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Abstract

Disease outcomes are strongly influenced host immune responses, yet the genetic basis of immune variation in
koalas remains poorly understood. Chlamydial disease is a major threat to koala populations, and marked
differences in infection and disease prevalence suggest an important role for host genetics. Here, we
characterised coding and promoter-region variation in nine cytokine genes using whole-genome sequence data
from 457 koalas sampled across Australia and investigated whether cytokine diversity corresponded with
population-level differences in chlamydial infection and disease prevalence. Across seven polymorphic cytokine
genes, we identified 18 coding SNPs, 32 alleles, and 37 promoter SNPs, including 17 located within predicted
transcription factor binding motifs. Nine of eleven non-synonymous substitutions altered amino acid
physicochemical properties, suggesting potential functional consequences for protein structure or signalling.
IL12B and IL17F were particularly notable because all observed coding variation was non-synonymous, meaning
that each allele encoded a distinct protein variant. IL12B also exhibited the greatest promoter diversity, with all
variants located within predicted regulatory motifs. Cytokine diversity was highest in northern populations and
declined southwards, mirroring broader patterns of genomic diversity. IL12B and IL17F allele frequencies differed
among populations with contrasting chlamydial disease profiles, with some alleles more common where infection
prevalence was high but disease prevalence was low. These patterns suggest IL12B and IL17F as promising
candidate genes for future studies of disease susceptibility and resilience, and highlight the importance of
immune gene diversity for the adaptive potential of wild populations.

Introduction

Disease is a major driver of wildlife population decline and can push even abundant species towards extinction by
reducing survival, reproductive success, and long-term population viability (Langwig et al. 2015). Factors such as
habitat loss, climate variability, pathogen pressures, and host genetic diversity can further interact to influence
disease susceptibility and transmission across wildlife species (Pimm and Askins 1995; Wilcove et al. 1998). A
number of infectious diseases are currently threatening wildlife populations (Daszak et al. 2000), including
chytridiomycosis in frogs (Skerratt et al. 2007), morbillivirus in marine mammal species (Gulland and Hall 2007),
and the rapid spread of Devil Facial Tumour Disease (DFTD) in Tasmanian devils (Sarcophilus harrisii) (Hawkins et
al. 2006). Koalas (Phascolarctos cinereus), an iconic and widely distributed Australian marsupial, face multiple
threats across their range, including habitat loss, chlamydial disease, and infection with koala retrovirus (KoRV).
These threats can act synergistically, with infectious diseases contributing to reduced survival, reproductive
success, and population viability. Given the substantial impacts of disease on koala populations, understanding
how genetic variation in immune-related genes influences susceptibility, disease progression, and resilience is
critical for effective conservation management.

Cytokines are key regulators of immune responses, balancing pathogen clearance with immunopathology during
infection (Parkin and Cohen 2001). In humans, genetic variation in cytokine genes has been associated with
chlamydial infection, with variants in both coding and non-coding regions influencing cytokine structure,
expression, and regulation. These polymorphisms can alter immune responses, contributing to differences in
infection susceptibility, disease progression, and host responses among individuals (Cantor et al. 2005; Ollier
2004). In humans, variation in cytokine genes have been reported at IL1B, IL2, IL12B, IL10 (Wang et al. 2005b), IL6
(Osiri et al. 1999), TNF and IFNG (Delaney et al. 2004). These differences may reflect adaptation to local
environmental conditions or pathogen pressures, potentially influencing population-specific disease susceptibility
(Turner et al. 2011).
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Chlamydial infection is a leading cause of infertility in koalas, significantly reducing reproductive success and
threatening the species’ long-term viability. Two main Chlamydia species infect koalas, C. pneumoniae and C.
pecorum, with C. pecorum being more prevalent and more commonly associated with disease (Polkinghorne et al.
2013). Transmission occurs mainly through sexual contact among adult koalas, although vertical transmission
can also occur, with joeys becoming infected during suckling (Polkinghorne et al. 2013). The clinical signs include
cystitis, sterility (Johnston et al. 2015), pneumonia, and blindness, ultimately leading to reduced reproductive
output (McColl et al. 1984) and increased mortality (Blanshard 1994; Wan et al. 2011). Importantly, infection does
not always result in clinical disease. Many infected koalas remain asymptomatic carriers, harbouring the
bacterium without showing obvious symptoms (Polkinghorne et al. 2013).

Differences in disease susceptibility and clinical outcomes have been observed among koala populations, with
some populations showing high infection rates but relatively low levels of clinical disease, while others experience
more severe disease outcomes or remain asymptomatic (Nyari et al. 2017). Prevalence of C. pecorum infection
ranges from 21% to 88% across koala populations (Quigley and Timms 2020), with higher levels of chlamydial
disease reported in northern regions of Australia, particularly in Queensland (QLD) and northern New South Wales
(NSW), where it has contributed to localised population declines and local extinctions (McCallum et al. 2018;
Patterson et al. 2015; Polkinghorne et al. 2013). In contrast, Victorian koalas generally exhibit lower clinical
severity associated with infection (Patterson et al. 2015). Several factors have been proposed to explain these
regional differences, including environmental stressors, population density, and variation among pathogen strains
(Robbins et al. 2020). However, host factors may also play an important role. Chlamydial infection does not
always result in clinical disease, suggesting that differences in host immune responses may influence disease
progression. Additionally, koalas are impacted by Koala Retrovirus (KoRV) infections (Melzer et al. 2000). KoRV
has been linked to immunosuppression and increased susceptibility to secondary infections, potentially
exacerbating the impacts of chlamydiosis (Denner and Young 2013). This immunosuppression may also
contribute to the higher incidence of diseases and the overall health decline in infected populations.

The marked variation in chlamydial infection and disease prevalence observed among koala populations suggests
that host immune factors may influence disease outcomes. Cytokines are key regulators of immune responses
and inflammation, and genetic variation in cytokine genes has been linked to susceptibility, disease severity, and
treatment outcomes in a range of infectious diseases. Consequently, cytokine variation may contribute to
differences in chlamydial prevalence and disease progression among koala populations. Support for this
hypothesis comes from human studies of Chlamydia trachomatis, where genetic variation in several cytokine
genes, including CXCLS, IFNG, IL1B, IL6, IL10, IL12B, IL17A, IL17F and TNF, has been associated with differences
in infection susceptibility and disease outcomes (Ohman et al. 2011; Poston et al. 2019; Wang et al. 2005a).
Evidence from previous studies suggests that cytokine expression is influenced by disease status, viral co-
infection, and environmental conditions. Koalas with chlamydial disease exhibit significantly higher expression of
IL17, TNFa and IL10 than asymptomatically infected individuals (Mathew et al. 2013b; Mathew et al. 2014).
Similarly, koalas infected with KoRV-B show elevated expression of IL17A and IL10, together with altered
expression of IFNG, IL4, IL6 and TNFa, with some responses varying seasonally (Maher and Higgins 2016).
Environmental conditions may further shape cytokine responses, with koalas from the Liverpool Plains exhibiting
greater and more variable expression of IL1B and IL6 than populations from the Southern Highlands and south-
west Sydney (Fernandez et al. 2024). Collectively, these studies indicate that cytokine responses vary among
individuals and populations and may contribute to differences in disease susceptibility and outcomes.
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To date, cytokine genetic diversity has not been investigated in koalas. While studies of cytokine expression
provide insights into immune activity, analyses of genetic variation can reveal the evolutionary and molecular
mechanisms underpinning immune responses and disease susceptibility. Previous studies of MHC, TLR and AMP
genes have revealed marked geographic structuring of immune diversity across the koala range and identified
potentially functional variants that may influence pathogen recognition and immune responsiveness (Cui et al.
2025; Petrohilos et al. 2025; Silver et al. 2024). These findings suggest that other components of the immune
system, including cytokines, may also contribute to population-level differences in disease susceptibility and
resilience.

Here we examine genetic diversity within the exonic and promoter regions of nine key cytokine genes using data
from 457 wild koalas across their entire range (Gates et al. 2025; Hogg et al. 2023). We investigate whether
differences in chlamydial infection and disease prevalence among koala populations are associated with variation
in cytokine genes by identifying immune-related genetic markers linked to disease susceptibility. This study
provides insights into host-pathogen interactions and improves our understanding of the impacts of infectious
disease on koala populations by using bioinformatic tools.

Methods
Study populations

The 457 whole-genome sequences (WGS) were sampled from 49 locations across their geographical range in
Australia, including 413 samples across the east coast of Australia from Queensland, New South Wales and
Victoria from the publicly available Koala Genome Survey dataset (NCBI BioProject PRINA940526; metadata: DOI:
10.5281/zenodo.13777157) (Hogg et al. 2023; McLennan et al. 2025), an additional four from South West Victoria,
and 40 additional samples from Kangaroo Island (Gates et al. 2025) and the Mount Lofty Ranges (South
Australia). The methods for sample collection, genomic DNA extraction and sequencing have been described in
detail in previous publications (McLennan et al. 2025). Following the methods of McLennan et al 2025, joint
genotyping using DRGAEN Germline Pipeline (v3.8.4; lllumina) of samples aligned to the koala genome assembly
(Koala phaCin_unsw_v4.1.fa) (Johnson et al. 2018) to produce a single, muti-sampling variant calling file (VCF)
used for all downstream analyses. Based on the inferred population structure (McLennan et al. 2025), 457 koalas
were divided into seven genomic clusters, including northern QLD (N_QLD) n = 86, southeast QLD and far northern
NSW (SEQLD_FNNSW) n =101, mid-coast NSW (M_NSW) n = 64, southern NSW (S_NSW) n =73 and Victoria (VIC)
n =76, and South Australia (SA) n = 40 and Narrandera n = 17. The Narrandera population was considered a
separate genetic cluster as it is an admixed population of koalas from French Island and a unknown population
from the southeast QLD and far northern NSW genetic cluster (McLennan et al. 2025).

Cytokine characterisation

We selected nine cytokines for investigation that have been previously shown to be associated with chlamydial
infection in humans, these include CXCLS, IFNG, IL1B, IL6, IL10, IL12B, IL17A, IL17F, and TNFa. To identify
candidate single nucleotides polymorphisms (SNPs) within koala cytokine genes, “blastn” searches were
performed in BLAST v2.2.30 (Altschul et al. 1990) using manually annotated koala cytokine reference sequences
as queries (Peel et al. 2022) against the koala reference genome, with default parameters (phaCin_unsw_v4.1)
(Johnson et al. 2018). Top blast hits for each gene were checked for open reading frames and start/stop codons
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in IGV v2.17.0 (Robinson et al. 2011). Once the exonic regions of cytokine genes were identified within the
genome, variants located within these regions were extracted and filtered using VCFtools v0.1.14 and BCFtools
v1.3.1 (Danecek et al. 2011). Variants were filtered based on quality and frequency thresholds: minor allele
frequency > = 0.05, Phred-score > 20, max-missingness = 0.9, minimum depth > 5, minGQ > 10, and maximum
depth < 200. Additionally, BCFtools v1.3.1 (Danecek et al. 2011) was used to remove sites with a strand-bias Phred
score < 60. SNPs were then annotated using SnpEff v5.2 (Cingolani et al. 2012) against the koala genome
(Johnson et al. 2018), classifying exonic variants as synonymous or non-synonymous.

Individual genotype fasta files for each koala cytokine genes were generated from the filtered vcf file above using
VCFtools v0.1.14 and FastaAlternateReferenceMaker within GATK v4.2.0.0 (McKenna 2010). Alleles were
determined by first using GATK v4.2.1.0 FastaAlternateReferenceMaker to obtain the nucleotide sequence for
seven cytokines in each individual (note, IL10 and TNFa contained no variation so were not included in further
analyses). SeqPHASE (Flot 2010) was used to convert sequences into PHASE format. PHASE v2.1.1 (Stephens
and Scheet 2005) was then used to determine alleles and estimate allele frequencies for each gene. The resulting
files were imported into DNAsp v6.12.03 (Rozas et al. 2017) and analysed to calculate allele diversity, nucleotide
diversity (1), and Tajima'’s D. Alleles that occurred in less than two individuals were excluded as potential errors.
Allele frequencies of each cytokine gene for each genomic cluster were compared and visualised using ggplot2
v3.4.2 (Villanueva and Chen 2019) in RStudio v4.2.1 (Team 2020). BioEdit v7.2.5 (Hall et al. 2011) was used for
SNP verification, protein translation of alleles, and comparison of amino acid sequences among alleles. Multiple
sequence alignments were performed using ClustalW (Thompson et al. 2003) implemented in BioEdit to align
koala cytokine protein sequences with human (Homo sapiens), cattle (Bos taurus), mouse (Mus musculus), and
opossum (Monodelphis domestica) orthologs. The alignments were used to verify amino acid identity at non-
synonymous SNP positions and assess the evolutionary conservation of residues. AlphaFold 3 (Jumper et al.
2021) was used for protein structure prediction. PROVEAN was used to predict the functional effects of non-
synonymous mutations and to assess whether amino acid substitutions were likely to have functional impacts or
be structurally conservative.

Cytokine promoter characterisation

Promoter regions were defined as genomic intervals upstream of the transcription start site (TSS), which typically
span 1,000-2,000 bp and encompass core promoter elements and transcription factor binding sites (TFBSs)
(Zhang 1998). In this study, promoters were defined as the 1,000 bp immediately upstream of the TSS (Tabach et
al. 2007). This window was selected because most of the core promoter elements and TFBSs are located within
the - 1000 bp surrounding the TSS. The - 1000 bp definition represents a balance between sensitivity for
detecting regulatory variation and specificity for functionally relevant promoter elements. TSS for cytokine genes
were obtained from genome annotation files, and gene strand orientation was used to ensure promoter
coordinates were calculated and extracted in the correct transcriptional direction for each gene. Promoter
sequences were extracted based on these coordinates, and SNP variants within promoter regions were identified
and filtered using the same methods as described above.

Sequence motif discovery was performed using MEME (Multiple EM for Motif Elicitation) (https://meme-
suite.org/meme/) to identify overrepresented sequence motifs within promoter regions (Bailey et al. 2015).
Putative TFBSs were identified by scanning promoter sequences with FIMO (Find Individual Motif Occurrences)
(Grant et al. 2011), using position frequency matrices from the JASPAR 2024 CORE vertebrate’s non-redundant
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database (Rauluseviciute et al. 2024). Genetic variants overlapping predicted binding sites were mapped to motif
positions. The potential functional impact of variants was assessed by evaluating their position within the motif
relative to conserved nucleotides, as defined by the JASPAR motif model. Each motif position has information
content (IC) or base probability. Positions with high IC are critical for TF binding. Variants occurring at positions
with high information content or altering highly preferred nucleotides were considered more likely to affect
transcription factor binding and motif function and therefore expression profiles.

Cytokine variation and Chlamydia prevalence in populations

Chlamydia infection and disease prevalence data were obtained from a previous review study (Quigley and Timms
2020). Data included the prevalence of C. pecorum infection and disease reported in studies conducted from 2012
to 2019 across Australia. The study presented Chlamydia infection data from 20 distinct regions across Australia,
with seven of these regions also providing data on Chlamydial disease prevalence. We retained infection and
disease prevalence data only for locations where our genomic data overlapped with this disease data, these
include Moreton Bay (N = 16), Port Macquarie (N = 13), French Island (N = 2), Kangaroo Island (N = 20) and Mount
Lofty (N = 20). We investigated whether allele frequencies for each of the seven cytokines containing variation
differed between locations with lower or higher Chlamydia prevalence and disease rate.

Results

We analysed SNP variation in nine cytokine genes across 457 wild koalas to assess genetic diversity and potential
associations with Chlamydia infection and disease. After quality filtering, we identified 18 high-confidence biallelic
SNPs across seven cytokine genes for downstream analyses (Table 1). Of the nine genes investigated, IL10 and
TNFa were monomorphic and not analysed further. The number of SNPs observed in the seven polymorphic
cytokines ranged from one (CXCL8) to four (IL1B and IL12B). We identified 32 alleles across these seven genes,
ranging from two (CXCLS8) to six (IL1B) (Table 1). Tajima’s D-test was used to assess natural selection across
different koala cytokines. Most genes showed a non-significant result, with significant positive Tajima’s D values
observed only for CXCL8 (D =2.19831, p<0.05) and IL6 (D =2.38611, p < 0.05), suggesting deviations from neutral
evolution that may reflect balancing selection or population demographic structure.
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Table 1

Summary of cytokine genetic diversity in 457 koalas across nine cytokine genes. Eighteen SNPs and 32 alleles
were identified across the cytokine genes examined. IL12B and IL17F were notable in containing exclusively non-
synonymous variation, while IL10 and TNF were monomorphic across all sampled individuals. Measures of allelic
diversity, nucleotide diversity (1), Tajima’s D, and promoter region variation are shown for each gene. Positive (+)
and negative (-) strands indicate transcriptional orientation. SNP counts are partitioned into synonymous (dS) and
non-synonymous (dN) substitutions.

Gene Scaffold Strand SNPs No. Allelic T Tajima's promoter
(dS:dN) alleles diversity D region
CXCL8 MSTS01000032.1 - 1(1:0) 2 0.4947 0.00127 2.19831* 15898653-
15899652
IFNG MSTS01000038.1 - 2(1:1) 3 0.3954 0.0008 0.54419 14484292-
14485291
IL1B MSTS01000147.1  + 4(1:3) 6 0.5268 0.00071  0.13253 907812-
908811
IL6 MSTS01000051.1 - 3(3:0) 4 0.6907 0.00176  2.38611* 13471621-
13472620
IL10 MSTS01000100.1 - 0 1 0 0 0 9803386-—
9804385
IL12B MSTS01000045.1 + 4(0:4) 5 0.3752 0.00044 -0.28461  15027259-
15028258
IL17A MSTS01000055.1 - 2(1:1) 3 0.1339 0.00029 -0.56014  3839778-
3840777
IL17F MSTS01000055.1 + 2(0:2) 3 0.5333 0.00124 1.40377  3752646-—
3753645
TNF MSTS01000255.1 - 0 1 0 0 0 2398541-
2399540
Total 18 32

Out of the 18 SNPs identified, seven were synonymous, and 11 were non-synonymous with nine of these resulting
in a physicochemical change due to amino acid changes (Table 2). Two non-synonymous SNPs identified in IFNG
and IL17A resulted in amino acid substitutions without changes in physicochemical properties of the residues.
These suggest that the variants are unlikely to cause major changes in protein structures (Table 2). IL12B showed
the highest diversity with four non-synonymous, followed by IL1B with 3 non-synonymous. All non-synonymous
SNPs were predicted to be neutral by PROVEAN, suggesting that these amino acid substitutions may not expected
to have a significant impact on protein function. However, these variants may still contribute to phenotypic
differences through effects on gene regulation, expression levels, mRNA stability or interactions with pathogens
such as Chlamydia.
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Table 2

Functional characteristics of non-synonymous cytokine variants identified across koala populations. Eleven non-
synonymous SNPs were detected across five cytokine genes, with nine resulting in changes to amino acid
physicochemical properties that may influence protein structure, stabilit(y or function. Variants occurred in

I

cytokines involved in inflammation (IL1B), intracellular pathogen clearance

FNG and IL12B), and Th17-mediated

immune responses (IL17A and IL17F). Several substitutions were geographically restricted, particularly within
IL1B, IL12B and IL17F, highlighting potential population-specific immune diversity.

Cytokine

IFNG

IL1B

IL12B

IL17A

IL17F

Function

Key for
clearing the
infected cells

Trigger
inflammation
and recruit
immune cells

Key for
clearing the
infected cells

Promote
inflammation
to control
bacterial
growth

Promote
inflammation
to control
bacterial
growth

Position

Signal

N_
terminal
pro-
domain

N_
terminal
pro-
domain

IL1
family B-
trefoil
domain

Disulfide
bond

Disulfide
bond

Mature
cytokine
domain

Disulfide
bond

Cystine-

knot
domain

Signal

Disulfide
bond

AA
site

45G
>C

139T
>C

355G
>A

787G
>A

166A
>G

72G
>T

502G
>A

520A
>G

137G
>T

T>C

88C
>G

AA change

Met15lle

Phe47Leu

Ala119Thr

Asp263Asn

Lys56Glu

Ala58Ser

Gly168Arg

Thr174Ala

Ser46lle

Val2Ala

GIn130Glu

Physicochemical

change

None

Aromatic(hydrophobic)

None/Polar

Negatively
charged/Polar

Positively

charged/Negatively

charged

None/Polar

None/Positively

charged

Polar/None

Polar/None

None

Polar/Negatively
charged

Population

S_NSW

N_QLD,
SEQLD_FNNSW,
S_NSW

N_QLD,
SEQLD_FNNSW,
M_NSW

S_NSW

N_QLD,
SEQLD_FNNSW,
M_NSW, S_NSW,
VIC, SA,
Narrandera

N_QLD,
SEQLD_FNNSW,
M_NSW

N_QLD,
SEQLD_FNNSW

N_QLD

S_NSW

N_QLD,
SEQLD_FNNSW,
M_NSW, S_NSW,
VIC, SA,
Narrandera

N_QLD,
SEQLD_FNNSW,
M_NSW, S_NSW
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There was higher genetic variation within the northern part of the koalas’ range compared to the southern regions.
Individuals from Queensland and northern NSW (SEQLD_FNNSW and N_QLD) had the highest number of cytokine
alleles with 23 across the seven polymorphic genes, followed by the mid and southern NSW (M_NSW and S_NSW)
with 20 alleles, and Victoria (VIC) and Narrandera having 14 alleles, and SA had the fewest with 11 alleles

(Table 3). S_NSW had the highest number of unique cytokine alleles with three alleles at IFNG, IL17A and IL1B not
found in other locations, followed by northern QLD with two unique cytokine alleles at IL1B and IL12B (Table 3).
VIC and SA koalas typically showed a higher frequency of the most common allele and were typically dominated
by a single allele (e.g. CXCL8_A2, IL17F_A3 and IL17A_A2) (Fig. 1). We saw differences in the most common
alleles at CXCLS, IL17F and IL6, with CXCL8_A2 being highly prevalent in VIC and SA populations but CXCL8_A1
being more common in northern populations (Fig. 1).

Table 3

Cytokine allele diversity varies markedly across the koala range. Northern Queensland and
southeast Queensland/far northern New South Wales populations harboured the highest
number of cytokine alleles, while southern populations contained fewer alleles and were

often dominated by a single variant. Several unique alleles were identified in northern
Queensland and southern New South Wales, highlighting population-specific immune
diversity. Values indicate the number of alleles detected within each genomic cluster, with
unigue alleles shown in parentheses.

Gene No. Alleles in each genetic cluster
N_QLD SEQLD_FNNSW M_NSW S_NSW VIC SA Narrandera

CXCL8 2 2 2 2 2 2 2
IFNG 2 2 2 3(A3) 2 2 2
IL1B 5(A6) 4 3 3(A4) 2 2 2
IL6 3 4 3 3 3 2 3
IL12B 5(A5) 4 3 2 3 2 2
IL17A 2 2 2 3(A3) 1 1 1
ILT17F 3 3 3 3 1 1 2
Total 23 23 20 20 14 11 14
Samples 86 101 64 73 72 40 17

We identified 37 SNPs within cytokine promoter regions. IFNG showed no variation within its promoter region,
while other cytokines ranged between three (IL6 and TNF) and eight (CXCL8) SNPs (Table 4). We found southeast
QLD and far-north NSW has the highest number of promoter SNPs with 35 SNPs, followed by north QLD with 32
SNPs. Narrandera and VIC have similar number of SNPs, with 18 and 17, respectively (Table 4). SA has the lowest
number of SNP within promoters, with nine (Table 4). By aligning promoter sequences with human cytokine
promotors, we predicted 17 SNPs within motifs and potentially influences expression. IL6 showed no variation
within motifs, while other cytokines ranged between one (IL17A, IL17F and TNF) and six (IL12B) SNPs. All six
SNPs found in the promotor region of IL12B are located within motifs.
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Table 4

Promoter-region variation reveals extensive regulatory diversity across koala cytokine genes. Thirty-seven SNPs
were identified within the promoter regions of eight cytokine genes, with 17 variants occurring within predicted
transcription factor binding motifs and therefore having the potential to influence gene expression. IL12B was

particularly notable, containing six promoter SNPs, all of which occurred within predicted motifs. Promoter
diversity was highest in northern populations and lowest in southern populations, mirroring patterns observed for
coding variation. Values in parentheses indicate the number of promoter SNPs located within predicted
transcription factor binding motifs.

Gene No. SNP gr?]p No. SNP variants at promoter regions (motifs) in each population
at s
promoters al ' N.QLD SEQLD_FNNSW M.NSW SNSW VIC SA Narrandera
CXCL8 8 2 8(2) 8(2) 7 (1) 4 (0) ?0) 0 5(0)
IL1B 5 4 4 (4) 4 (4) 0 4 (4) 0 0 0
IL6 3 0 3(0) 3(0) 3(0) 2 (0) 2 2 2 (0)
© (0
IL10 4 2 3(1) 3(2) 4(2) 4(2) 4 3 3(2
2 @
IL12B 6 6 5(5) 5(5) 4 (4) 3(3) ?3) 0 3(3)
IL17A 4 1 2 (0) 4(1) 4(1) 2 (0) T T 1(0)
© (0
IL17F 4 1 3(0) 4 (1) 4(1) 2 (1) 2 1 2(1)
m
TNF 3 1 3(1) 3(1) 3(1) 3(1) 2 2 2 (1)
m M
Total 37 17 32 35 29 25 17 9 18

Chlamydial infection prevalence and disease rates varied markedly amongst the subset of populations that
overlapped with our study (Fig. 2). Mainland populations exhibited comparable and high chlamydial infection rates
at Moreton Bay (47%), Port Macquarie (63%) and Mount Lofty (31%), but differed substantially in clinical disease
rate, with higher disease prevalence at Moreton Bay (28%) and Port Macquarie (20%) compared to Mount Lofty
(4%). French Island and Kangaroo Island were both reported as free of C. pecorum (Fig. 2). Several alleles
exhibited marked frequency differences between high infection prevalence and high disease rates populations
(HIHD), including Moreton Bay and Port Macquarie, and high infection prevalence and low disease rates (HILD)
populations (Mount Lofty). For example, CXCL8_A1 and IL17F_A2 occurred at high allele frequency in HIHD
populations (0.69-0.96 and 0.58-0.91) but was absent in HILD population (0%), respectively. Predominant alleles
of CXCL8_A2, IL12B_A1, IL17F_A3 and IL17A_A2 were more frequent in low disease rate populations.

Discussion

Here, we provide the first range-wide assessment of cytokine genetic diversity in koalas and identify both coding
and regulatory variants that may influence immune responsiveness and susceptibility to chlamydial disease. We
detected 18 SNPs and 32 alleles across seven polymorphic cytokine genes, together with 37 promoter variants,
many of which occur within predicted transcription factor binding motifs. Cytokine diversity was highest in
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northern populations and lowest in southern populations, mirroring patterns previously observed for genome-wide
diversity, MHC, TLR and AMP genes. Notably, variation in IL12B and IL17F differentiated populations with
contrasting chlamydial disease profiles, highlighting these genes as promising candidates for future studies of
disease susceptibility and resilience.

Previous studies have shown that marsupial cytokine repertoires are broadly comparable to those of eutherian
mammals in the opossum (Monodelphis domestica), tammar wallaby (Notamacropus eugenii) and Tasmanian
devil (Sarcophilus harrisii) (Belov et al. 2013; Morris et al. 2015; Wong et al. 2011; Wong et al. 2006). However,
there are few studies that discuss marsupial cytokine variation. Koala cytokine diversity is similar to what is
reported in wild field voles (Microtus agrestis), a common eutherian species, in which 18 SNPs across eight genes
were identified in a sample of 665 individuals (Turner et al. 2011). The comparable cytokine diversity between
koalas and field voles suggests that cytokine genes remain relatively diverse in koala populations.

We identified 18 SNPs across seven polymorphic cytokine genes involved in key immune pathways that regulate
the balance between pathogen clearance and immunopathology during chlamydial infection. Because Chlamydia
is an intracellular bacterium, effective host defence relies on coordinated innate, Th1 and Th17 immune responses
(Scurlock et al. 2011). The cytokines characterised here include pro-inflammatory mediators (IL1B, IL6, TNFa and
CXCLS8) that drive early inflammatory responses, Th1-associated cytokines (IFNG and IL12B) that promote
intracellular pathogen clearance, and Th17-associatd cytokines (IL17A and IL17F) that regulate mucosal
inflammation and neutrophil recruitment (Cohen and Cohen 1996; Li et al. 2018; Perry et al. 1997). Variation within
these genes therefore has the potential to influence both protection against infection and the risk of inflammation-
associated tissue damage, a hallmark of chlamydial disease (Rasmussen et al. 1997).

Nine of the 11 non-synonymous substitutions identified in cytokine exons resulted in changes to amino acid
physicochemical properties, suggesting the potential to alter protein structure, stability or function. Although the
functional consequences of these variants remain unknown, substitutions affecting charge, polarity or
hydrophobicity can influence protein folding, receptor interactions and signalling efficiency, ultimately shaping
immune responsiveness and disease susceptibility (Tsai 2017; Ullrich et al. 2020; Zhang et al. 2011). Several
variants occurred in cytokines with central roles in regulating inflammatory responses to chlamydial infection,
including IL1B, IL12B, IL17A and IL17F. Structural comparisons with human cytokines suggest that some
substitutions occur within regions important for protein stability and function. Notably, several non-synonymous
variants showed strong geographic structuring. The IL17F GIn130Glu substitution was detected only in northern
populations, while all non-synonymous substitutions identified in IL1B and three of the four substitutions in IL12B
were absent from southern populations. These patterns suggest the possibility of population-specific immune
adaptation or divergent evolutionary histories.

Particularly noteworthy was the observation that IL12B and IL17F contained exclusively non-synonymous
variation, meaning that all observed alleles encoded distinct protein variants. This finding suggests that genetic
diversity within these cytokines may have functional consequences for immune responses to chlamydial infection.
IL12B and IL17F form part of a linked immune signalling pathway that helps balance pathogen clearance and
inflammation (Moschen et al. 2019). IL12B contributes to the production and maintenance of IL23 and promotes
Th1 and Th17 immune responses, both of which are important for controlling intracellular pathogens such as
Chlamydia (Scurlock et al. 2011). Downstream, IL17F regulates inflammatory responses at mucosal surfaces and
contributes to neutrophil recruitment and bacterial control (Curtis and Way 2009; Onishi and Gaffen 2010). While
activation of this pathway is critical for effective host defence, excessive or dysregulated signalling can promote
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chronic inflammation, tissue damage and other pathological outcomes associated with persistent chlamydial
disease (Holland et al. 1996). Consequently, variation within IL12B and IL17F may influence the balance between
protective immunity and immunopathology, making these genes strong candidates for future investigations of
disease susceptibility and resilience in koalas.

Variation in IL12B and IL17F emerged as one of the strongest signals associated with population differences in
chlamydial infection and disease prevalence. Although individual-level infection and disease data were not
available for the sequenced koalas, comparisons among populations with published chlamydial prevalence data
revealed intriguing patterns. Allele frequencies at both IL12B and IL17F differed among population with
contrasting disease profiles. In particular, populations with higher frequencies of IL17F_A3 tended to exhibit lower
rates of clinical disease. These observations are consistent with the hypothesis that variation in cytokine genes
may influence progression from infection to disease by altering the balance between pathogen clearance and
inflammatory pathology (Wang et al. 2005b).

This interpretation is supported by previous studies demonstrating that cytokine expression varies with Chlamydia
infection status in koalas (Mathew et al. 2014). Differences have been reported in the expression of IFNG, IL10
and IL17A between infected and uninfected individuals (Mathew et al. 2013a; Mathew et al. 2013b; Mathew et al.
2014), while KoRV-B-positive koalas show altered expression of several cytokines, including IL17A (Maher and
Higgins 2016). Together, these findings suggest that the coding and regulatory variants identified in this study may
contribute to differences in immune responsiveness among individuals and populations, although functional
studies will be required to determine their effects on cytokine expression, signalling and disease outcomes.

In addition to coding variants that alter protein sequence, variation within cytokine promoter regions may influence
immune responses by modifying transcription factor binding sites and, consequently, patterns of gene expression
(Ohman et al. 2006). We identified 37 SNPs across the promoter regions of eight of the nine cytokines examined,
17 of which occurred within predicted transcription factor binding motifs. Particularly notable was IL12B, which
contained the greatest promoter diversity, and for which all identified promoter variants occurred within predicted
transcription factor binding motifs. Given the central role of IL12B in regulating Th1 and Th17 immune responses
(Coffre et al. 2013), these variants may influence transcriptional regulation and contribute to differences in
immune responsiveness among individuals and populations.

Together, the coding and regulatory patterns identified here suggest that cytokine genes form part of a broader
landscape of geographically structured immune diversity across the koala range. Cytokine diversity was greatest
in northern populations and declined towards the south, mirroring patterns previously reported for MHC, TLR and
AMP genes, as well as genome-wide diversity. These results suggest that cytokine genes form part of a broader
pattern of geographically structured immune variation that may contribute to differences in adaptive potential and
disease resilience among populations.

The marked differences in cytokine allele frequencies among koala populations are consistent with the combined
effects of pathogen-medicated selection and demographic history. Southern populations, particularly those in
Victoria and South Australia, were often dominated by a single cytokine allele, reflecting the legacy of severe
historical bottlenecks. Despite this reduced diversity, these populations generally experience lower levels of
chlamydial disease, raising the intriguing possibility that some retained cytokine variants contribute to disease
resilience. However, disentangling the effects of selection from historical population processes will require
individual-level genotype and disease data. Regardless, these findings reinforce the importance of maintaining
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immune gene diversity, as genetic variation provides the raw material for adaptation to future pathogen and
environmental challenges.

Conclusion

This study provides the first range-wide assessment of cytokine genetic diversity in koalas and identifies both
coding and regulatory variants that may contribute to differences in immune responsiveness and chlamydial
disease outcomes. We identified substantial geographic structuring of cytokine diversity, with northern
populations harbouring greater variation than southern populations, mirroring patterns previously observed across
other immune gene families and the broader genome. In particular, IL12B and IL17F emerged as strong candidate
genes associated with population differences in chlamydial infection and disease prevalence, while promoter
variation, especially within IL12B, highlights the potential importance of regulatory mechanisms in shaping
immune responses. Together, these findings expand our understanding of koala immunogenetics and provide a
foundation for future studies linking cytokine variation to gene expression, disease susceptibility and resilience.
Maintaining immune gene diversity will be critical for preserving the adaptive potential of koala populations facing
ongoing disease and environmental change.
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