms are
common in the gut of several wild and agricultural animals
(Sheppard et al., 2011), frequently infecting humans via
contaminated meat and poultry, and are among the
leading causes of food-borne gastroenteritis worldwide
(van Asselt et al., 2008). Passage through the food chain
may be promoted by attachment to non-biological sur-
faces and other cells, which is common in these species
(Pearson et al., 1993; Trachoo and Frank, 2002; Zimmer
et al., 2003; Bull et al., 2006), and can double the survival
period outside of the host under atmospheric conditions
(Joshua et al., 2006; Asakura et al., 2007).

Campylobacter populations are highly structured into
clusters of related lineages, including deep branching
clades (C. coli) (Sheppard etal, 2008; 2010) and
clonal complexes of isolates that share four or more
alleles at seven multilocus sequence typing (MLST) loci
(Dingle etal.,, 2001). Characterization of thousands
of isolates deposited in pubMLST (http://pubmlst.org/
campylobacter/) identified clonal complexes that are typi-
cally only sampled from the gut of a single host species and
can be termed host specialists. Other sequence types
(STs), such as ST-21 and ST-45 clonal complexes, are
found in multiple host species and can be termed host
generalists (Sheppard et al., 2011). Although the signifi-
cance of this has not — until now — been related to biofilm
formation, there is evidence that C. jejuni strains differ in
their capacity to form biofilms (Revez et al., 2011; Asakura
et al., 2012). This could promote survival outside of the
host, transmission and the colonization of multiple host
species by important disease-causing lineages (Sheppard
et al., 2009).

Results

Differential biofilm formation in C. jejuni and C. coli isolates

The extent of biofilm formation was measured from the
absorbance value (ODgqo) of adhered cells following fixa-
tion and staining with crystal violet (Mack et al., 1994).

Absorbance values (ODsgo) ranged from 0.065 to 1.005,
with a mean reading for biofilm thickness of 0.263 and the
variance of 0.022 (Fig. S1). Biofilm production was
mapped onto the core genome trees for C. jejuni (Fig. 1A)
and C. coli (Fig. 1B). Biofilm formation was not equally
distributed across Campylobacter lineages (y2 = 16.43, 6
degrees of freedom, P=0.0116). A higher proportion
(71%, 24 of 34) of the isolates that demonstrated biofilm
production above an ODgg of 0.272 were host generalist
C. jejuni isolates compared with cattle and chicken spe-
cialists. Roughly two-thirds (64%, 9 of 14) of the chicken
specialist isolates produced a biofilm reading of less than
0.201. Wild bird specialists were not found among the
lower biofilm producers, although three isolates are not
enough to draw any definitive conclusions (green labels
on Fig. 1A). C. coli also showed an imbalance, with more
Clade 1 isolates producing higher levels of biofilm
(Fig. 1C).

Based on the frequency that MLST clonal complexes
are isolated from different sources (http:/pubmlist.org/
campylobacter/) and published literature (Sheppard et al.,
2014), C. jejuni isolates in this study (Table S1) were
classified as chicken specialist isolates belonging to
ST-257 (n=3), ST-283 (n=1), ST-353 (n=1), ST-354
(n=2), ST-443 (n=2), ST-573 (n=3), ST-574 (n=1) and
ST-661 (n=3). Cattle specialists belonging to the ST-61
(n=4) and ST-42 (n = 2) complexes and host generalists
belonging to the ST-21 (n=26) and the ST-45-206-48
complexes (n=33). C.coli isolates were classified
according to three deep branching clades (Sheppard
etal, 2010), with 12 isolates from Clade 1 and three
isolates from Clades 2 and 3. In total, 50 unique STs from
19 clonal complexes were represented (Sheppard et al.,
2011).

Genetic elements associated with biofilm formation

The genetic association of enhanced biofilm formation
was investigated in the two lineages containing isolates
demonstrating a range in biofilm phenotypes, C. jejuni
ST-21 and ST-45 clonal complexes (Fig.1). A
ClonalFrame tree of ST-21 and ST-45 clonal complexes
were separately reconstructed using core gene-by-gene
alignments for 23 of the highest biofilm producers (12
ST-21 and 11 ST-45 clonal complex isolates) and 18 of the
lowest biofilm producers (7 ST-21 and 11 ST-45 clonal
complex isolates). The genome-wide association study
was performed separately for the ST-21 and ST-45 clonal
complexes, which identified 1657 30 bp words associated
with enhanced biofilm formation. Words were mapped
back to the reference C. jejuniNCTC11168 genome using
BLAST to reveal areas and genes associated with biofiim
formation (Fig.2). There were 46 biofilm-associated
genes in total (Table S2).
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Fig. 1. Genetic relatedness and biofilm formation of C. jejuni and C. coli isolates. Population structure of (A) C. jejuni and (B) C. coli with each
isolate labelled as belonging to the upper (red; ODgoo above 0.272), middle (pink; ODeqo between 0.201 and 0.272) or lowest (white; ODgoo
below 0.201) 33rd percentile of biofilm formers based upon phenotype assays. MLST clonal complexes coloured according to the common
isolate source for C. jejuni generalists (black), cattle specialists (blue), chicken specialists (orange) and wild bird specialists (green). Trees
were based on 761 381 and 1 018 234 bp core genome alignments for C. jejuni and C. coli, respectively, calculated using an approximation of
the maximum likelihood algorithm. The scale bar represents the average number of polymorphisms per site. Local support values on each
branch were calculated with default values in FastTree2. Values reflect the reliability of each split in the tree and were estimated using the
Shimodaira—Hasegawa test on the three alternate topologies around that split, at a default re-sampling rate of 1000 re-samples for each split.
(C) Biofilm formation scores in four major ecological groups of Campylobacter including host generalists, chicken specialists, cattle specialists
and C. coli. The proportion of isolates in the upper, middle and lowest biofilm formation percentile in these four ecological groups is statistically
different (y2 test; P=0.0116).

The association gave different results when conducted
using genomes from ST-21 (n=19) or ST-45 (n=22)
clonal complex isolates. In ST-21 clonal complex, three
genes were found to be associated with enhanced biofilm
production, while 43 genes were identified in ST-45 clonal
complex (Fig. 2, Table S2). The null distributions of the

extent of association between presence of a word and
enhanced biofilm formation given the clonal tree are
shown in Fig. S2 for ST-21 and ST-45 clonal complexes,
separately. The bimodal null distribution in ST-21 indi-
cates stronger population structure than that in ST-45
clonal complex. This affects genome-wide association
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the C. jejuni NCTC11168 reference genome
for ST-21 (blue) and ST-45 (red) clonal
complex isolates.

(@] B. Visualized using Artemis (Carver et al.,

1 : i O ST45 complex
g 200 : i O ST-21 complex
E 100 (@] i i E
2 Q© : : o :

é 50 go ' : '

5 : H o 1
z Q : O@

ol %0 ; @ PP |
0 500,000 1,000,000 1,500,000
Position on C. jejuni NCTC11168 reference genome (bp)
B 0
nikZYXWV. “
CPS locus ivE

C. jejuni
NCTC11168

(GWAS) power resulting in fewer hits for this clonal
complex. However, significant hits satisfying P < 0.001
were still obtained in ST-21.

A total of 605 words mapped to genes that have previ-
ously been shown to have a functional association with
increased biofilm production, such as motility (Svensson
et al., 2014), chemotaxis (Golz et al., 2012), capsule pro-
duction (Malde etal, 2014) and protein glycosylation
(Joshua et al., 2006; Guerry, 2007) (Table S2; highlighted
in Fig. 2B). Additionally, 1052 associated words were
mapped to other genes with a potential influence on
biofilm formation in Campylobacter. These included
genes putatively involved in biotin biosynthesis, cell wall
biosynthesis, nickel transport, genes involved in heat
shock, and iron or zinc uptake. At least four genes thought
to be involved in sensing oxidative stress were also asso-
ciated with biofilm production, including trxA, trxB, ilvE
and nuoC. Some words could not be mapped back to the
reference genome, but through comparison with the
uncharacterized genomes from the original dataset we
were able to map the 224 words to 43 putative genes.
These genes displayed homology to known cell wall,
capsule, oligosaccharide production, iron homeostasis
and oxidative stress proteins.

A smaller collection of sequenced Campylobacter iso-
lates were tested for biofilm formation and used as verifi-
cation datasets. A second GWAS was run on both clonal
complex isolates comparing the highest biofilm producers
with the lowest (ST-45 n= 14; ST-21 n= 13; Table S1). Of
the 46 genes that were previously found to be associated

0.48

2009) showing biofilm-associated words (inner
circle) in relation to annotated coding regions
(black lines) and oxidative stress (orange),
capsule and extrapolysaccharides (purple),
nickel transport (green) and biofilm genes
from published studies (Svensson et al., 2009;
Howlett et al., 2012; Avila-Ramirez et al.,
2013; van Alphen et al., 2014).

. Capsule and EPS
[ Nickel transport
. Oxidative stress

with biofilm formation, 13 were also identified using this
verification dataset (P-value, 0.01). These genes included
several from the capsular polysaccharide (CJ1413c-
CJ1448c) and glycosylation loci (CJ1293-CJ1342), which
have a known effect on Campylobacter biofilm formation
(Fig. 2, Table S2) (Guerry et al., 2006; Joshua et al., 2006).

Exposure to atmospheric oxygen conditions enhances
biofilm formation in C. jejuni

Campylobacter is a microaerophilic organism and resist-
ance to oxygen stress in the extra-host environment, by
mechanisms other than biofilm formation, is likely to be
advantageous for survival and transmission between
hosts. Consistent with this, the association study based
upon the biofilm phenotype identified four genes (with a
P-value below 0.001) with roles in protection from oxida-
tive stress, which was tested with phenotyping assays for
resistance to hydrogen peroxide (H.O,) and exposure
to atmospheric oxygen (Fig. 3). As biofilm production abili-
ties increased, the bacterial inhibition caused by disc
diffusion assays with 3% H,O. decreased, or the resist-
ance to H,O, increased (one-way analysis of variance,
P=0.0652). This difference was statistically significant
between isolates that were among the highest biofilm
producers (above ODggo = 0.272) and lowest biofilm pro-
ducers (below ODgy = 0.201; unpaired ttest; P=0.036;
Fig. 3A).

Additionally, we compared the effect of exposure to
oxygen under atmospheric conditions and with controlled
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Fig. 3. Correlation of biofilm formation with oxidative stress resistance phenotypes.
A. Distribution of H.O, inhibition zone diameters (cm) on agar plates for isolates in the upper (above ODsyo Of 0.272), middle and lowest
(below ODeggo of 0.201) 33rd percentile of biofilm formation. Each point represents at least three biological replicates per isolate. The mean is

indicated, with error bars representing the standard deviation.

B. Distribution of biofilm formation (OD at 600 nm) at different oxygen concentrations (20% — atmospheric, 10% and 5%). Tukey box plots are
shown, the horizontal bar represents the median and the box encompasses half of all data points for the corresponding condition. Asterisks in
both panels indicate statistical significant differences between conditions with one asterisk for P < 0.05, two for P < 0.01 and three for

P<0.001.

atmospheric conditions (10% and 5% O,) on in vitro
biofilm production (Fig. 3B). After correcting the measured
values with the level of growth reached by all isolates
under 20%, 10% and 5% O, atmospheric concentration
(Fig. S3), we observed that biofilm production on
average was high (ODsgoo = 0.526) in natural atmospheric
conditions, and steadily decreased (ODgy =0.234 and
0.098) in the presence of 10% and 5% O, (Fig. 3B). The
increase of atmospheric concentration of O, was accom-
panied by a proportional increase in biofilm production
(Fig. 3B).

Discussion

Genome-wide association study for complex resistance
and survival traits

Biofilm formation is influenced by environmental factors,
including multiple species interactions (Lee et al., 2014),
as well as transcriptional variation (Wu et al., 2014) and
phase variation (Brooks and Jefferson, 2014). However,
differences in the genes associated with biofilm formation
within species are less well characterized. Using an asso-
ciation study based on evolutionary model of bacterial
evolution (Sheppard et al., 2013b), and traditional micro-
biology techniques, we provide insight into the genetic
basis biofilm formation. The association study identified
46 genes associated with this complex trait, including
genes involved in adhesion (Sulaeman etal, 2012),
motility (Hendrixson etal, 2001; Kalmokoff etal.,
2006), capsular polysaccharide production (van Alphen
etal., 2014), nickel transport (Howlett etal, 2012;
Avila-Ramirez etal, 2013) and oxidative stress
(Svensson et al., 2009), which have all previously been
linked with biofilm formation (Table S2).

It is expected that false positives are also included in
the results by multiple testing of the 30 bp words.
However, the present study shows that high association
scores are not randomly distributed around the genome,
as would be expected by the null model, but instead
enriched in certain genes. For example, about 37% of the
words with P < 0.001 were found in genes that have pre-
viously been shown to have a functional association with
increased biofilm production, which is less than 8% of all
biofilm-associated genes. The remaining words were also
mapped to genes with a potential influence on biofilm
formation.

Taken together, these genes were clustered on the
genome, and included nine multi-gene transcriptional
units that have previously been described (Taboada et al.,
2012), as well as other regions of associated elements.
The colocalization of associated genes is influenced by
genetic linkage. This is enhanced in recombining organ-
isms, such as Campylobacter, because genetic exchange
of biofilm-associated elements can also affect adjacent
sequence. Selection may also influence the evolution of
gene order leading to coinheritance of elements of that
confer adaptation to related environmental pressures.
Consistent with this, genes putatively involved in sensing
or responding to oxidative stress were over-represented
in biofilm-forming isolates, as well as those directly related
to biofilm formation. This link has previously been dem-
onstrated with an ahpC mutant strain showing increased
biofilm formation in response to oxidative stress (Oh and
Jeon, 2014) and a mutant of the oxidative stress transcrip-
tion regulator gene, Cj1556, showing reduced biofilm
(Gundogdu et al., 2011). Itis possible to identify candidate
genes associated with complex traits, such as biofilm
formation but further experiments are needed to directly
link genes to function, particularly when growth
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conditions, such as the oxygen concentration can influ-
ence biofilm formation in Campylobacter (Sulaeman
etal., 2012).

Oxygen tolerance enhances transmission in host
generalist Campylobacter

Our results show a higher proportion of isolates that were
high biofilm formers (above ODgy = 0.272) among the two
major host generalist clusters, which may suggest an
association between oxygen tolerance in Campylobacter
and the ability to colonize multiple hosts. Some high
biofilm-producing isolates are also present among line-
ages associated with chicken or wild bird hosts (Fig. 1).
This implies that biofilm formation may also be important
in host specialist lineages, or that biofilm formation has
played a role in their recent ancestry. Furthermore, adhe-
sion and clustering of bacteria can also influence survival
within the host, for example, through interactions with the
immune response that may favour certain lineages.
Biofilms may also confer advantages in different contexts,
but the role in survival outside of the host is known to be
important in transmission and the promotion of host
generalism in multi-host bacteria (Woolhouse et al., 2001;
2005). Over time, this will lead to genomic differences that
can be detected, for example among the isolates in this
study.

Host generalist Campylobacter use different genes for
enhanced biofilm formation

Some genes are associated with biofilm formation in mul-
tiple bacterial species. For example, polysaccharide
production is known to be linked to biofilms in Staphylo-
coccus, Pseudomonas and Campylobacter (Joshua et al.,
2006; Rohde etal., 2010; Ghafoor etal, 2011;
Spiliopoulou et al., 2012). Links with oxidative stress have
been observed with biofilm formation in Campylobacter
(Fields and Thompson, 2008; Oh and Jeon, 2014),
Yersinia (Bobrov et al., 2007), Staphylococcus (Liu et al.,
2013) and Helicobacter (Barnard et al., 2004). However,
this is not always the case and, as with some other
complex multigene functions, convergent phenotypes can
be achieved through divergent genetic changes. Specific
extracellular polysaccharide proteins such as Bap (Valle
et al., 2012), Embp (Christner et al., 2010) and SasG in
S. aureus (Rohde et al., 2007) have been associated with
biofilm formation to varying degrees in different Staphylo-
coccal species. In vitro studies of short-term diversifica-
tion and selection for mutations associated with biofilm
production have shown extensive parallel evolution within
strains of the same species, often involving identical
nucleotides (McElroy et al., 2014). However, the role of
variation in lineage-specific fixed substitutions and

accessory genome elements within species is largely
uncharacterized.

In Campylobacter, biofilm formation was common to the
two host generalist lineages but there were differences in
the number and predicted function of the associated
genes and alleles. Associated words from both GWAS
were found in all other investigated clonal complexes (Fig.
S4), but there was no overlap in the 46 biofilm-associated
genes from both GWAS. Three genes were associated
with increased biofilm formation in ST-21 complex isolates
and 43 in ST-45 complex isolates. A second GWAS was
conducted on smaller verification datasets, which also
identified 13 of the 43 biofilm-associated genes in ST-45
clonal complex isolates. None of the three biofilm-
associated genes were identified in the ST-21 verification
dataset. In spite of this, biofilm formation and oxidative
stress phenotypes were similar. The difference in biofilm
genes in these lineages with convergent phenotypes
implies a complex genetic background to biofilm forma-
tion, possibly reflecting its fundamental importance. Host
generalists can be classified as such based on their
prevalence in different agricultural hosts and in humans,
but the mechanisms involved in their host transmission
pathways are poorly understood. Putative differences in
the ecology of isolates can be implied from the different
accessory gene content and the genetic isolation —
despite being found in overlapping niches where recom-
bination between some lineages is common (Sheppard
etal.,, 2014).

Conclusion

We present an integrated statistical genomics approach to
understanding the genetic determinants of complex traits
in bacteria. By comparing the genomes of 102 isolates
and investigating phenotypic variation, we demonstrate
that biofilm production increases protection from oxidative
stress in host generalist Campylobacter more than in host
specialist lineages, consistent with a role in host transmis-
sion ecology. The genes involved in biofilm formation dif-
fered between the two main host generalist C. jejuni
lineages while the phenotypes remained the same. This
raises questions about the evolution of biofilm formation,
suggesting not only the involvement of numerous genes
but also that different groups of genes can confer conver-
gent phenotypes in isolates from the same species.

Experimental procedures
Bacterial isolates

An isolate collection was assembled, from the Swansea Uni-
versity archive, including 102 C. jejuni and C. coli isolates
from various host species and clinical samples, including all
isolates sequenced in Sheppard et al. (2013a,b) (Table S1).
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This collection contained strains representing much of the
genetic diversity among agricultural C. jejuni and the three
major C. coli clades (Parkhill et al., 2000; Fouts et al., 2005;
Pearson etal, 2007; Sheppard etal, 2013a,b). These
were supplemented with Campylobacter whole genome
sequences from the NCBI database for genomic analyses
(Genbank accession numbers: NC_009839; NC_008787;
NC_003912; NC_002163) (Table S1). The isolate genomes
are archived in the Dryad data repository (doi.org/10.5061/
dryad.215jd/1 and doi:10.5061/dryad.28n35). Isolates were
stored in a 20% (v/v) glycerol medium mix at minus 80°C and
subcultured onto Campylobacter selective blood-free agar
(mCCDA, CM0739, Oxoid). Plates were incubated at 42°C
for 48 h under microaerobic conditions (5% CO,, 5% O,)
generated using a CamyGen (CN0025, Oxoid) sachet in a
sealed container. Subsequent phenotype assays were per-
formed on Brucella agar (CM0271, Oxoid).

Genome archiving and core genome definition

Isolate genomes were archived in a web-accessible data-
base that supports functionality for identifying the gene pres-
ence and allelic variation by comparison to a reference locus
list (Jolley and Maiden, 2010; Sheppard et al., 2012; Meric
etal., 2014). This list comprised 1623 locus designations
from the annotated genome of C. jejuni strain NCTC11168
(Genbank accession number: NC_002163.1) (Cabello et al.,
1997; Parkhill et al., 2001; Gundogdu et al., 2007). These
reference loci were identified in each of the 102 study
genomes using BLAST. Loci were recorded as present if the
sequence had >70% nucleotide identity over >50% of the
gene length. The number of genes shared by all the isolates
was defined as was a core genome for C. jejuni and C. coli
separately.

Phylogenetic trees and genealogy

From the core genome lists, 971 genes were shared by all
C. jejuni (n=83) and 1056 by all C. coli (n=19). These
genes were aligned individually for the 102 genomes, using
MUSCLE (Edgar, 2004), and concatenated into a single
multi-FASTA alignment file for each isolate. Species core
genome maximum likelihood trees were produced using
FastTree2 with the generalized time reversible substitution
model (Price et al., 2010), which allows the reconstruction of
branch lengths greater than 0.0000005, corresponding to a
minimum branch length of one substitution for every
2000 000 base pairs (1000 times higher than the default
FastTree parameters). The C. jejuni tree was created using
53 040 variable sites for a total alignment length of 761 381
bp. The C. colitree was created using 141 461 variable sites
for a total alignment length of 1 018 234 bp.

Isolates producing biofilm thickness in the upper 33rd per-
centile (ODggo ranging from 0.272 to 1.005, n= 34) and lower
33rd percentile (ODsoo ranging from 0.065 to 0.201, n=34)
were compared using ClonalFrame, a model-based
approach to determining microevolution in bacteria, that
accounts for the effect of homologous recombination (Didelot
and Falush, 2007). The algorithm was run on 19 ST-21 and
22 ST-45 clonal complex isolate genome alignments, with
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10 000 burn-in iterations followed by 10 000 sampling itera-
tions. These isolates were used in the GWAS.

Phenotype testing

C. jejuni and C. coli are microaerophilic organisms and sur-
vival outside of the host gut is likely to involve interaction with
other isolates and lineage-specific variations. To address this,
we quantified aspects of biofilm formation and tolerance to
increasing oxygen levels. Attachment and accumulation
of Campylobacter isolates was measured using a semi-
quantitative adherence assay using 96-well tissue culture
plates (Mack et al., 1994; Christner et al., 2012; Coffey and
Anderson, 2014). Briefly, 200 ul of liquid media was inocu-
lated with 5 pl aliquots of overnight culture (ODso between
1.0 and 1.5) in a 96-well plate. Plates were incubated on a
moving platform at 42°C for 48 h in a sealed container under
microaerobic conditions (~5% Oz, ~ 10% CO,), maintained
with a CampyGen atmosphere generation system (CN0025,
Oxoid). Culture medium was removed and the wells washed
with PBS. Adhered bacteria were fixed with 150 ul of Bouin’s
solution (7.5 ml picric acid; 2.5 ml 40% formaldehyde; 0.5 ml
acetic acid) for 15 min and washed again with PBS. Plates
were air-dried and then stained with 150 pl of 0.1% (w/v)
crystal violet for 5 min. Excess stain was removed, adhered
bacteria were air-dried and spectrophotometric measure-
ments were taken at ODsqo in @ 96-well plate reader and the
average of at least three replicates was calculated (BMG
Omega).

In addition, the biofilm phenotype was monitored in
response to increasing oxygen concentrations for individual
isolates in liquid culture (n=41). An aliquot of 5 ul of over-
night growth (ODso between 1.0 and 1.5) in liquid medium
from 2-day-old cultures on nutrient-rich Brucella agar plates
was used to inoculate 200 pl of fresh medium in a 96-well
plate. Cultures were grown and monitored under various
controlled atmospheric conditions at 42°C in a BMG Omega
plate reader with atmospheric control unit for 72 h. Tolerance
to oxidative stress was tested on a subset of isolates (n = 77)
by disc diffusion assay with hydrogen peroxide. Liquid cul-
tures were streaked onto Brucella agar for confluent growth
and filter discs containing a 3% (w/w) H.O, solution were
placed in the middle of the plate and incubated overnight at
42°C. Zones of inhibition were measured with a ruler (mm)
and the mean zone of inhibition of three separate assays was
noted. Average zones of inhibition ranged from 0 to 46 mm,
with an overall mean zone of inhibition of 35 mm and a
variance of 5 mm.

Genome-wide association mapping

Genetic elements associated with biofilm formation were
identified using a genome-wide association study approach
(Sheppard et al., 2013a). Isolates producing biofilm thickness
in the upper 33rd percentile (ODg ranging from 0.272 to
1.005, n=34) and lower 33rd percentile (ODgo ranging from
0.065 to 0.201, n=34) were compared (Fig. S1). Biofilm
formation was not a function of growth rate as isolates from
all groups reached similar cell densities in liquid media after
72 h (Fig. S5).

The whole genome sequence of each isolate was frag-
mented into unique overlapping 30 bp words. This approach
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is alignment free and allows the simultaneous detection of
genomic variation resulting from point mutation, homologous
recombination and lateral gene transfer. For each word, we
examined the extent of association based on a 2 x 2 table
(with four cells a, b, ¢, d) in which rows indicate presence/
absence of the word and columns indicate upper or lower
biofilm formation, and calculated an association score as
a+d-(b+c). To test significance of association of each
word after controlling for the effect of population structure and
clonal inheritance of genetic variants, the method computed
P-values by comparing the observed association score with a
null distribution of the score (Fig. S2). The null distribution
was created by a Monte Carlo simulation with 10° replicates
in which words were simulated to evolve through a process
of gain and loss along the branches of a ClonalFrame phy-
logeny. The process of gain and loss was modelled so
that the presence or absence of a word changed by any
genetic mechanism on a branch with length d according
to continuous-time Markov chain with a probability of

(1+exp(-2dr))

2

and an inverse of total branch length was used. The null
model assumes that the presence/absence of a word is ran-
domly changed in the phylogeny irrespective of the biofilm
formation. The null distribution will be normally distributed in
the absence of phylogenetic population structure, while it will
be a more complex distribution in the presence of population
structure. Diversity within MLST genes of both datasets was
similar (Fig. S6). Words with a P-value below 0.001 were
considered as targets for further examination and experimen-
tal testing with phenotyping assays. The distribution of words
associated with biofilm production was mapped on the
genome of C. jejuni NCTC11168 (Parkhill etal, 2000;
Gundogdu et al., 2007) and visualized using Artemis (Carver
et al., 2009). Words that did not map to C. jejuniNCTC11168
were located within isolates from the original dataset using
BLAST. The open-reading frames containing previously
unmapped, biofilm-associated words were submitted to the
RAST annotation server to determine putative gene function.

1 , Where ris rate (Sheppard et al., 2013a),

Verification GWAS

A second GWAS was performed on a smaller verification
dataset. We tested sequenced isolates from the Swansea
genome archive using the same biofilm protocol and grouped
according to absorbance to form groups and subject to
GWAS. The validation dataset included 13 isolates from
ST-21 and 14 isolates from ST-45 that were grouped accord-
ing to their biofilm readings (Table S1). As fewer isolates were
used in the validation dataset, the association with biofilm
phenotype was weaker and this is reflected in less stringent
P-values observed.

Acknowledgments

The authors declare no conflict of interest. SKS is a Wellcome
Trust Fellow (088786/C/09/Z) and research in his laboratory
is funded by grants from the Medical Research Council (MR/
L015080/1), the Food Standards Agency (FS246004) and the
Biotechnology and Biological Sciences Research Council

(BB/102464X/1). KY was supported by a JSPS Research
Fellowships for Young Scientists. We thank Professor David
J. Kelly for contribution on the interpretation on gene func-
tions. We also acknowledge MRC CLIMB for the use of
computational facilities.

References

Alam, M.T., Petit, R.A., 3rd, Crispell, E.K., Thornton, T.A.,
Conneely, K.N., Jiang, Y., etal (2014) Dissecting
vancomycin-intermediate resistance in Staphylococcus
aureus using genome-wide association. Genome Biol Evol
6: 1174-1185.

van Alphen, L.B., Wenzel, C.Q., Richards, M.R., Fodor, C.,
Ashmus, R.A., Stahl, M., et al. (2014) Biological roles of the
O-methyl phosphoramidate capsule modification in
Campylobacter jejuni. PLoS ONE 9: e87051.

Asakura, H., Yamasaki, M., Yamamoto, S., and Igimi, S.
(2007) Deletion of peb4 gene impairs cell adhesion and
biofilm formation in Campylobacter jejuni. FEMS Microbiol
Lett 275: 278-285.

Asakura, H., Bruggemann, H., Sheppard, S.K., Ekawa, T.,
Meyer, T.F., Yamamoto, S., and Igimi, S. (2012) Molecular
evidence for the thriving of Campylobacter jejuni ST-4526
in Japan. PLoS ONE 7: e48394.

van Asselt, E.D., Jacobs-Reitsma, W.F., van Brakel, R., van
der Voet, H., and van der Fels-Klerx, H.J. (2008)
Campylobacter prevalence in the broiler supply chain in the
Netherlands. Poult Sci 87: 2166-2172.

Avila-Ramirez, C., Tinajero-Trejo, M., Davidge, K.S., Monk,
C.E., Kelly, D.J., and Poole, R.K. (2013) Do globins in
microaerophilic Campylobacter jejuni confer nitrosative
stress tolerance under oxygen limitation? Antioxid Redox
Signal 18: 424-431.

Barnard, F.M., Loughlin, M.F., Fainberg, H.P., Messenger,
M.P., Ussery, D.W., Williams, P., and Jenks, P.J. (2004)
Global regulation of virulence and the stress response
by CsrA in the highly adapted human gastric pathogen
Helicobacter pylori. Mol Microbiol 51: 15-32.

Bobrov, A.G., Kirillina, O., and Perry, R.D. (2007) Regulation
of biofilm formation in Yersinia pestis. Adv Exp Med Biol
603: 201-210.

Brooks, J.L., and Jefferson, K.K. (2014) Phase variation of
poly-N-acetylglucosamine expression in Staphylococcus
aureus. PLoS Pathog 10: e1004292.

Bull, S.A., Allen, V.M., Domingue, G., Jorgensen, F., Frost,
J.A.,, Ure, R., etal. (2006) Sources of Campylobacter
spp. colonizing housed broiler flocks during rearing. App/
Environ Microbiol 72: 645-652.

Cabello, H., Torres, A., Celis, R., El-Ebiary, M.,
Puig de la Bellacasa, J., Xaubet, A., et al. (1997) Bacterial
colonization of distal airways in healthy subjects and
chronic lung disease: a bronchoscopic study. Eur Respir J
10: 1137-1144.

Carver, T., Thomson, N., Bleasby, A., Berriman, M., and
Parkhill, J. (2009) DNAPIotter: circular and linear interac-
tive genome visualization. Bioinformatics 25: 119—-120.

Christner, M., Franke, G.C., Schommer, N.N., Wendt, U.,
Wegert, K., Pehle, P., et al. (2010) The giant extracellular
matrix-binding protein of Staphylococcus epidermidis
mediates biofilm accumulation and attachment to
fibronectin. Mol Microbiol 75: 187-207.

© 2015 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd,

Environmental Microbiology, 17, 4779—-4789



Christner, M., Heinze, C., Busch, M., Franke, G., Hentschke,
M., Bayard Duhring, S., et al. (2012) sarA negatively regu-
lates Staphylococcus epidermidis biofilm formation by
modulating expression of 1 MDa extracellular matrix
binding protein and autolysis-dependent release of eDNA.
Mol Microbiol 86: 394—410.

Coffey, B.M., and Anderson, G.G. (2014) Biofilm formation in
the 96-well microtiter plate. Methods Mol Biol 1149: 631—
641.

Craddock, N., Hurles, M.E., Cardin, N., Pearson, R.D.,
Plagnol, V., Robson, S., etal. (2010) Genome-wide
association study of CNVs in 16,000 cases of eight
common diseases and 3,000 shared controls. Nature 464:
713-720.

Didelot, X., and Falush, D. (2007) Inference of bacterial
microevolution using multilocus sequence data. Genetics
175: 1251-1266.

Dingle, K.E., Colles, F.M., Wareing, D.R., Ure, R., Fox, A.J.,
Bolton, F.E., etal (2001) Multilocus sequence typing
system for Campylobacter jejuni. J Clin Microbiol 39:
14-23.

Edgar, R.C. (2004) MUSCLE: multiple sequence alignment
with high accuracy and high throughput. Nucleic Acids Res
32: 1792-1797.

Falush, D., and Bowden, R. (2006) Genome-wide association
mapping in bacteria? Trends Microbiol 14: 353—-355.

Fields, J.A., and Thompson, S.A. (2008) Campylobacter
jejuni CsrA mediates oxidative stress responses, biofilm
formation, and host cell invasion. J Bacteriol 190: 3411—
3416.

Fouts, D.E., Mongodin, E.F., Mandrell, R.E., Miller, W.G.,
Rasko, D.A., Ravel, J., et al. (2005) Major structural differ-
ences and novel potential virulence mechanisms from the
genomes of multiple Campylobacter species. PLoS Biol 3:
el15.

Frirdich, E., Biboy, J., Adams, C., Lee, J., Ellermeier, J.,
Gielda, L.D., etal (2012) Peptidoglycan-modifying
enzyme Pgp1 is required for helical cell shape and patho-
genicity traits in Campylobacter jejuni. PLoS Pathog 8:
€1002602.

Ghafoor, A., Hay, I.D., and Rehm, B.H. (2011) Role of
exopolysaccharides in Pseudomonas aeruginosa biofilm
formation and architecture. Appl Environ Microbiol 77:
5238-5246.

Golz, G., Sharbati, S., Backert, S., and Alter, T. (2012)
Quorum sensing dependent phenotypes and their molecu-
lar mechanisms in Campylobacterales. Eur J Microbiol
Immunol (Bp) 2: 50-60.

Guerry, P. (2007) Campylobacter flagella: not just for motility.
Trends Microbiol 15: 456-461.

Guerry, P., Ewing, C.P., Schirm, M., Lorenzo, M., Kelly, J.,
Pattarini, D., et al. (2006) Changes in flagellin glycosylation
affect Campylobacter autoagglutination and virulence. Mol
Microbiol 60: 299-311.

Gundogdu, O., Bentley, S.D., Holden, M.T., Parkhill, J.,
Dorrell, N., and Wren, B.W. (2007) Re-annotation
and re-analysis of the Campylobacter jejuni NCTC11168
genome sequence. BMC Genomics 8: 162.

Gundogdu, O., Mills, D.C., Elmi, A., Martin, M.J., Wren, B.W.,
and Dorrell, N. (2011) The Campylobacter jejuni transcrip-
tional regulator Cj1556 plays a role in the oxidative and

Campylobacter biofilm GWAS 4787

aerobic stress response and is important for bacterial sur-
vival in vivo. J Bacteriol 193: 4238—-4249.

Hendrixson, D.R., Akerley, B.J., and DiRita, V.J. (2001)
Transposon mutagenesis of Campylobacter jejuni identi-
fies a bipartite energy taxis system required for motility. Mo/
Microbiol 40: 214-224.

Howlett, R.M., Hughes, B.M., Hitchcock, A., and Kelly, D.J.
(2012) Hydrogenase activity in the foodborne pathogen
Campylobacter jejuni depends upon a novel ABC-type
nickel transporter (NikZYXWV) and is SlyD-independent.
Microbiology 158: 1645-1655.

Jolley, K.A., and Maiden, M.C. (2010) BIGSdb: scalable
analysis of bacterial genome variation at the population
level. BMC Bioinformatics 11: 595.

Joshua, G.W., Guthrie-Irons, C., Karlyshev, A.V., and Wren,
B.W. (2006) Biofilm formation in Campylobacter jejuni.
Microbiology 152: 387-396.

Kalmokoff, M., Lanthier, P., Tremblay, T.L., Foss, M., Lau,
P.C., Sanders, G., etal. (2006) Proteomic analysis of
Campylobacter jejuni 11168 biofilms reveals a role for the
motility complex in biofilm formation. J Bacteriol 188:
4312-4320.

Laabei, M., Recker, M., Rudkin, J.K., Aldeljawi, M., Gulay, Z.,
Sloan, T.J., et al. (2014) Predicting the virulence of MRSA
from its genome sequence. Genome Res doi: 10.1101/
gr.165415.113.

Lee, K.W., Periasamy, S., Mukherjee, M., Xie, C., Kjelleberg,
S., and Rice, S.A. (2014) Biofilm development and
enhanced stress resistance of a model, mixed-species
community biofilm. ISME J 8: 894-907.

Liu, X., Sun, X., Wu, Y., Xie, C., Zhang, W., Wang, D., et al.
(2013) Oxidation-sensing regulator AbfR regulates oxida-
tive stress responses, bacterial aggregation, and biofilm
formation in Staphylococcus epidermidis. J Biol Chem 288:
3739-3752.

McElroy, K.E., Hui, J.G., Woo, J.K., Luk, A.W., Webb, J.S.,
Kjelleberg, S., etal. (2014) Strain-specific parallel evolu-
tion drives short-term diversification during Pseudomonas
aeruginosa biofilm formation. Proc Nat/ Acad Sci USA 111:
E1419-E1427.

Mack, D., Nedelmann, M., Krokotsch, A., Schwarzkopf, A.,
Heesemann, J., and Laufs, R. (1994) Characterization of
transposon mutants of biofilm-producing Staphylococcus
epidermidis impaired in the accumulative phase of biofilim
production: genetic identification of a hexosamine-
containing polysaccharide intercellular adhesin. Infect
Immun 62: 3244-3253.

Malde, A., Gangaiah, D., Chandrashekhar, K., Pina-Mimbela,
R., Torrelles, J.B., and Rajashekara, G. (2014) Functional
characterization of exopolyphosphatase/guanosine
pentaphosphate  phosphohydrolase (PPX/GPPA) of
Campylobacter jejuni. Virulence 5: 521-533.

Meric, G., Yahara, K., Mageiros, L., Pascoe, B,
Maiden, M.C., Jolley, K.A., and Sheppard, S.K. (2014) A
reference pan-genome approach to comparative bacterial
genomics: identification of novel epidemiological
markers in pathogenic Campylobacter. PLoS ONE 9:
€92798.

Oh, E., and Jeon, B. (2014) Role of alkyl hydroperoxide
reductase (AhpC) in the biofilm formation of
Campylobacter jejuni. PLoS ONE 9: e87312.

© 2015 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd,

Environmental Microbiology, 17, 4779-4789



4788 B. Pascoe et al.

Otto, M. (2014) Physical stress and bacterial colonization.
FEMS Microbiol Rev 38 (6): 1250-1270.

Parkhill, J., Wren, B.W., Mungall, K., Ketley, J.M., Churcher,
C., Basham, D., et al. (2000) The genome sequence of the
food-borne pathogen Campylobacter jejuni reveals
hypervariable sequences. Nature 403: 665-668.

Parkhill, J., Dougan, G., James, K.D., Thomson, N.R.,
Pickard, D., Wain, J., etal. (2001) Complete genome
sequence of a multiple drug resistant Salmonella enterica
serovar Typhi CT18. Nature 413: 848-852.

Pearson, A.D., Greenwood, M., Healing, T.D., Rollins, D.,
Shahamat, M., Donaldson, J., and Colwell, R.R.
(1993) Colonization of broiler chickens by waterborne
Campylobacter jejuni. Appl Environ Microbiol 59: 987—
996.

Pearson, B.M., Gaskin, D.J., Segers, R.P., Wells, J.M.,
Nuijten, PJ., and van Vliet, A.H. (2007) The complete
genome sequence of Campylobacter jejuni strain 81116
(NCTC11828). J Bacteriol 189: 8402—-8403.

Price, M.N., Dehal, P.S., and Arkin, A.P. (2010) FastTree
2-approximately maximum-likelihood trees for large align-
ments. PLoS ONE 5: €9490.

Revez, J., Rossi, M., Ellstrom, P., de Haan, C., Rautelin, H.,
and Hanninen, M.L. (2011) Finnish Campylobacter jejuni
strains of multilocus sequence type ST-22 complex have
two lineages with different characteristics. PLoS ONE 6:
€26880.

Rohde, H., Burandt, E.C., Siemssen, N., Frommelt, L.,
Burdelski, C., Wurster, S., etal. (2007) Polysaccharide
intercellular adhesin or protein factors in biofilm accumula-
tion of Staphylococcus epidermidis and Staphylococcus
aureus isolated from prosthetic hip and knee joint infec-
tions. Biomaterials 28: 1711-1720.

Rohde, H., Frankenberger, S., Zahringer, U., and Mack, D.
(2010)  Structure, function and contribution  of
polysaccharide intercellular adhesin (PIA) to Staphylococ-
cus epidermidis biofilm formation and pathogenesis of
biomaterial-associated infections. Eur J Cell Biol 89: 103—
111.

Sheppard, S.K., McCarthy, N.D., Falush, D., and Maiden,
M.C. (2008) Convergence of Campylobacter species:
implications for bacterial evolution. Science 320: 237-
239.

Sheppard, S.K., Dallas, J.F., Strachan, N.J., MacRae, M.,
McCarthy, N.D., Wilson, D.J., et al. (2009) Campylobacter
genotyping to determine the source of human infection.
Clin Infect Dis 48: 1072—1078.

Sheppard, S.K., Dallas, J.F., Wilson, D.J., Strachan, N.J.,
McCarthy, N.D., Jolley, K.A., et al. (2010) Evolution of an
agriculture-associated disease causing Campylobacter coli
clade: evidence from national surveillance data in Scot-
land. PLoS ONE 5: e15708.

Sheppard, S.K., Colles, F.M., McCarthy, N.D., Strachan, N.J.,
Ogden, 1.D., Forbes, K.J., et al. (2011) Niche segregation
and genetic structure of Campylobacter jejuni populations
from wild and agricultural host species. Mol Ecol 20: 3484—
3490.

Sheppard, S.K., Jolley, K.A., and Maiden, M.C. (2012) A
gene-by-gene approach to bacterial population genomics:
whole genome MLST of Campylobacter. Genes (Basel) 3:
261-277.

Sheppard, S.K., Didelot, X., Meric, G., Torralbo, A., Jolley,
K.A., Kelly, D.J., etal. (2013a) Genome-wide association
study identifies vitamin B5 biosynthesis as a host specific-
ity factor in Campylobacter. Proc Natl Acad Sci USA 110:
11923-11927.

Sheppard, S.K., Didelot, X., Jolley, K.A., Darling, A.E.,
Pascoe, B., Meric, G., et al. (2013b) Progressive genome-
wide introgression in agricultural Campylobacter coli. Mol
Ecol 22: 1051-1064.

Sheppard, S.K., Cheng, L., Meric, G., De Haan, C.P.A,,
Llarena, A.-K., Marttinen, P., et al. (2014) Cryptic ecology
among host generalist Campylobacter jejuni in domestic
animals. Mol Ecol 23: 2442—-2451.

Solano, C., Echeverz, M., and Lasa, |. (2014) Biofiim
dispersion and quorum sensing. Curr Opin Microbiol 18:
96-104.

Spiliopoulou, A.l., Krevvata, M.l., Kolonitsiou, F., Harris, L.G.,
Wilkinson, T.S., Davies, A.P., et al. (2012) An extracellular
Staphylococcus epidermidis polysaccharide: relation to
Polysaccharide Intercellular Adhesin and its implication in
phagocytosis. BMC Microbiol 12: 76.

Sulaeman, S., Hernould, M., Schaumann, A., Coquet, L.,
Bolla, .M., De, E., and Tresse, O. (2012) Enhanced adhe-
sion of Campylobacter jejuni to abiotic surfaces is medi-
ated by membrane proteins in oxygen-enriched conditions.
PLoS ONE 7: e46402.

Svensson, S.L., Davis, L.M., MacKichan, J.K., Allan, B.J.,
Pajaniappan, M., Thompson, S.A., and Gaynor, E.C.
(2009) The CprS sensor kinase of the zoonotic pathogen
Campylobacter jejuni influences biofilm formation and is
required for optimal chick colonization. Mol Microbiol 71:
253-272.

Svensson, S.L., Pryjma, M., and Gaynor, E.C. (2014)
Flagella-mediated adhesion and extracellular DNA release
contribute to biofilm formation and stress tolerance of
Campylobacter jejuni. PLoS ONE 9: e106063.

Taboada, B., Ciria, R., Martinez-Guerrero, C.E., and Merino,
E. (2012) ProOpDB: Prokaryotic Operon DataBase.
Nucleic Acids Res 40: D627-D631.

Trachoo, N., and Frank, J.F. (2002) Effectiveness of chemical
sanitizers against Campylobacter  jejuni-containing
biofilms. J Food Prot 65: 1117—-1121.

Valle, J., Latasa, C., Gil, C., Toledo-Arana, A., Solano, C.,
Penades, J.R., and Lasa, I. (2012) Bap, a biofilm matrix
protein of Staphylococcus aureus prevents cellular inter-
nalization through binding to GP96 host receptor. PLoS
Pathog 8: €1002843.

Wellcome Trust Case Control Consortium (2007) Genome-
wide association study of 14,000 cases of seven common
diseases and 3,000 shared controls. Nature 447: 661—
678.

Woolhouse, M.E., Taylor, L.H., and Haydon, D.T. (2001)
Population biology of multihost pathogens. Science 292:
1109-1112.

Woolhouse, M.E., Haydon, D.T., and Antia, R. (2005) Emerg-
ing pathogens: the epidemiology and evolution of species
jumps. Trends Ecol Evol 20: 238—244.

Wu, VY., Zhu, T., Han, H., Liu, H., Xu, T., Francois, P., et al.
(2014) Staphylococcus epidermidis SrrAB regulates bacte-
rial growth and biofilm formation differently under oxic and
micro-aerobic conditions. J Bacteriol 197 (3): 459-476.

© 2015 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd,

Environmental Microbiology, 17, 4779—-4789



Zimmer, M., Barnhart, H., Idris, U., and Lee, M.D. (2003)
Detection of Campylobacter jejuni strains in the water lines
of a commercial broiler house and their relationship to
the strains that colonized the chickens. Avian Dis 47: 101—
107.

Supplementary Information

Additional Supporting Information may be found in the online
version of this article at the publisher's web-site:

Fig. S1. Distribution of biofilm absorbance readings grouped
into upper (ODgqo above 0.272), middle (ODgqo between 0.201
and 0.272) or lower (ODg below 0.201) 33rd percentiles.
Red box plots indicate interquartile ranges.

Fig. S2. The null distributions of the association scores are
shown for (A) ST-21 and (B) ST-45 clonal complexes. In
ST-21 clonal complex, a strong population structure is indi-
cated by a bimodal distribution, with the most frequent asso-
ciation scores around -7 or 7. In ST-45 clonal complex, a
normal distribution indicates weak population structure. The
dashed red line indicates cut-off corresponding to P < 0.001
in each clonal complex. Distribution of P-values for all
observed words in (C) ST-21 and (D) ST-45 clonal com-
plexes. Words are not uniformly distributed because many
words tend to show the same P-values.

Fig. S3. Growth of Campylobacter isolates during biofilm
production under different O, concentrations as measured by
the change in absorbance (ODeg). Dotted lines indicate
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standard errors. Growth under atmospheric (20%), 10% and
5% oxygen conditions are represented by black, red and blue
lines respectively.

Fig. S4. The distribution of biofilm-associated words
identified by genome-wide association studies in other clonal
complexes. The proportion of ST-21 and ST-45 specific
biofilm-associated words is shown as a pie chart (red indi-
cates the presence of the associated word, blue indicates
absence of the associated word) alongside a neighbour
joining tree of all isolates used in the study. Isolates on the
tree are coloured by their ability to form biofilm: red for an
ODsoo above 0.272, pink for an ODgo between 0.201 and
0.272 and white for an ODsgg below 0.201.

Fig. S5. Growth of Campylobacter isolates during biofilm
production grouped by ecological groups as measured by the
change in absorbance (ODggo). Dotted lines indicate standard
errors. Growth of host generalist (black), chicken specialist
(orange), cattle specialist (blue) and C. coli (grey) is repre-
sented by coloured lines.

Fig. S6. Pairwise distance matrix between isolates used for
(A) ST-21 and (B) ST-45 GWAS experiments. Values repre-
sent the number of loci with different allele sequences for the
seven MLST genes (aspA, ginA, gltA, glyA, pgm, tkt and
uncA). Isolate numbers and aliases are shown along both
axes.

Table S1. List of isolates. Isolates highlighted in yellow were
used in the original genome-wide association studies.
Table S2. List of biofilim-associated genes identified using
the genome-wide association studies. Grey shading indicates
a hit in both the verification and original GWAS.
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