. eprints@whiterose.ac.uk
Whlte Rose https://eprints.whiterose.ac.uk

(o) :
w) ReseCerh On"ne Universities of Leeds, Sheffield and York

Deposited via The University of Sheffield.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/243976/

Version: Published Version

Article:

Kyne, O.J., Penman, B.S., Kelly, D.J. et al. (2026) Accelerating Campylobacter zoonosis in
the Anthropocene. Proceedings of the National Academy of Sciences, 123 (32).
€2609969123. ISSN: 0027-8424

https://doi.org/10.1073/pnas.2609969123

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

ﬁ &2, | University of Qe unIveRsITY

1 =
UNIVERSITY OF LEEDS Sh ffleld



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1073/pnas.2609969123
https://eprints.whiterose.ac.uk/id/eprint/243976/
https://eprints.whiterose.ac.uk/

Downloaded from https://www.pnas.org by UNIVERSITY OF SHEFFIELD; WESTERN BANK LIBRARY on July 29, 2026 from IP address 143.167.254.164.

PNAS

MICROBIOLOGY

L)

Check for
updates

o’

Accelerating Campylobacter zoonosis in the Anthropocene

Oakem J. Kyne** (2, Bridget S. Penman® {2, David J. Kelly“ (2, and Samuel K. Sheppard®”"

Affiliations are included on p. 9.

Edited by Joan E. Strassmann, Washington University in St. Louis, St. Louis, MO; received March 23, 2026; accepted June 11, 2026

Intensive poultry farming has transformed global bird populations, concentrating bil-
lions of chickens into dense industrial systems that fundamentally reshape ecological
space. As birds are important pathogen reservoirs, these changes can have important
consequences for the spread of zoonoses including Campylobacter jejuni—the leading
cause of bacterial gastroenteritis. Analyzing 2,747 genomes from chickens and wild
birds, we show that poultry intensification has eroded historic host—strain associa-
tions and created a new and expanding ecological niche. Phylogenetic reconstructions
reveal an estimated 100-fold increase in chicken-to-wild-bird host transitions since
1900 compared to predomestication levels, alongside dramatic post-1960 expansions
of chicken-associated lineages and rising pathogen effective population sizes. Model
simulations further indicate that expanding, high-density chicken populations could
act as ecological “pathogen sponges,” absorbing and amplifying diverse strains while
sustaining high prevalence and coinfection rates. Genome-wide association analyses
show that strains adapted to the chicken niche frequently acquire genes linked to oxi-
dative stress, metal homeostasis, motility, and antimicrobial resistance. Together, these
findings demonstrate that intensive poultry farming is reshaping pathogen ecology
and accelerating the evolution and spread of a major zoonotic bacterium, with direct
implications for human health.

pathogen | intensive agriculture | evolution | Campylobacter | poultry

Human activity is driving epoch-defining change in the earth’s biosphere (1). In recent
decades, trends in human food consumption have led one bird species to dominate over
all others. Chickens now comprise 70% of all bird biomass on earth (2). The domestication
of this species from red jungle fowl [Gallus gallus (3)] may have begun in Southeast Asia
as far back as 8,000 y ago (4). However, the rise of poultry is largely a modern phenomenon
with the number of chickens increasing sevenfold since the 1960s to roughly 31 billion
birds today (5).

For domesticated jungle fowl, life on the farm is a dramatic departure from the ecology
of ancestral populations. Huge, genetically homogeneous, flocks are held at high stocking
densities and fed a uniform diet throughout their relatively short lives. While this imposes
challenges to animal health and welfare (6, 7), the global rise of chickens could be viewed
as evolutionary success by some measures. However, the impact of this ecological trans-
formation does not end here. The chickens themselves are a niche for the numerous
microbes that live within and upon them.

Although most of the chicken microbiome comprises harmless commensal organisms,
chickens are also implicated in the spread of zoonotic pathogens (8, 9). Among these is
one of the world’s most common causes of bacterial gastroenteritis, Campylobacter. The
predominant pathogenic species, Campylobacter jejuni and Campylobacter coli, are found
in extremely high numbers in the ceca of healthy chickens (10-12) and infect humans
principally via fecal contamination of food, especially poultry (12). In fact, poultry are
the foremost reservoir for human infection with an estimated 60 to 80% of cases attrib-
utable to isolates originating in poultry (13-19). As global poultry numbers increase, so
do the opportunities for environmental spillover into the human food chain (20-22).
However, while the epidemiology of zoonotic transmission to humans is well understood
(23), little is known about how the expansion and spread of the chicken niche affects the
evolution and transmission of enteric bacteria between wild and domesticated host species.

Wild birds are a natural reservoir for Campylobacter, in particular C. jejuni. Genomic
analysis of strain variation has revealed differentiation among lineages inhabiting a par-
ticular bird host species (24-30). A simple explanation for this is that C. jejuni are
microaerophilic and poorly adapted to life outside the host (31). Over time, independent
evolution in genetically isolated populations has given rise to ecological “specialists” (22,
32). However, this simple model of niche stratification is not reflected in all C. jejuni
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populations. This is most obvious in chickens where a single flock,
or even a single bird, can simultaneously harbor multiple C. jejuni
lineages (30, 33)

Cohabitation of multiple sympatric strains presents an evolution-
ary quandary as the fittest adapted strains might be expected to
outcompete others. This is especially true where high stocking den-
sities facilitate transmission and very large population sizes increase
the efficiency by which natural selection favors livestock-adapted
genotypes (34). This explanation, however, does not take full
account of the enormous scale of ecological change in intensive
livestock production. In such rapidly expanding niche space, selec-
tion underlying adaptation and competitive exclusion is balanced
against continued colonization by new strains. As the niche contin-
ues to grow and spread there are ever more opportunities for host
transitions from wild animal and bird species (31, 35), indeed several
C. jejuni strains have been isolated from multiple species (32, 36).
These ecological generalists (27, 32, 37) indicate recent host tran-
sitions (37) and nowhere is this more evident than in chickens.

While other reservoirs including cattle, pigs, companion ani-
mals, and environmental water sources contribute to C. jejuni
transmission ecology, we focused specifically on wild birds and
chickens because C. jejuni is considered a strongly avian-associated
organism (27, 31). Wild birds likely represent an important ances-
tral reservoir, whereas chickens constitute a recently expanded
anthropogenic niche characterized by extremely high host density
and transmission intensity (22, 31). Focusing on these hosts
allowed us to investigate avian C. jejuni host adaptation and spill-
over dynamics within a biologically coherent framework while
minimizing additional ecological and physiological heterogeneity
associated with other hosts (22, 27, 31).

Understanding how increasingly intensive farming practices and
global livestock trade networks influence the emergence of zoonotic
pathogens is critical to safeguarding human health. Each year,
around 550 million people—including 220 million children under
five—suffer from foodborne diarrhea, with Campylobacter being the
most common bacterial cause (38). To address this growing public
health threat, we analyzed the genomes of 2,747 C. jejuni isolates
from chickens and wild birds to identify host-associated genes and
genotypes and to quantify how major shifts in livestock host niches
drive pathogen evolution. We further describe how changes in effec-
tive population size influence evolutionary trajectories and host
transition rates and identify specific genetic adaptations that may
enable strains to proliferate in chickens, offering insight into how
agricultural intensification can accelerate the emergence of zoonotic
pathogens.

Results

C. jejuni Lineages Display Host Generalist and Host Specialist
Ecology. Consistent with many pathogenic bacteria, genotype
variation in C. jejuni can be considered by comparing allelic
variation at seven house-keeping loci that define the multilocus
sequence type (ST) (39). Comparing isolate source data and C.
jejuni clonal complexes (CC) (STs sharing four identical alleles)
revealed host-associated clustering, with some genotypes associated
with a single host (specialists) and others exhibiting generalist
ecology as previously described (32) (Fig. 14). Isolates from
waterfowl segregated from other wild birds, forming two discrete
clusters. Weaker host partitioning was observed among other hosts
that broadly divided into two groups: farmed mammals (pigs,
cattle, sheep, and goats) and farm poultry (chickens, turkeys) and
humans. The grouping of human isolates with farmed poultry is
likely because human infection is often (60 to 80%) caused by
isolates from this reservoir (13—19). Quantitative clonal complex
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clustering revealed five groups, with Ward’s hierarchical algorithm.
Group 1 contained the host generalist lineages ST-45 and ST-21,
while groups 4 and 5 were strongly associated with wild birds
and waterfowl, respectively. Groups 2 and 3 showed weaker host
associations, spanning farmed mammals, poultry, and humans.
Except for groups 4 and 5, CC groupings were not phylogenetically
distinct (87 Appendix, Fig. S1) and showed only partial separation
in multivariate space (PCA; Fig. 1B). This provides initial evidence
for C. jejuni transmission among different host populations.

Chickens Have Been Colonized by Multiple Wild Bird Lineages.
The phylogeny of 2,747 C. jejuni isolates from chickens (n =
1,892) and wild birds (n = 855) shows strains from both sources
are widely distributed across the tree (Fig. 1C). Specialization
of C. jejuni to particular host populations is typically reflected
in closely related genotypes that form distinct clusters on the
phylogeny, each corresponding to the host population from
which they were sampled. In isolated wild bird populations, C.
Jjejuni tends to evolve more independently, and over time genetic
drift produces host-associated lineages (40). Deviations from this
null expectation indicate recent host transitions. Comparing host
distribution patterns of both tree sequence clusters and isolate
clonal complex segregation (Fig. 1D) revealed C. jejuni lineages
exclusively associated with single host populations (specialists),
as well as lineages found in multiple hosts, consistent with recent
colonization. Overall, this suggests that hosts have been repeatedly
exposed to diverse C. jejuni lineages, potentially linked to the
emergence of host generalism in the pathogen (37).

To understand the trends in C. jejuni diversity in different hosts
we analyzed the numbers of STs (Fig. 1E), explored the patristic dis-
tance (tree branch length) (Fig. 1G), and quantified the pangenome
similarity for isolates from different hosts (Fig. 17). The greatest num-
ber of C. jejuni STs were observed among isolates from chicken and
human sources but rarefaction analysis of STs showed that wild bird
C. jejuni (Shannon = 614 + 92.2; Simpsons = 208 + 43.4) have the
most clonal diversity for a given number of samples, compared to
chickens (Shannon = 321 + 23.6; Simpsons = 71 + 4.5), humans
(Shannon = 222 + 11.6; Simpsons = 48 + 2.0), and cattle (Shannon
=69 + 6.3; Simpsons = 24 + 1.3). Consistent with this, the average
patristic distance between all wild bird isolates was significantly larger
than between chicken isolates, 0.13 and 0.059 substitutions per site
respectively (Wilcoxon rank-sum test, W = 8.86 x 10", P <22 x
10719, Finally, the C. jejuni core genome size (90%) was similar among
hosts (Fig. 15), 1,371 in chickens and 1,330 in wild birds (1,315
shared core genes). While wild birds had a larger accessory genome
(<5%), 4,917 genes compared to 3,787 genes in chickens, with 60%
(2,943) of accessory genes shared between host populations.

It is expected that wild birds harbor greater strain diversity as
they comprise multiple host species with associated C. jejuni evolv-
ing in allopatry (25, 40). However, chicken hosts also harbor
considerable lineage diversity indicative of rapid within host evo-
lution, colonization by strains from other sources, or both.
Genotype diversity, phylogenetic clustering, and pan-genome
overlap all suggest degradation of a clear phylogenetic signal of
host population segregation. This is consistent with a scenario
where the global spread and increase in chicken population size
increased opportunities for historically isolated wild bird C. jejuni
strains to colonize chickens. This enhanced niche overlap among
C. jejuni strains increases opportunities for horizontal gene transfer
among lineages in the same host individual. Some evidence in
support of this was provided bgr the significantly higher (Wilcoxon
rank sum test, P < 2.2 x 107'%) recombination amounts detected
among isolates from chicken (Fig. 1G). While elevated recombination
rates in chicken-associated isolates may reflect biological
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Fig. 1. Genetically diverse C. jejuni populations have varying levels of host specificity. (A) Heatmap showing host association of 43 major MLST clonal complexes
(CQ), separated into five clusters based on normalized host distributions (log-transformed z-score). (B) Principal component analysis of host distributions
with each point representing a CC. CC complex clusters are consistent across both the heatmap (A) and the PCA (B). (C) Unrooted RAXML core genome
phylogenetic tree showing the distributions of wild bird and chicken isolates. (D) Host source segregation of isolates belonging to different CCs. Some CCs are
more specific to chickens or wild birds, while others are found in both groups, indicating host generalism. (£) Rarefaction analysis of ST discovery for samples
collected from cattle, chicken, human, and wild bird hosts, demonstrating considerable diversity in wild birds and chickens. (F) Pangenome gene presence-
absence comparison between wild bird and chicken isolates, showing incomplete gene pool segregation across both hosts. (G) Recombination analysis using
ClonalFrameML showing how much of the phylogenetic distances in the RAXML tree is a result of recombination. This shows that more recombination was

detected in chicken isolates than in wild bird isolates.

differences linked to intensive livestock production and increased
transmission opportunities, we cannot exclude the possibility that
differences in sampling density and population structure between
host groups influence these patterns.

Genome-Wide Association Studies (GWAS) Reveal Chicken Niche

Adaptations. Following spillover into a new host population, a
pathogen may adapt to the novel host species (35). This process

PNAS 2026 Vol.123 No.32 2609969123

can leave genomic signatures associated with the new host
population, potentially revealing the evolution events linked to the
colonization of farmed chickens from wild bird hosts. To identify
genomic features associated with chicken derived Campylobacter
isolates, we performed GWAS (Fig. 2). This identified chicken
associated core and accessory genome variation in homologous and
nonhomologous sequence. Initially we calculated narrow sense
heritability (h®) for our samples, this gave h* as 0.89 indicating

https://doi.org/10.1073/pnas.2609969123 3 of 11
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strong genome—phenotype associations, which is desirable for
GWAS studies.

GWAS identified three genes that were significantly associated
with chicken isolates after stringent filtering (adjusted P-value <
7.1 x 107, 0.05 < allele frequency < 0.95, positive B values)
(Fig. 20). These included i) 7¢O, encoding a ribosomal protection
protein that confers tetracycline resistance (P-value = 3.91 x 107);
ii) ¢/1563c, encoding a MerR-like transcriptional regulator
(P-value = 2.78 x 107); and iii) a gene encoding a hypothetical
protein containing a yotential ubiquitin binding (UBA) domain
(P-value = 3.43 x 107’). In addition to genes that were more likely
to be present in isolates from chickens, there was also evidence of
host-associated homologous sequence variation (Fig. 2).
Specifically, k-mer—based GWAS using a linear mixed model
revealed six loci with chicken associated alleles (P < 4.01 x 107%;
0.05 < MAF < 0.95; k-mer count > 10). These were i) znuA (k-mer
hits = 22; P-value = 7.38 x 1072)); ii) cetA (k-mer hits = 153;
P-value = 8.15 x 107"®); iii) 4567 (k-mer hits = 42; P-value = 6.71
x 107°); iv) ¢j0020c (docAlccpAl) (k-mer hits = 19; P-value = 4.8
x 10719 v) ¢j1224 (herB) encoding a hemerythrin (k-mer hits =
11; P-value = 1.44 x 107'?); and vi) ¢j1165¢ encoding a putative
amino acid exporter (k-mer hits = 21; P-value = 9.81 x 107'%);

k-mer results in S7 Appendix, Table S1.

A

Several genes enriched in chicken-associated Campylobacter
isolates can be considered in the context of selective pressures
within poultry production environments. The 7¢O gene confers
tetracycline resistance by encoding a ribosomal protection protein
that displaces tetracycline from the ribosome (41). Its enrichment
in chicken isolates is potentially explained by the widespread use
of antimicrobials in poultry production, in contrast to the low
antibiotic exposure typical of wild bird populations. The preva-
lence of 7¢O in our isolates also corresponds with sampling year
as isolates since 2015 have much higher zerO prevalence
(SI Appendix, Fig. S6). Additional AMR-related loci included
¢/1563, encoding a putative copper-homeostasis regulator (42)
(although its specific function remains uncharacterized) and a
UBA-domain protein of unknown role in host adaptation.

Genes involved in metal acquisition also showed strong
host-specific signatures. The most significant k-mer association
corresponded to znuA (P-value = 7.38 x 107%"), which encodes
the high affinity periplasmic binding component of the ZnuABC
zinc transporter essential for zinc uptake and crucial for chick
colonization (43—45). Its enrichment in chicken isolates could
indicate adaprtation to zinc-limited conditions or heightened zinc
requirements in the poultry gut. Conversely, significant k-mer
associations were detected in zup T (P-value = 1.97 x 107'%), alow
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Fig. 2. Genome-wide association analysis identifies C. jejuni genes and k-mers associated with chicken colonization. (A) Manhattan plot of k-mer associations
from the GWAS mapped to the reference genome of an ST-21 chicken isolate (BioSample: SAMEA3556520). The dashed line indicates the genome-wide
significance threshold (P-value < 4.01 x 10°%); k-mers exceeding this threshold are shown above the line. (B) Aggregated gene-level hits derived from significant
k-mers, plotted as minor allele frequency (MAF) vs. -log;, (P-value). Labeled genes meet the following criteria: MAF > 0.05, >10 significant k-mer hits, and P-
value < 4.01 x 1078, (C) Distribution of significant k-mer hits (P-value < 4.01 x 1078 and significant gene-level hits from the gene-based GWAS (P-value < 7.1 x
107°) mapped onto a maximum-likelihood phylogeny inferred with RAXML from 2,747 isolates from chickens (yellow) and wild birds (green). The phylogenetic
distribution of hits across chicken-associated lineages suggests convergent evolution and/or horizontal gene transfer within the chicken host niche.
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affinity zinc transporter (43), in wild bird isolates. This reciprocal
pattern suggests that chicken-associated lineages may experience
stronger zinc limitation, favoring high-affinity uptake systems,
whereas isolates from wild birds may encounter more accessi-
ble zinc.

Several chicken-associated Campylobacter loci were linked to
oxidative stress tolerance. These included herB (¢j1224), encoding
a hemerythrin; 4561, encoding a disulfide bond formation enzyme;
and docA/ccpAl, encoding a cytochrome C551 peroxidase.
Together, segregating variation in these genes may indicate changes
to oxidative stress and exposure in the poultry gastrointestinal
environment.

Motility-related selection was also evident. The GWAS identified
cetA, encoding an Aer-like chemotaxis energy transducer. In part-
nership with CetB, CetA links changes in redox state to flagellar
motility (46), likely via the electron transport chain. As chemotaxis
is critical for locating favorable niches in the avian gut, the enrich-
ment of certain cezA alleles in chicken isolates suggests that motility
regulation may be involved in host-specific adaptation.

Finally, chicken associated sequence variation within the ¢j7165
gene, indicates potential selection on the ThrE family of solute
exporters and amino acid efflux systems. ThrE exporters regulate
intracellular levels of dicarboxylates and amino acids such as
L-threonine and L-serine (47, 48). L-serine and various peptides
serve as preferred carbon and nitrogen sources for C. jejuni (49,
50). Increased reliance on these nutrients in the chicken intestinal
niche may therefore favor strains with more effective efflux control
to prevent toxic amino acid accumulation. Taken together, the
genes highlighted across the different GWAS analyses suggest

contrasting host environments could impose distinct selective
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pressures, driving both gene presence and allelic adaptations in
Campylobacter lineages. While these genomic loci are strong can-
didates for adaptation to the chicken niche, further experimental
studies would be required to determine their individual
contributions.

The Global Rise of Poultry Coincides with the Emergence and
Spread of Chicken Adapted C. jejuni. Since the 1960 s the chicken
population has increased sevenfold to a staggering 31 billion
(5) (Fig. 3A). This represents a huge change in niche size for C.
Jjejuni and changes the contact rate and transmission rate between
chickens and wild birds. This increase in chicken host niche space
corresponded with an increase in the effective population size
of chicken specialist C. jejuni strains over the same period. All
analyzed CC showed significant increases in effective population
sizes with large CI (Fig. 3D) except for clonal complex 354, which
showed a fold change of 0.79 (95% Crl: 0.23 to 2.7). Clonal
complex 257 showed the most modest increases, with fold changes
of 2.0 (95% Crl: 0.32 to 12). The five other common chicken
associated CC displayed significantly larger increases in effective
population sizes with a 180-fold change (95% CrI: 20 to 1,600)
for CC-443, an 81-fold change (95% Crl: 9.2 to 700) for CC-
464, a 72-fold change (95% Crl: 3.7 to 1,400) for CC-661, a
48-fold change (95% Crl: 10 to 230) for CC-353 and a 48-
fold change (95% Crl: 3.9 to 590) for CC-573 (Fig. 3D). There
were insufficient numbers of dated samples in wild bird CC to
investigate potential changes in effective population size.
Chicken domestication and population increase were also asso-
ciated with increased transition rates between host species
(Fig. 3C). Host species transition events were inferred across the
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Fig. 3. Chicken population expansion is associated with increased pathogen population size and elevated host transition rates. (A and B) Temporal increase
in the global chicken population size, illustrating rapid expansion associated with the intensification of modern poultry farming. Data were obtained from
FAOSTAT and historical population estimates. (C) Cumulative host transition events inferred using TreeBreaker and mapped onto a dated maximum-likelihood
phylogeny reconstructed with RAXML. Dashed vertical lines indicate approximate timings of major milestones in chicken history, including domestication
(~3500 BCE) and the onset of industrial-scale intensification (~1900 CE). The accumulation of inferred host transition events (black line) increases over time
and parallels the expansion of the global chicken population. (D) Effective population size (N,) trajectories for seven chicken-associated CC, with six showing
significant increases in N, over time. These demographic trends coincide with the documented growth in global chicken population size.
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phylogeny using the Bayesian inference tool treeBreaker. There is
some debate about the timescale of chicken domestication.
Inference from genome darta and lineage divergence is consistent
with domestication between 6,000 and 8,000 BCE, but lineage
divergence may predate the start of domestication (51). By con-
trast, the oldest directly datable archacological domestic chicken
remains are more recent (1650—1250 BCE) (52).

Low initial rates of C. jejuni host transition were observed
between the tree root and 3500 BCE (an intermediate domesti-
cation estimate; gradient = 0.00029 transition/year). A step change
occurred between 3500 BCE and 1900 CE (gradient = 0.0043
transitions/year) with the rate 15.0 times higher than predomes-
tication levels (gradient = 0.031 transitions/year). The most strik-
ing increase in host transition rates occurred from 1900 CE to the
modern day. This coincides with modern intensification of poultry
production, and the inferred rate of C. jejuni host transition was
more than 100 times higher in this period compared to predo-
mestication levels. While there are potential biases due to uneven
historical sampling, estimates were relatively stable when account-
ing for root date CI, with estimated increases of 12.1 to 16.5-fold
for the preintensification period, and 86.9 to 119-fold for the
intensification period, both relative to predomestication levels.

Chicken Population Size Drives Campylobacter Host Transition
Dynamics. A change in the number of hosts can influence how
bacteria spread within and between host species. As a host species
becomes more abundant, greater numbers of bacteria are shed into
the environment, increasing opportunities to infect new hosts.
However, bacteria typically colonize their original host species,
to which they are adapted, more efficiently than new hosts (24,
53-55). Consequently, shifts in host population size influence
host transitions through a balance of contact rates (which create
opportunities for transmission) and bacterial host specificity
(which constrains successful colonization). To investigate how the
global rise of chickens may have affected this balance, we developed
an epidemiological model simulating C. jejuni dynamics in linked
chicken and wild bird populations (Fig. 4).

We initially parameterized the model to reflect prepoultry-
intensification conditions, where wild bird and chicken popula-
tions were assumed to be of similar sizes. Although chickens had
a shorter life span and greater rates of within-species contact than
wild birds, C. jejuni strains principally circulated within the host
populations for which they were specialized, despite some contact
between the host populations (Fig. 4 A and B). As the chicken
population size increased, it reached a critical point at which the
host barrier broke down (Fig. 4 A-C). Once chicken populations
exceeded this threshold, wild bird strains became self-sustaining
in chickens, with the number of chicken infections with the wild
bird strain rapidly surpassing those in wild bird hosts. This repre-
sents an evolutionary tipping point for the wild bird associated
Campylobacter strains and occurred in our model despite a 10-fold
transmission disadvantage for strains in the host species to which
they were not adapted. This increasingly positioned chickens as a
major reservoir for wild bird strains.

This quantitative change in the major host reservoirs describes
a chicken population size at which the number of chicken infec-
tions with wild bird strains equals the number of wild bird infec-
tions with wild bird strains. This is a potential evolutionary tipping
point, above which one might expect the predominant selective
pressure acting on wild bird strains to be the ability to survive
within chickens, not wild birds. In our model, the size of the
chicken population required for this putative tipping point was
linearly related to the ratio of host preference between the strains,
i.e. how many times more likely the wild bird strain was to infect
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wild birds than chickens (parameter k, Fig. 4 D and E). The gra-
dient of this relationship depended on the assumed level of com-
petition between the strains in a coinfected bird, i.e. the reduction
in transmission of both individual strains from a coinfected bird
(parameter d), and to a lesser extent on the connectedness of the
host populations (¢;, and ¢;)).

Increasing connectivity between chicken and wild bird popu-
lations (elevated spillover) had limited effect on the tipping point
(Fig. 4D), but increasing the penalty for coinfection greatly
increased the relative population size of chickens required for the
transition point (Fig. 4E). This suggests that host population size,
rather than between-host population exposure, could be the pri-
mary driver of niche invasion (Fig. 4F). Furthermore, despite the
strains each having a preferred host species in which they transfer
more efficiently, in a sufficiently large chicken population even
poorly adapted wild bird C. jejuni were able to proliferate. This
potentially favors ecological generalist rather than specialist life-

styles (32).

Discussion

Anthropogenic ecosystem change can lead to spill-over of zoonotic
pathogens into new host populations (56, 57). The rise of intensive
livestock production has led to the emergence of a vast host niche
in which members of the microbiome can proliferate and spread
through global food production networks. For pathogens such as
C. jejuni this represents an infection risk to humans. For example,
chickens shed around 1.8 x 10" to 3.2 x 10*° CFU of
Campylobacter per day [31 billion chickens x 0.5 to 0.9 infection
levels (58) x 115 g fecal matter/day (59) x 10° to 108 CFU/g of
feces (60)], and these can infect humans, principally through con-
taminated food (12). Because of the sheer magnitude of
Campylobacter entering the food production chain, perhaps it is
no surprise that 60 to 80% of human infections originate in the
poultry reservoir (13, 17, 19, 61). While this is something of an
oversimplification, there is an urgent need to address the role of
industrialized livestock production in human infection.

Global expansion of poultry production has created opportu-
nities for zoonotic transmission among previously isolated bird
populations. C. jejuni is common in many wild birds with prev-
alence varying by species, diet, and season (31, 40, 62-64). Wild
birds are thought to be an important source of chicken infection
by either gaining access to housed chickens or by contaminating
accessible surface water or soil (65). Consistent with previous
studies, we found that different wild bird species harbored genet-
ically distinct host specialist C. jejuni populations as well as line-
ages found in multiple hosts (24, 25, 27-30, 66, 67). These host
association patterns could be explained by strain-specific differ-
ences in host colonization potential. For example, in in vivo infec-
tion experiments, isolates from a given host species will more
readily colonize other individuals of the same species (24).
However, strains can evolve quickly, and studies have shown that
several fecal-oral passages through chicks greatly improve coloni-
zation potential of Campylobacter strains (68). Therefore, multiple
exposures and recent host transitions could explain the presence
of common host generalist C. jejuni lineages.

Pathogen exposure becomes a major factor for zoonoses where
zoonotic pathogens can transition between hosts. Our analysis
indicates that chicken domestication increased C. jejuni host tran-
sition at least 15-fold relative to predomestication levels. However,
the major driver is intensive poultry production, which has coin-
cided with a more than 100-fold increase in host switching
(Fig. 3C). Elevated cross-species transmission is an intuitive find-
ing given the vast chicken populations and global dissemination
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Fig. 4. Host population size drives zoonotic transition of wild bird strains to chickens. Mathematical modeling demonstrates the importance of chicken
population size for host transition dynamics for wild-bird and chicken specialist Campylobacter strains. (A) The proportion of wild bird hosts with chicken and
wild bird strains for different chicken population sizes. (B) The proportion of chicken hosts with chicken and wild bird strains for different chicken population
sizes. In both hosts, infection levels rise with chicken population size. At high chicken population sizes, chickens also carry a substantial burden of wild-bird-
specialist strains. (C) Absolute number of chickens and wild birds infected with wild-bird-specialist strains across varying chicken population sizes. After the
lines intersect, the transition point, there are more chickens infected with wild bird strains than there are wild birds. (D and E) Sensitivity analysis of parameters
influencing the transition threshold, defined as the chicken population size at which the number of chickens infected with wild bird specialist strains exceeds the
number wild birds infected with these strains. The threshold depends on host specificity (k), which represents how much more efficiently the strains transmit
within their preferred host species. (D) Increasing cross species contact rates (c12, c21) has relatively little effect on the transition threshold across different
levels of host specificity (k). () Increasing the coinfection penalty (d), defined as the reduction in pathogen shedding during coinfection relative to single
infection, substantially increases the transition threshold across different levels of host specificity. (F) Conceptual summary of modeling results. Increasing the
contact rate (elevated spillover) has minimal effect on the host transition. Increasing chicken population size elevates infection burden in both host species and
promotes spillover and establishment of wild-bird-specialist strains in chickens.

but there is another, possibly more profound impact on zoonotic
pathogen evolution. As host populations grow, so do pathogen
populations, and this influences the rate of host adaptation (69).

The rapidly expanding chicken gut niche has led to a 50 to
200-fold increase in the C. jejuni effective population size (Ne)
for many chicken associated strains. This far outpaces the sevenfold
growth of the chicken population over the same period (Fig. 3A4).
This disparity suggests that pathogen populations are not only
scaling with host population abundance but experiencing ecolog-
ical shifts that amplify genetic diversity. The scale of Ne expansion
may reflect changes such as more efficient transmission, reduced
bottlenecks, and greater opportunities for genetic exchange via
horizontal gene transfer in the chicken niche (Fig. 1G). In bacteria,
asexual reproduction means that beneficial mutations compete in
different lineages slowing overall population adaptation (clonal
interference). However, C. jejuni is highly recombinogenic, mean-
ing that clonal interference may be less important and the popu-
lation adaptive rate may scale with Ne, rather than In(Ne) as in
strictly clonal organisms (70, 71). These conditions can accelerate
the generation of genetic diversity and adaptation, enabling strains
to respond rapidly to selective pressures in the poultry niche.
While our density-dependent transmission simulations do not
explicitly model host adaptation, even pathogens that are poor at
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infecting a host will proliferate in very large, closely packed host
populations, such as those observed in modern intensive poultry
production systems.

Quantitative Ne estimates are useful for understanding popu-
lation change and pathogen adaptive potential but do not provide
information about the nature of the evolutionary events that ena-
ble zoonotic transitions. Wild birds and farmed chickens represent
very different niches to the colonizing C. jejuni. This not only
includes host specific variation in anatomy, physiology, and metab-
olism but also clear differences in ecology—including stocking
density, diet, and dispersal (31). Coupled with the knowledge that
some strains have successfully transitioned across this host barrier
(31), this allows us to investigate the evolution of zoonoses based
on a simple hypothesis. Specifically, when a strain enters a new
niche it adapts, and the genetic changes that underlie the most
advantageous phenotype adaptations will increase in the popula-
tion. This basic premise was the principle behind early bacterial
GWAS that identified host associated genes and alleles in
Campylobacter (72). Consistent with this, chicken-adaptive genetic
variation occurred in genes involved in diverse functions. For
example, the associated elements linked to chicken colonization
occurred in genes linked to oxidative stress response, cellular pro-
tection, tetracycline resistance, metal homeostasis, and chemotaxis
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(Fig. 2). These traits likely facilitate proliferation in the new host
by optimizing nutrient acquisition and spatial positioning, rather
than through metabolic switching, which may play a more limited
role in adaptation within poultry. Additionally, some of these
traits, including oxidative stress responses, can facilitate food chain
transmission (73, 74) and tetracycline resistance may inadvertently
increase their ability to persist in humans.

More than half of the chicken-associated loci were linked to
oxidative stress response, protection, or sensing. C. jejuni is
microaerophilic largely because it relies on oxidant-sensitive Fe-S
cluster enzymes in central metabolism (75). The hemerythrins
HerA and HerB may enhance acerotolerance by protecting these
Fe—S enzymes from oxidative damage (75). Mutants lacking dsé/,
which encodes a periplasmic disulfide bond formation protein,
show increased oxidative stress sensitivity compared with other
dsb mutants, indicating a specific role in redox homeostasis (76).
Together, these findings suggest that specialized oxidative stress
defenses are key adaptations for survival in the chicken gut or
during transmission outside the host.

The role of cytochrome ¢ peroxidase (CCP) encoded by ¢j0020c
(docAlccpAl) is more complex. Although C. jejuni possesses two
CCPs (the second encoded by ¢j0358/ccpA2), deletion of either
gene does not markedly increase sensitivity to external oxidants
(77, 78). Instead, these enzymes may use periplasmic hydrogen
peroxide as an electron acceptor for energy conservation (79).
Notably, docA is essential for chick colonization, with mutants
showing a 10° fold reduction in colony-forming units of C. jejuni
in the cecum (78). The ¢j0020c gene overlaps with and is transla-
tionally coupled to ¢j0019c/docB, encoding the chemotaxis protein
Tlp10 (45); mutants in ¢j0019c also show reduced chick coloni-
zation (45). This arrangement suggests DocA might interact with
Tlp10, perhaps to signal peroxide availability.

The MerR family of transcription factors is associated with reg-
ulation of genes affecting redox state, metal homeostasis, and mul-
tidrug resistance (80, 81). These functions are known to be
important for Campylobacter survival and adaptation, although
direct experimental validation in this species is limited. Cj1563,
flagged in the GWAS, is most likely to be involved in metal home-
ostasis; Cys135 and His139 in the C-terminal sensing domain likely
ligate a metal ion, perhaps along with Cys72 in the DNA-binding
domain. A role in copper homeostasis was previously suggested (42)
and this would also be important for oxidative stress management,
given the potential for metal-ion catalyzed ROS formation.

It is unclear whether these adaptations primarily confer protec-
tion in the chicken host, during environmental transmission, or
in both cases. Importantly, however, genes linked to oxidative
stress and aerotolerance suggest that association with chicken hosts
may increase oxygen tolerance and thereby inadvertently select
for traits that would enhance bacterial persistence on food and
promote transmission to humans (82). As such, the chicken host
environment may drive the evolution of strains that are more likely
to cause human infections.

In conclusion, intensive livestock production has done more
than amplify pathogen abundance, it has reshaped the evolutionary
landscape in which zoonotic bacteria emerge. By creating dense,
globally connected host populations, industrial farming increases
spillover opportunities, accelerates host switching, and expands
pathogen effective population sizes; enhancing adaptive potential.
In this context, traits selected for success in livestock, such as stress
tolerance and transmission efficiency, can inadvertently promote
human infection. More broadly, anthropogenic ecosystem change
can generate powerful evolutionary feedback loops, transforming
local microbes into globally disseminated zoonotic threats and
fundamentally altering the trajectory of pathogen emergence.

https://doi.org/10.1073/pnas.2609969123

Methods

Isolate Genomes. We analyzed genomes of 2,747 isolates (1,892 chicken, 855
wild bird), spanning 1,081 STs and 27 countries from 1979 to 2024 (Dataset S1)
from previously published studies (72, 83, 84). Genome quality was assessed with
QUAST(85) and PubMLST(39), isolates meeting the following criteria were used
in this study: N95 > 800 bases, genome size 1.3 to 2.1 Mb, contig number <
500, and no multiple allele hits in the cgMLST. These are the same as previously
reported relaxed thresholds for C. jejuni (40), ensuring that as many isolates as
possible are included from undersampled wild bird hosts. In our dataset, the
genome assembly statistics of assembly size, contig number, length of the largest
contig and average contig length were similar in both wild birds and chickens
(S Appendix, Fig. S3). Genomes were checked for completeness and contam-
ination using checkM (v1.2.3) (86) and those meeting inclusion criteria were
randomly subsampled, so no ST contributed more than five isolates per source.
This was performed to reduce the sampling bias, as chickens have considerably
more isolate data, while preserving the phylogenetic diversity of the data. All
genomes and metadata are available on the pubMLST database (Dataset S1).

Host Associations and Isolate Diversity. To allow comparison to established
nomenclatures and understand lineage segregation on the phylogenetic tree
isolate CCwere defined based on sharing of four or more alleles across the seven
multilocus sequence typing loci'* forinitial analysis of CC infecting different host
species. Isolates from low frequency sources were removed to give a dataset com-
prising C. jejuni genomes from 52,075 human, 41,875 chicken, 10,370 cattle,
3,476 pig, 1,801 turkey, 1,775 goat + sheep, 1,537 wild bird, 598 duck, and 240
goose samples with isolates obtained from both fecal samples and meat. For this
analysis, duck and goose isolates came from both wild and domesticated sources.
Isolates belonged to 45 CC with varying degrees of host specificity. Heatmaps
were generated with pheatmap (v4.4.3)(87) after log transformation and z-score
normalization by row to reduce the effect of sampling bias in the different hosts
and to emphasize clonal complex segregation by different species. Principal com-
ponent analysis was performed on log-transformed data and clustered using
Ward's hierarchical algorithm (R stats v4.4.1). We also investigated the fraction
of CC composed of chicken and wild bird isolates (Fig. 1D). Clonal diversity across
wild birds, chickens, humans, and cattle was assessed with iNEXT (v3.0.1) (88),
which generated rarefaction curves of ST richness against sample number.

Phylogenetic Reconstruction and Analysis. To generate phylogenies, we used
Bakta (v1.10.4) for genome annotation, followed by core genome identification
and alignment with Panaroo (v1.5.2) (89). The distribution of these core and
accessory genes was plotted across the phylogenetic tree (S/ Appendix, Fig. S2)
and prevalence of each gene across wild birds and chickens (Fig. 1F). The core
genome alignment was used to generate a maximum likelihood phylogenetic
tree using RAXML (version 8.2.12)(90) with the GTR + Gamma substitution model
and 100 bootstraps. Subsequently, inferred recombined sequence was removed
fromthe alignment using ClonalFrameML(v1.12)(91) as this can obscure clonal
relationships, and the trees were visualized using ggtree (v3.14.0).

To compare the amount of recombination between host-associated popula-
tions, we calculated patristic distances from the RAXML phylogeny before and after
ClonalFrameMLadjustment.The proportion of genetic variability attributable to recom-
bination versus mutation for each wild bird and chicken isolates was estimated as

> (RAXML distance — CFML distance)

Recombinational distance fraction =
>, RAXML distance

As these tree branches have units of mutations per site, the proportion of genetic
distance attributed to recombination will be affected by both length of recom-
bination events, and the number of recombination events, as these events have
a minimum length.

Host transition rates on the phylogenetic tree were inferred using TreeBreaker
(v1.1)(92)to estimate per branch host transition event probabilities. First, the tree was
rooted using the initRoot function in BactDating (93) with 100 iterations, to identify
the most probable root location based on tip dates. Then we dated the phylogeny
using BactDating run with default settings with 500,000 burn-in iterations, followed
by 500,000 iterations sampled every 1,000 steps. Confidence in the dated tree was
assessed by plotting root to tip distance against sampling date and confirming coa-
lescence of posterior probability, likelihood, clock rate, coalescent time unit, relaxation
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parameterand date of root(S/ Appendix, Figs. S4 and S5). The dated tree was analyzed
to estimate per branch host transition probabilities. These probabilities were shared
linearly across the branch length and plotted against time. The gradient of this plot
was taken between important periods in chicken domestication and farming inten-
sification, and the rate of host transitions was calculated relative to the predomesti-
cation rates. While other studies have found similar root dates (94), such estimates
in Campylobacter species are challenging due to the high recombination rates and
limited temporal signal in contemporary datasets (95), under these conditions tools
such as bactdating can struggle to accurately date species trees. Consequently, it is
probable our tree underestimates the root date, leading to underestimates of fold
changes in host transition rates. Additionally, the relatively low numbers of wild bird
samples may cause an underestimate in transition rates. For this reason, we also
present relative transition rates in the text compared to predomestication rates.

Bacterial GWAS. GWAS have been used extensively to understand adaptation in
Campylobacter(72,74,96).To analyze the gene and k-mer associations between
hosts we used the Pyseer (v1.3.12) (97) mixed effect model; a phylogeny-aware
GWAS tool. These analyses required i) a phylogenetic tree, ii) isolate metadata, and
iii) gene or k-mer presence matrices. The phylogeny was generated as described
above, and host metadata were curated from PubMLST. Gene presence/absence
matrices were obtained with Panaroo with the merging paralog function enabled.
Core genome was defined as presence in =0.95 of isolates and a gene sequence
match =0.98 identity. For the k-mer analyses, unitig-caller (v1.3.1) (98) was used
to generate unitig (variable length k-mer) profiles. In both cases we generated
a genetic relatedness matrix from the phylogenetic tree, this was subsequently
used to adjust P-values to reduce lineage effects.

Default pyseer filtering removed unitigs and genes present at minor allele fre-
quencies less than 1%. For the gene GWAS, a total of 7,075 genes were identified
inthe C. jejuni pangenome with panaroo. Of these, 5,009 were filtered out of the
analysis due to minorallele frequencies of less than 1%, leaving 2,066 variants to
test. Similarly, 2,197,848 unitig variants were generated by unitig caller, 890,347
were removed in preprocessing and then 1,307,501 unitigs were tested using the
Pyseer. To determine genes associated with k-mer hits, we used the annotation
script from Pyseer to map the k-mers back to annotated genomes. These genes
were then filtered to give only genes associated with > 10 significant k-mers.

For both gene and k-mer analyses, significance thresholds were set using
Bonferroni correction at o= 0.05. MAF or gene frequency had to be >5%and <95%,
with positive beta values, to indicate chicken association. Results were plotted against
the phylogenetic tree, so the distribution of genes and kmers could be compared
to host partitioning (Fig. 2C). Additionally, for the k-mer analysis, Manhattan plots
were created and the k-mer associated genes were plotted with MAF and max P-
value. As additional quality controls we checked the average contig length, average
assembly length, and number of contigs between isolates in the two host types, these
showed similar distributions (S Appendix, Fig. $3). Narrow sense heritability (h?) for
host association was also calculated in Pyseer using the genetic relatedness matrix.

Effective Population Sizes. The changes in effective population size (Ne) over 63
y (dates 1960-2023) was estimated for seven chicken-associated CC, each repre-
sented by at least 100 genomes meeting required quality thresholds (Dataset S2).
CC with more than 300 isolates were randomly subsampled to give 300. Core
genome alignments were generated with MAFFT(99) using default parameters in
Genome Comparator (PubMLST) and Campylobacter version 2 core genome MLST,
and maximum-likelihood phylogenies were inferred with FastTree (v2.1.11)(100).
Phylogenies were dated with BactDating (v1.1.2) (93), using initRoot with 100
iterations for rooting and 100,000 MCMC iterations for dating. Confidence in the
dated tree was accessed by plotting root to tip distance against sampling date and
ensuring R > 0.1 and confirming coalescence of posterior probability, likelihood,
clock rate, coalescent time unit, relaxation parameter and date of root. Effective
population size trajectories were then inferred with Skygrowth (v0.3.1)(101) using
100 intervals (res = 100) and the smoothing parameter set at tau0 = 10.

Modeling. To investigate the dynamics of Campylobacter transition as host popu-
lation sizes changes, we used an ordinary differential equation model. The model
simulates the infection dynamics of C. jejuni strains in two linked host popula-
tions, representing chickens and wild birds. Eqs. 1-4 give the rate of change of
the numbers of susceptible (S;), infected with strains 1 or 2 (I, and /), or infected
with both strains (/;; ,) hosts of species i. We made the simplifying assumption that
there is no memory immune response to C. jejuni, so upon recovery, hosts return
to being susceptible and can be reinfected. For broiler chickens, this is plausible
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because birds are often harvested before immune maturation is complete (102)
and maternally inherited antibodies decline rapidly in the first 2 wk of age (103).
In wild birds, immune responses are less well understood and asymptomatic
carriage may frequently occur (25). The total population size of host i (N,) is kept
constant by making the birth rate equal to the mortality rate (x;). 1/u; gives the
average lifespan of host species i. We assumed transmission of C. jejuni to be
density dependent, meaning that the force of infection for strain 1 for host spe-
cies i (4;4) or strain 2 for host species i (4;,) is a function of the number of hosts
currently infected with that strain (Eqs. 6 and 7).

To define the forces of infection we additionally used a contact rate scaling param-
eter (c;), representing how the number of contacts a host of type / has with feces from
host type j per unittime of the model scales with the overall number of host of type
j. We combined the contact rate scaling parameter with a probability of infection
per contact representing the probability that a host of type i becomes infected with
strain 1 (pj;) or strain 2 (p,) if it has contact with the feces of a host infected with the
relevant strain. To investigate the potential impact of host specificity of strains, we
introduced parameter k and made p;, = ps;/k (i.e., the probability of host type 1
being infected with strain 2 is k times less than the probability of host type 1 being
infected with strain 1). Similarly, p,; = p,,/k. Finally, we allowed for the possibility
of interference between the strains, by introducing parameter d. Cases of coinfection
with both strains (/; ;) shed each strain at(1-d) times the rate of a singly infected bird.

Rate equations:

ds;
i wili +olly +1,) = (A5 + 45 + w)S;, [1]
dl;
Ti =4S+ oligy— (O-+Ai,2 +/4i)Ii,1r [2]
di;,
i AigSi+oli,— (o + Ay + ulliy, [3]
dliq,
& Aigla + Aighy =20+ pli a5 (4]
Total population:
Ny =S+ 1+ 1o+ i1, [5]
Force of infection:
Aia = PialGilla 4 0.505) + ¢l + (1= d)f; 1)), [6]
iz = PialGilliy +0.5015) + ¢, + (1 = d)l; ). [7]

The ode15s solver in Matlab version 2025a was used to find numerical solutions
to this system. We then explored the circumstances in the model under which C.
jejuni strains with a specialism to either host type 1 or host type 2 stay within, or
spread between, the two host populations, as we varied the size of one population
(N;) relative to the other (N,). Parameter values used in individual simulations
are given in the modeling figures and their legends. It should be noted that it is
challenging to estimate the true values of many of the parameters of this model,
and our simulations are intended as an informative abstraction of reality, rather
than to make a prediction about a specific population.

Data, Materials, and Software Availability. Datasets analysed during the
current study data have been deposited in FigShare (https://doi.org/10.6084/
m9.figshare.31410435(104)). All other data are included in the manuscriptand/
or supporting information.
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