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Abstract

Conservation genomics can greatly improve conservation outcomes of threatened populations, including those impacted
by disease. Understanding diversity within immune gene families, including the major histocompatibility complex (MHC)
and toll-like receptors (TLR), is important due to the role they play in disease resilience and susceptibility. With recent
advancements in sequencing technologies and bioinformatic tools, the cost of generating high-quality sequence data has
significantly decreased and made it possible to investigate diversity across entire gene families in large numbers of individu-
als compared to investigating only a few genes or a few populations previously. Here, we use the koala as a case study for
investigating functional diversity across populations. We utilised previous target enrichment data and 438 whole genomes
to firstly, determine the level of sequencing depth required to investigate MHC diversity and, secondly, determine the cur-
rent level of diversity in MHC genes in koala populations. We determined for low complexity, conserved genes such as TLR
genes 10 X sequencing depth is sufficient to reliably genotype more than 90% of variants, whereas for complex genes such
as the MHC greater than 20 X and preferably 30 X sequencing depth is required. We used whole genome data to identify 270
biallelic SNPs across 24 MHC genes as well as copy number variation (CNV) within class I and class II genes and conduct
supertype analysis. Overall, we have provided a bioinformatic workflow for investigating variation in a complex immune
gene family from whole genome sequencing data and determined current levels of diversity within koala MHC genes.
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Introduction

Our world is more connected than ever, and the threat of
zoonotic and emerging infectious diseases continues to
increase as humans encroach more on the natural world. This
can be seen by the rapid spread of chytridiomycosis around
the globe that has severely impacted global amphibian
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populations (Martel et al. 2014; Scheele et al. 2019). With
increasing disease pressures on already under-threat popula-
tions, identification of genetic variants that improve an indi-
vidual’s chance of survival are key. The major histocompat-
ibility complex (MHC) and toll-like receptor (TLR) gene
families are of great interest to immunogeneticists as they
are involved in two vital aspects of host immunity. The MHC
is a highly polymorphic gene family part of the adaptive
immune system with the number of loci differing between
species as a result of a rapid birth and death evolutionary
model (Hughes and Nei 1990; Nei et al. 1997). Genes of
the MHC encode molecules which bind and present pep-
tides to T-cells in order to determine self from non-self and
triggering an immune reaction if a peptide is determined
as non-self. There are two classes of MHC genes involved
in peptide binding and presentation, class I genes are pre-
sent on all nucleated cell types and typically bind to pep-
tides from intracellular pathogens (Bjorkman and Parham
1990; Cresswell et al. 2005), whereas class II genes are
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only present on antigen presenting cells and bind peptides
from exogenous pathogens (Kelley et al. 2005; Neefjes et al.
2011). In contrast, TLR genes are highly conserved across
most multicellular organisms and are an ancient part of
the innate immune system (Singh et al. 2003). TLR genes
encode membrane spanning molecules that are present on
the surface of numerous cells and organelles (Akira 2001).
TLRs bind to conserved molecules expressed on the surface
of pathogens which activates aspects of both the innate and
adaptive immune systems (Akira et al. 2001).

Sequencing technologies, assembly algorithms and bioin-
formatic pipelines are rapidly advancing, enabling research-
ers to answer biological questions that were unattainable
only decades previously. Traditional genomic investigations
on non-coding regions on the genome have focused on how
populations of species are connected to one another and pro-
vided a general overview of the genetic health of a popu-
lation (Gaughran et al. 2018; Kardos et al. 2021; Waples
et al. 2020). It is, however, variation within coding regions
of the genome that provides a species with adaptive poten-
tial (Allendorf et al. 2010; Eizaguirre and Baltazar-Soares
2014); this variation has typically been assessed with locus
specific primers which are effective for investigating diver-
sity within conserved genes. This approach has limitations
for complex multicopy gene families such as the major histo-
compatibility complex (MHC) (Babik 2010). Most methods
to investigate MHC diversity amplify the peptide binding
region (PBR), encoded by exon 2 and 3 of the gene (Babik
2010; Cheng et al. 2022, 2018; Hermsen et al. 2017). This
methodology may not amplify all loci or alleles intending to
be targeted and it is not possible to truly determine the total
number of MHC loci within a species (Babik 2010; Lane
et al. 2012). The availability of a high-quality (long-read
sequencing) reference genome for a species of interest makes
it possible to bioinformatically characterise the true number
of MHC loci within a species and either design primers to
amplify specific loci or use resequencing data to investigate
diversity across the genome (Heimeier et al. 2024; Peel et al.
2022). As the use of WGS increases in the field of conserva-
tion genomics, it is important to determine whether geno-
types in highly polymorphic regions of the genomes can be
reliably assessed.

We use koalas as our case study species because there is
a high-quality reference genome and accurate immune gene
annotation (Johnson et al. 2018; Peel et al. 2022), which
made it possible to bioinformatically characterise the entire
MHC region. Previous work has identified 11 class I (puta-
tively three classical and eight non-classical) and 14 class
II genes (Cheng et al. 2018; Johnson et al. 2018; Lau et al.
2013; Silver et al. 2022). Koalas are impacted by Chlamydia
and koala retrovirus (KoRV) (Beyer et al. 2018; Cockram
and Jackson 1974; Hanger et al. 2000; Polkinghorne et al.
2013). With some populations showing up to 100% of adult
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koalas are infected with Chlamydia (Jackson et al. 1999;
Quigley and Timms 2020). In koalas, chlamydiosis is associ-
ated with clinical signs in the ocular and urogenital region,
including conjunctivitis leading to corneal scarring and
blindness, as well as “wet-bottom” and inflammation in the
reproductive tract resulting in infertility (Cockram and Jack-
son 1974; McColl et al. 1984; Polkinghorne et al. 2013).
However, not all instances of Chlamydia infection result in
disease with subclinical infections occurring up to 28% of
the time in a south-east QLD population of koalas (Quigley
et al. 2018b, 2019). Previous studies on koala MHC and
TLR diversity have primarily involved amplicon sequencing
of the PBR for MHC and the leucine repeat region, trans-
membrane and cytoplasmic domains for TLR genes (Cheng
et al. 2018; Cui et al. 2015; Lau et al. 2013; Quigley et al.
2018a; Robbins et al. 2020). The study on TLR genes iden-
tified a total of 40 SNPs across ten genes (Cui et al. 2015).
The primary aim of the MHC studies has been to identify
alleles associated with Chlamydia susceptibility and iden-
tified seven alleles from p class II genes and three class I
alleles as either increasing susceptibility or resilience to
infection (Lau et al. 2014a; Quigley et al. 2018a; Robbins
et al. 2020; Silver et al. 2022).

The aims of this study were twofold; firstly, to determine
the ideal sequencing depth for genotyping complex gene
regions (represented by 25 MHC genes) compared to known
single copy, highly conserved genes (represented by ten TLR
genes) using available koala target enrichment data (Silver
et al. 2022) sequenced to an average of 264 X (59.3-501.2 X)
depth across the targeted regions and ten matched WGS sam-
ples (Hogg et al. 2023), sequenced to 47.31 x (42.1-59.3 ).
We then used these results to inform our sampling design
for the Koala Genome Survey (Hogg et al. 2023), where we
sequenced whole genomes of 438 koalas across the entire
geographic range (Fig. 1). Our second aim was to character-
ise the level genetic variation (both SNPs and copy number)
within koala MHC genes across the entire gene length.

Methods
Sequencing depth comparison

Sample collection, DNA extraction and sequencing
approaches for target enrichment and WGS comparison
used in this study have been described previously (Hogg
et al. 2023; Robbins et al. 2019, 2020; Silver et al. 2022).
Specifically, we used ten samples from a single population in
the Moreton Bay Region (MBR; 27.0946° S, 152.9206° E)
with DNA extracted from 200 pL of whole blood using the
standard MagAttract HMW DNA kit (QIAGEN) protocol.
For target enrichment, DNA libraries were prepared using
the Kapa Hyperprep Kit (Roche) and DNA was hybridised
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Fig. 1 Map showing the locations koala samples were collected from,
colours of each pie chart represent the genetic clusters found in each
location and the size of the pie chart is representative of the number

to RNA baits and sequenced on an Illumina NovaSeq SP
2x 150 bp flowcell (Illumina) at The Ramaciotti Centre for
Genomics (Kensington). For WGS, DNA was sequenced on
a Novaseq 6000 S4 flowcell (Illumina) after a TruSeq DNA
PCR Free library preparation (Illumina) at The Ramaciotti
Centre for Genomics (The University of New South Wales,
Kensington, Australia).

For both types of sequence data, raw fastq files were qual-
ity checked and aligned to the specific regions of MHC or
TLR genes covered by RNA baits in the target capture pro-
tocol (Table S1) of the koala reference genome (Johnson
etal. 2018) (GCA_002099425.1_phaCin_unsw_v4.1) using
Illumina’s Dragen Germline pipeline (v3.8.4) with default
parameters. For the WGS data, aligned bam files were then
down-sampled using samtools (v1.6) to average sequencing
depth of 0.5%, 1x,2X,5%, 10x, 15x, 20 xand 30x (Li
and Durbin 2009; Li et al. 2009). For each level of sequenc-
ing depth single sample, gvcf files were used as input to Illu-
minas’ Dragen Joint Genotyping pipeline (v3.9.5) to produce
multi-sample vcf files. For TLR genes, vcftools (v0.1.14)
(Danecek et al. 2011) was used to retain only biallelic SNPs
within TLR exons. GATK (v4.2.0.0) (McKenna et al. 2010)
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of samples from a given site with pies of radius 0.2 representing 1-10
samples, 0.4 being 11-20 samples and 0.6 being 21-30 samples

VariantFiltration and SelectVariants were used to filter sites
with quality less than 80 and mapping quality less than 40.
Bcftools (v1.3.1) (Danecek et al. 2021; Li 2011) and vcftools
(v0.1.14) (Danecek et al. 2011) were used to calculate depth
for each genotype and remove sites with an average depth
less than 1/3 the target sequencing depth up to 10 X (i.e.
for a target sequencing depth of 15X, sites with average
depth less than 5 were removed). For MHC genes, vcftools
(v0.1.14) was used to retain only biallelic SNPs within MHC
exons. GATK (v4.2.0.0) (McKenna et al. 2010) VariantFil-
tration and SelectVariants were used to filter sites with qual-
ity less than 80, mapping quality less than 40 MQRankSum
greater than 12.5 or less than — 12.5 and ReadPosRankSum
greater than 8 or less than — 8. Bcftools (v1.3.1) (Danecek
et al. 2021; Li 2011) and vcftools (v0.1.14) were used to
calculate depth for each genotype and remove sites with an
average depth less than 1/3 the target sequencing depth up
to 10x (i.e. for a target sequencing depth of 15 X, sites with
average depth less than 5 were removed). Beftools (v1.3.1)
and vcftools (v0.1.14) (Danecek et al. 2021; Li 2011) were
also used to calculate allelic balance and remove sites with
a difference of greater than 90%.
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To assess the concordance of variants called between tar-
get enrichment and whole genome data, we first identified
which variant sites were present in both data types for both
MHC and TLR gene families. Secondly, for each genotype
call in each individual a letter of the alphabet was assigned
(e.g. ‘A’ was assigned when both the target enrichment and
WGS variant for an individual was a homozygote for the
reference allele; see Table S2 for alphabet letter allocations).
Concordance was determined by the number of match-
ing genotype calls between target enrichment and WGS

Concordance =

compared to non-matching variant calls. A value for concord-
ance (when the genotype in an individual was the same with
both target enrichment and WGS), missing WGS calls (when
a genotype was called in an individual with target enrichment
but not called in the same individual with WGS), missing
target enrichment call (when a genotype was called in an
individual with WGS but not called in the same individual
with target enrichment) and non-concordant genotype calls
(when the genotype in an individual was different between
target enrichment and WGS) was calculated as below.

YA+YF+YK+YP

YA+YB+YC+YD+YE+XF+YG+YH+YXI+YJ+YXK+YXL+XM+>XN+>X0+YP

YM+YN+YO0

Missing whole genome calls =

Missing Target enrichment calls =

YA+YB+YC+YD+YE+XF+YG+YH+YI+YJ+XK+YL+XM+YXN+>0+YP

>D+YH+L

Non — concordance =

YA+YB+YC+YD+YE+YF+YG+YH+YI+YJ+XK+YXL+YM+YN+YO+YP

SB+YC+YE+YG+XI+>J

YA+YB+YC+YD+YE+YF+YG+YH+YI+YJ+YK+YL+YM+YN+YO+XP

Additionally, we wanted to determine whether we would
be able to detect structural variants in the form of MHC
copy number variation (CNV) in our WGS dataset. We used
differences in sequencing depth to identify putative CNV in
MHC genes. For each of the ten samples at each of the eight
down-sampled sequencing depths and the full dataset, we
used the samtools coverage (v1.14) (Li et al. 2009) to deter-
mine the number of reads spanning each MHC and TLR
gene as well as the number of bases covered by reads in each
gene. The number of reads was then divided by the gene
length in kb to determine the numbers of reads per kilobase
(RPK). To identify potential copy number variations, the
RPK value for each MHC gene was divided by the average
RPK value for the eight TLR genes and multiplied by two to
give an allelic copy number (with a value of two indicating a
single copy of a particular gene). The allelic copy numbers
were plotted using the ggplot2 package (Wickham 2016) in
R (v4.2.1) (R Core Team 2024) to allow for comparison and
estimation of copy number differences between individuals.
To identify putative copy number variants, any individual
with an allelic copy number value between 1.5 and 2.5 were
said to have a single copy of the gene (Bidon et al. 2015).

@ Springer

WGS range wide diversity

From our sequencing depth comparison (see ‘“Results”), we
determined that a target of 30 X sequencing depth provided
the best quality of data for the most value for money. For our
range wide diversity investigation we used 418 koala WGS
from Hogg et al. (2023) (we excluded 12 captive samples as
we were solely interested in wild diversity) and an additional
20 samples from Kangaroo Island. We performed either a
MagAttract HMW DNA kit (Qiagen, Germany; cat: 67,563),
or a high salt method (following a modified protocol from
Aljanabi and Martinez (1997)) extraction with samples
sequenced on Novaseq 6000 S4flowcell (Illumina) after a
TruSeq DNA PCR Free library preparation (Illumina) at The
Ramaciotti Centre for Genomics. An initial sequencing run
of 24 samples were pooled across one lane of a S4 200 cycle
flowcell and sequencing depth assessed. The initial sequenc-
ing yielded uneven sequencing depth across sampling due
to varying DNA quality and library pooling. As a result, we
undertook an additional DNA repair step using a FFPE DNA
repair protocol (New England Biosciences) (see Hogg et al.
(2023) for details). Further sequencing runs took place by
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pooling 48 samples across one lane of a S4 200 cycle flow-
cell with sequencing depth assessed following the comple-
tion of the sequencing and pooling adjusted accordingly to
meet the 30 X sequencing depth goal.

Raw fastq files were quality checked and aligned to the
koala reference genome (GCA_002099425.1_phaCin_
unsw_v4.1) (Johnson et al. 2018) using the Dragen Plat-
form (v.3.8.4, [llumina San Diego) on Illumina’s Basespace
portal. Following each sequencing run, raw and aligned data
files (fastq and BAM) were publicly released on the Amazon
Web Services (AWS) Open Data program (https://awgg-lab.
github.io/australasiangenomes/species/Phascolarctos_ciner
eus.html).

Once sequencing of all samples had been completed,
we used the Dragen gVCF genotyper in the non-iterative
mode on a Dragen V4 server to generate a multi sample
vcf file. Following this, we used the Dragen Joint Geno-
typing Pipeline (v3.9.5) on Illumina’s Basespace portal
to run joint genotype calling on the multi sample vcf file.
To investigate MHC diversity within the koala population,
we first filtered the whole genome joint genotyped multi-
sample vcf file to include only biallelic SNPs found within
MHC exons (Table S1) using vcftools (v0.1.14) (Danecek
et al. 2011) and gatk SelectVariants (v4.2.0.0) (McKenna
et al. 2010). Further filtering of variants then occurred as
described above.

For all, analysis samples were divided into seven regions
(five reflective of the genetic clusters determined by McLen-
nan et al. (2024 ), Kangaroo Island and Narrandera [Narrand-
era was included as a separate region as there are reports that
these koalas originated from mixing individuals from Victo-
ria and another unknown location (Sullivan 1990)], Fig. 1).
To assess genetic differentiation between individuals, we
generated PCoA plots using our filtered MHC variants using
adegenet (Jombart 2008) in R (v4.1.1) (R Core Team 2024).
We performed PCoA analysis separately, one gene present
in single copy and one genes with CNV (see results below).
To determine the correlation between genetic distance and
geographical distance, we conducted a Mantel test using the
dartR package for R (Gruber et al. 2018). We then phased
SNPs by first using gatk FastaAlternateReferenceMaker
(v4.2.0.0) McKenna et al. 2010) to convert the multi-sample
vcf file to a single sample consensus fasta sequences for
each gene investigated. SeqPHASE (Flot 2010) was used to
convert the fasta sequences into phase format then PHASE
(v.2.1.1) (Stephens and Scheet 2005; Stephens et al. 2001)
and was run to generate alleles to investigate diversity across
the koala range. SeqPHASE (Flot 2010) was used to con-
vert PHASE output into phases fasta sequences to give 900
sequences for each gene (two sequences per individual).

Any sequence with unresolved alleles was then removed
and data imported into DNA Sequence Polymorphism

v6.12.03 (Rozas et al. 2017) to label alleles and calculate
diversity statistics including nucleotide diversity and allele
diversity (Nei 1987). Prior to diversity metrics being cal-
culated, any alleles that occurred at a frequency less than
0.005 (four occurrences or less) were removed. Allelic
frequency for genes present in single copy was visualised
using ggplot2 (Wickham 2016) in R (v.4.1.1). PCoA plots
based on allele assignment was conducted as described
above. Weir and Cockerham’s Fg (Weir and Cockerham
1984) was calculated using vcftools v0.1.14 (Danecek
et al. 2011) between each cluster.

Non-synonymous variations have functional conse-
quences and these amino acid substitutions may impact
an MHC molecule’s antigen binding ability. It is predicted
that MHC supertypes can bind pathogens with similar
antigenic profiles. We attempted to cluster class I alleles
into supertypes by first retaining only amino acids pre-
dicted to be involved in peptide binding as determined by
Cheng et al. (2018). Then, substituting each amino acid for
five z scores represent a range of physiochemical proper-
ties as per Sandberg et al. (1998). We then used DAPC
clustering as part of the adegenet (Jombart 2008) package
in R by first using 1000 repeats, through the replicate()
function, of find.clusters() with the following parameters;
n.pca =30, max.n.clust=30, n.iter =5e5, n.start=3500.
We then identified the best k based on the most common
occurrence of minimum Bayesian information criterion
(BIC). We then performed discriminant analysis of prin-
cipal components (DAPC) retaining 15 principal compo-
nents (PC) and all discriminant functions. We then ran
optim.a.score() to determine the most appropriate number
of PCs to retain and then a second iterations of dapc()
with the number of PCs as chosen by optim.a.score(). We
then extracted the clusters each amino acid sequences were
assigned to and assigned supertypes to each individual.
PCoA plots based on supertype assignment was conducted
as described above.

Copy number variation (CNV) detection was performed
by investigating sequencing depth differences between
MHC genes and TLR genes as described above with CN'Vs
visualised using a violin and scatter plot using ggplot2
(Wickham 2016) in R (v4.1.1) (R Core Team 2024) to
identify regions and genes with CNV. In order to deter-
mine if using a read depth approach to identifying CNV
in koala MHC is appropriate, we constructed neighbour
joining trees with 1000 bootstrapping replicated using
the best model predicted in MEGA11 for MHCI (Tamura
3-parameter + gamma distribution), MHCII A (Kumara
2-parameter + gamma distribution) and MHCII B (Kumara
2-parameter + gamma distribution) alleles identified in this
study. These results showed that alleles of the same gene
are more similar to each other than to alleles of different
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MHC genes (Figure S1-S3), additionally the percentage
of similarity between MHC genes is sufficiently low that
reads map uniquely to the correct locus (Cheng et al.
2018).

Results
Sequencing depth comparison

For MHC genes, target enrichment identified 269 variants
and due to the high average sequencing depth of the tar-
get enrichment samples we designate these as “true” calls.
The full (>40 % sequencing depth) whole genome data
identified 262 variant sites and the down-sampled whole
genomes found between 49 (0.5 X sequencing depth) and
272 variant sites (20 X sequencing depth). For TLR genes,
we identified 26 variants in the target enrichment data,
and due to the high average sequencing depth of the target
enrichment samples, we designate these as “true” calls.
Down-sampled WGS identified between 10 (0.5 X sequenc-
ing depth) and 26 (> 15 X sequencing depth) variants. For
both gene families, at a low-sequencing depth (0.5 X -2 X)
far more variants were not identified in the whole genome
data set (Figure S4). As sequencing depth increased,
more variants present in the “true” dataset were identi-
fied in the whole genome dataset (Figure S4). In MHC
genes, the percentage of concordance plateaus slightly at
a> 15 x sequencing depth; although, the reliability contin-
ued to increase with increasing sequencing depth whilst in
TLR genes it plateaus at a> 10 x sequencing depth (Fig-
ure S5). Interestingly, there were additional MHC variants
identified in the whole genome data that were not present
in the target capture (28 MHC variants present only in the
full whole genome dataset) (Figure S4A). This trend was
not observed in the TLR genes, and at a 15 X sequencing
depth and above, all 26 variants were present in both data-
sets (Figure S4B). As expected, as the sequencing depth of
the whole genome data increased there was higher overlap
between the variants identified through WGS and target
enrichment (Figure S4). Additionally, as the sequencing
depth increased there was higher concordance of overlap-
ping variant calls (Figure S5). At a low-sequencing depth
(0.5-2 ), the greatest source of non-concordant calls was
due to missing data, with 66% and 63% of overlapping vari-
ant sites missing genotype calls in MHC and TLR genes,
respectively, at a 0.5 X sequencing depth (Figure S5).
Overall, concordance was similar between target enrich-
ment and WGS in the TLR genes compared to MHC genes
(Figure S5).

From our copy number analysis, we able to identify
CNYV at sequencing depth of 1 X (a deletion in DBA2);
however, as sequencing depth increases (> 10 %), it
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becomes possible to identify hemizygous variations and
more reliably identify duplication of genes (Figure S6,
S7), with the best results occurring with sequencing depth
30 X or above.

WGS range wide diversity

A total of 438 samples were sequenced across 53 wild loca-
tions with an average sequencing depth 32.25 X (range,
11.3-66.8 X) and the multi-sample vcf file containing all
sequenced koalas consisted of 48,695,015 variants. Follow-
ing identification and filtering of MHC variants, we located
270 biallelic SNPs in 438 koalas, including 144 in class I
and 126 in class II genes with only one gene (DAB1) being
monomorphic. Out of the 270 variants, 164 are predicted
to be amino acid altering, with non-synonymous variation
present in 21 genes. UA, UH and DAB3 all had more than 20
non-synonymous variants, and UA also had the most alleles
with 27. Across the 24 MHC genes with variants detected,
we identified 180 alleles including 75 class I and 105 class IT
(Table 1, Table S3, Additional Data 1). Overall, the 24 genes
with variants had an average of 11.25 exonic SNPs (range,
1-53), 7.5 alleles (range, 2-27) and 6.8 non-synonymous
SNPs (range, 0-36) (Table 1). On average, class I genes
had higher numbers of exonic SNPs, non-synonymous SNPs
and fewer alleles compared to class II genes. The higher
numbers of alleles identified in class II genes compared to
class I genes may be due to five class II genes having CNV,
compared to four class I genes having CNV and also there
are more class II genes (14) compared to class I genes (11).
The highest nucleotide diversity was seen in UH and UA
had the highest allelic diversity (Table 1). Diversity results
are consistent with genes that have CNV across the koala
range having more alleles and higher levels of genetic diver-
sity. Exploratory population analysis using SNPs in MHC
genes indicate homogenous genetic structuring with minimal
structuring between populations found in NSW and QLD
(Fig. 2). There is tight clustering of individuals sequenced
from Victoria and Kangaroo Island that is also supported
by extremely low population differentiation (as measured
by Fgp; 0.029: Table 2). Similarly, a low differentiation is
seen between northern QLD and south-east QLD and north-
ern NSW (Fgp=0.051), as well as mid-coast NSW and
southern NSW koalas (Fgr=0.063). Between wild popula-
tions, the highest level of differentiation is seen between
northern Queensland and Victorian koalas (Fgr=0.318;
Table 2). When looking at population structuring through
alleles, we can see overlapping clusters according to regions
defined from the genome-wide variation (McLennan et al.,
2024), with individuals from northern QLD forming a dis-
tinct group, koalas from NSW and south-east QLD form-
ing another cluster and Victoria and Kangaroo Island koa-
las forming two additional clusters (Fig. 2). In our PCoAs
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Table 1 Di"erSit.y stati:stics for Gene N SNPs SNPs (ns) T No. alleles Allelic diversity
each MHC gene investigated
including number of non- MHCII (UT) 876 1 1 0.00045 2 0.483
synonymous SNPs, number MHCI2 (UD) 876 | 0 000036 2 0.37
of alleles and nucleotide and
allelic diversity. Nucleotide and MHCI4 (UA)* 611 53 36 0.01914 27 0.888
allelic diversity were calculated MHCIS (UK) 874 4 4 0.00121 2 0.33
in DNAsp v.6.12.03 (Nei 1987, MHCI8 (UC) 822 2 1 0.00068 4 0.603
Rozas etal. 2017) MHCI9 (UE) 814 4 2 000128 6 0.703
MHCI10 (UF) 876 2 1 0.00054 3 0.524
MHCI12 (UH)* 363 50 21 0.01948 13 0.787
MHCI13 (UG)* 825 15 12 0.00267 7 0.602
MHCI15 (UJ) 875 1 0 0.00052 2 0.499
MHCI19 (UB)* 785 10 4 0.00333 7 0.802
DAA 876 5 0 0.00313 4 0.569
DAB2* 611 12 7 0.00682 18 0.869
DAB3* 599 27 20 0.01521 25 0.821
DAB4 875 3 1 0.00149 3 0.407
DAB5 876 2 2 0.00081 3 0.589
DBAI 812 18 12 0.00793 11 0.738
DBA2* 835 23 17 0.01052 8 0.569
DBB2* 869 5 4 0.00148 2 0.245
DBB3* 840 12 7 0.00462 12 0.732
DCA 873 8 4 0.00347 6 0.757
DCB 876 5 4 0.00173 5 0.712
DMA 876 3 1 0.00134 3 0.598
DMB 768 3 3 0.00141 5 0.764
N, number of sequences; w, nucleotide diversity
“Indicates gene has copy number variation
A B (o]
—~ = a AA o AA e
s it it Eg
9 g 9 ’
o + 4 ‘ °
PCoA AXis 1 (29.03%)
D E
< < <
3 ‘oot |8 38
a % ° a a

PCoA Axis 1(24.98%)

©  Narrandera a NorthemQLD

PCoA Axis 1 (13.78%)

SEQLD and
+  Northern NSW “ Mid Coast NSW Southern NSW
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Table 2 Mean weighted Weir and Cockerham’s Fgy values at 270 MHC SNPs between 7 regions as determined by McLennan et al. (2024)

Northern QLD South-east QLD and Mid-coast NSW Narrandera Southern NSW Victoria
northern NSW
South-east QLD 0.051161
Northern NSW
Mid-coast NSW 0.12434 0.062581
Narrandera 0.18975 0.11861 0.070785
Southern NSW 0.15066 0.10217 0.029405 0.10271
Victoria 0.31849 0.26508 0.19068 0.1217 0.18289
Kangaroo Island 0.27092 0.21625 0.15857 0.10518 0.14573 0.029027

using allele and supertype data, koalas from Narrandera sit
between Victorian individuals and NSW individuals, sup-
portive of the anecdotal evidence of this population being
formed by mixing Victorian koalas and koalas from other
regions (Fig. 2) (Sullivan 1990). As anticipated, the Mantel
test showed significant correlation between geographical
distance and genetic distance (r=0.8461, p=0.002).

For many genes, allele frequencies are similar across
regions, often with Victorian and South Australian koalas
having higher frequency of the most common allele (Fig. 3,
Fig. 4). The lower diversity in Kangaroo Island and Victoria
is shown by these populations being dominated by a single
allele for four out of eight single copy class I and five out
of seven single copy class II genes. There are some genes
where the most common allele differs between regions, for
example DMA where H3 is the most common in Victoria
and Kangaroo Island with far higher occurrence of this
allele compared to the most common allele in other regions
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Fig.3 Heatmap of MHC class I allele frequencies. The x-axis desig-
nates each region koalas were sampled, and the y-axis represents each
allele as assigned during phasing. Lighter colours represent lower fre-
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(Fig. 3). At DABS5 and DMB, regions in NSW and QLD
show high allelic diversity with each allele seen at low fre-
quency in the population, whereas Victoria and Kangaroo
Island have one allele present in high frequency (Fig. 4). A
slightly contrasting pattern is seen at DAB4 where regions
in NSW and QLD have a high frequency of H1, whereas
Kangaroo Island and Victoria show higher diversity (Fig. 4).

Using a cluster analysis to identify supertypes in class I
genes, we determined an optimal number of clusters to be
of 28 based on minimum BIC. We identified a total of 28
supertypes in koala class  MHC genes with each gene being
represented by a single supertype apart from UA (13 super-
types), UB (3 supertypes) and UG (4 supertypes) (Table S4).
Interestingly, all genes represented with multiple supertypes
are genes which show CNV. When investigating population
structuring based on supertypes, a far more regional differ-
entiation is seen compared to PCoAs constructed with SNPs,
but similar differentiation as seen with alleles (Fig. 2). Most
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quency of a given allele and dark colours represent high frequency, if
an allele was not seen in a population it is represented by white
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Fig.4 Heatmap of allele frequencies of class I MHC genes. The
x-axis designates each region koalas were sampled, and the y-axis
represents each allele as assigned during phasing. Lighter colours

likely due to functional redundancy built into the genetic
code, there are 64 combinations of codon sequences which
translate to 20 amino acids. Additionally, each amino acids
shares physiochemical properties with other amino acids,
thus further increasing redundancy in the genetic code. We
also see similar patterns when conducing PCoA on genes
present in single copy and multicopy, suggesting similar
pressures are acting on both single copy and multicopy
genes. Each regions forms a distinct cluster with mixing
only observed between mid-coast NSW and southern NSW
koalas (Fig. 2).

Our phylogenetic analysis of alleles showed good sup-
port for single clusters of each gene, particularly for MHCI
where all alleles a present in a single cluster for each gene
(Figure S1). For both alpha and beta loci of class II genes,
there is some interspersing of alleles between genes, in
particular the DBA and DAB loci (Figure S2, S3). Inves-
tigation of sequencing depth across MHC genes revealed
differences in sequencing depth between genes and individu-
als. We identified sequencing depth difference in four class
I genes (UA, UB, UG and UH) (Fig. 5) and five class II
genes (DAB2, DAB3, DBA2, DBB2 and DBB3) (Fig. 5).
We found potential duplications in UA with the sequencing
depth difference suggesting some individuals contain up to
six allele copies, particularly in SE QLD and northern NSW
populations (Fig. 5). We find complete gene deletions in UB
in individuals from Kangaroo Island and Victoria and single
copy hemizygous deletions of UG in all regions (Fig. 5).
Most interestingly, we identify within the same populations
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represent lower frequency of a given allele and dark colours represent
high frequency, if an allele was not seen in a population it is repre-
sented by white

a copy number variation in DBA2 with complete deletion,
single copy deletion and two alleles seen in Queensland and
New South Wales koalas (Fig. 5).

Discussion

With species under increasing threat from the combined
threats of disease and declining genetic diversity, genomic
and computational technologies provide a powerful tool to
improve the conservation of vulnerable species and popula-
tions (Hogg et al. 2022). The increased utility of WGS in con-
versation programs warrants investigation into the accuracy
of genotype calls across a range of sequencing depths in func-
tional regions of the genome. Here, we have undertaken a
quantitative assessment that will assist researchers to develop
sound sampling design and select methods appropriate for
their study questions and their funding resources available.

This study investigated whether high-sequencing depth
WGS and a bioinformatic workflow could be used to accu-
rately genotype SNPs and CNV within a complex immune
gene family, the MHC. We were able to accurately genotype
SNPs and identify alleles within MHC genes using a range
of bioinformatic software and a custom script, the results
from which we then used to inform our study design for the
Koala Genome Survey, ensuring our sequencing depth was
high enough to be able to investigate MHC diversity.

Our results indicate that both high coverage WGS and
target enrichment methods are appropriate for studying
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Fig.5 Violin plot of predicted allele copy number for MHC genes. Each dot is representative of one individual with colours representing popu-
lations. Dotted horizontal lines at 1.5 and 2.5 indicate bounds of single copy genes. Plots are divided into seven wild regions

variation in polymorphic, duplicated gene families of non-
model populations. The nucleotide sequence similarity
between regions of interest may also impact the ability
to reliably call genotypes. In koalas, where class I genes
show similarities between 63 and 95% (Cheng et al. 2018),
there were some regions where reads did not align. This
is important as some genetically depauperate species such
as Tasmanian devils (Sarcophilus harrisii) show sequence
similarity as high as 97% between MHC genes (Cheng et al.
2012). However, if researchers are solely interested in the
MHC region, a long-read sequencing method more specific
to the MHC may be preferred, especially to more thoroughly
investigate class I genes (Cheng et al. 2022). For example,
in Tasmanian devils, a custom approach utilising PacBio
amplicon sequencing to identify previously unknown diver-
sity and identified 50 haplotypes spanning all MHC class I
genes, assigned with>99% confidence (Cheng et al. 2022).
Approaches using Oxford Nanopore amplicon sequenc-
ing have also been used to assemble the entire DRB locus
in a population of Alpine chamois (Rupicapra rupicapra)
(Fuselli et al. 2018). These approaches offer exciting oppor-
tunities to address some of the shortcomings of this paper,
such as being able to separate out the different alleles within
genes which show CNV and to more reliably assign alleles
to all individuals. As in this study, even with a 30 X cover-
age WGS, it is difficult to reliably phase variants and iden-
tify alleles, with ~ 10% of individuals unable to have alleles
assigned in our koala WGS dataset (Table 2). Excitingly,
these technologies also allow for haplotype identification
across multiple MHC genes (Ammar et al. 2015; Cheng
et al. 2022; Hu et al. 2022). However, due to the high cost
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of long-read sequencing and laboratory intensive methods,
this MHC typing method may be limited to small numbers of
genes and individuals. Therefore, as new genomic technolo-
gies become accessible for researchers working on species
of conservation concern, it remains imperative that there is
consideration for which technology is the most appropriate
and suited for answering the key conservation and research
questions for that species (Fuentes-Pardo and Ruzzante
2017; McLennan et al. 2019).

We used a bioinformatic approach to characterise the
levels of diversity of koala MHC genes from WGS data.
To date, this is the widest ranging study on koala immune
genes, with previous studies focusing on either a small
number of MHC genes or koalas from few populations
(Lau et al. 2014a, 2014b, 2013; Quigley et al. 2018a;
Robbins et al. 2020; Silver et al. 2022). We characterised
diversity in 24 MHC genes from 438 koalas from 54 wild
locations across four states representing the entire koala
range and identified 270 SNPs, of which 164 resulted in
non-synonymous variation. Representing a large body of
knowledge to provide a baseline level of MHC diversity in
koalas, future studies can compare back to. By using the
koala reference genome (Johnson et al. 2018) and WGS,
we have been able to identify the complete MHC reper-
toire of koalas and through a comparison of sequencing
depth identified nine genes with CNV. This is the first
time CNV has been detected in koalas with most previ-
ous MHC studies occurring without alignment to a refer-
ence genome and only having estimates of the potential
number of MHC loci in koalas (Lau et al. 2014b; Quigley
et al. 2018a; Robbins et al. 2020). Whilst these previous
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studies have investigated some of the same genes (UA,
UC, DAB, DBB, DCB and DMB), they utilised the tech-
nology current at the time, which only investigated exon
2 of each gene, compared to this study which has looked
across the complete length of the gene. Additionally, as
these methods occurred without a reference genome, it
was not possible to assign alleles to specific loci. Typical
methods of investigating MHC diversity through species,
specific primers and amplicon sequencing allow identifica-
tion of SNPs but are limited in their ability to detect CNV
due to the lack of locus specific information. The number
of MHC loci is often estimated by dividing the number
of unique alleles identified in an individual by two (this
assumes each locus is heterozygous and therefore contains
two unique alleles) (Minias et al. 2019, 2021). Our results
are supportive of the conclusions of Lau et al. (2014b) in
that there are fewer copy numbers of MHC genes in Victo-
rian populations as shown in this study by the deletion of
the UB gene and hemizygosity of UG (Fig. 5). It appears
that severe population bottlenecking (Menkhorst 2008)
has resulted in a reduction in diversity at both coding and
non-coding regions of the genome (Cristescu et al. 2009;
Kjeldsen et al. 2015).

We identified two types of genetic variation within MHC
genes, SNPs and CNVs (Stervander et al. 2020). Victorian
koalas have a lower level of diversity with an average of 1.19
alleles in an individual at each class I gene compared to an
average of 1.47 in NSW and QLD populations. Although in
contrast to what is generally accepted, where it is assumed
that higher diversity results in higher fitness, it appears Vic-
torian and Kangaroo Island koala populations are relatively
healthy with increasing population growth and very few
Victorian individuals suffering clinical signs of C. pecorum
infection and Kangaroo Island is currently C. pecorum free
(Fabijan et al. 2019; Speight et al. 2016). Another poten-
tial major driver of genetic differentiation across the koala
range is the impact of KoRV. This is because it is thought
that KoRV has become endogenous (incorporated into the
genome sequence) in koalas in northern NSW and QLD,
whereas is still transmitted through infection in koalas in
Victoria and SA (Quigley and Timms 2020). To date, no
studies have been able to identify a link between specific
MHC alleles or expression levels and KoRv; however, there
is some research suggest an impact on cytokine expression
with KoRV infection which should be investigated further
(Maher and Higgins 2016; Maher et al. 2019).

Another way to classify MHC diversity is through
supertype clustering. Supertypes are alleles that share sim-
ilar biochemical properties (Sette and Sidney 1999; Sidney
et al. 1996). We clustered 75 class I alleles into 28 super-
types, which is the first supertype identification carried out
in koalas. We find distinct supertype clustering of koalas
from each region suggesting pathogen induced selective

pressures on MHC genes vary widely across the range of
koalas. Future work should identify the potential patho-
gens that can be bound by these identified supertypes.
Results from Narrandera are interesting, as anecdotally
this population is a mixture of translocated koalas from
French Island, in Victoria and another unknown location
(Sullivan 1990). Recent neutral genomic data supports this
hypothesis (McLennan et al. 2024). From our PCoA plots,
we see that individuals from Narrandera form an interme-
diate group between Victoria and NSW/QLD populations,
suggesting that genetic mixing has occurred between the
founder individuals and diversity has been retained both
across the genome and in functional regions. Additional
evidence that mixing genetically differentiated popula-
tions increases diversity can be seen in our CNV analysis.
Victorian koalas have a deletion of UB, but koalas from
Narrandera have two alleles per individual. In marsupials,
CNVs have been detected in class I genes in Tasmanian
devils, and it has been proposed that devils rely primarily
on CNV for MHC diversity (Cheng et al. 2012; Siddle et al.
2010). Genetic mixing has also been seen in Tasmanian
devils at neutral regions of the genome (McLennan et al.
2020), and also in a critically small population of adders
(Vipera berus) diversity in class I MHC genes increased
as a result of mixing with a genetically distinct population
(Roca et al. 2018). Further support for mixing genetically
distinct populations to increase diversity has been shown
in two populations of inbred New Zealand South Island
robins (Petroica australis) (Grueber et al. 2017). To better
ascertain the outcome of mixing genetically distinct koala
populations, functional diversity at more genomic regions
and overall fitness of individuals should be assessed.
Another exciting avenue of research is the diversity and
evolutionary importance of structural variants (Wold et al.
2021). There are numerous challenges that are currently lim-
iting the ability to investigate structural variation within non-
model organisms including the difficulties of short-read data
identifying genomic insertions (Delage et al. 2020; Pokrovac
and Pezer 2022; Wold et al. 2023). One promising approach
which could be feasible for koalas is the generation of a
pangenome. By selecting a small number of individuals from
across the entire koala range to perform a long-read sequenc-
ing on it would be possible to identify a comprehensive refer-
ence set of structural variants for koalas which could be used
to improve performance of structural variant detection tools
from short-read data (Ebler et al. 2022; Nguyen et al. 2023).
In conclusion, by providing a baseline measure of stand-
ing functional diversity across the entire geographic range of
koalas, we have provided a resource that can be referred to in
the future as populations of koalas continue to be impacted
by anthropogenic climate change and disease threats. More
generally, we have provided a bioinformatic workflow for
investigating genetic diversity in any gene family.
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Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00251-024-01356-6.

Acknowledgements We thank the many people who participated in
sample collection and veterinary examinations of koalas, as well as the
Queensland Department of Transport and Main Roads and the Turner
Family Foundation for their support of this research. Further support
was provided by the University of Sydney, Amazon Web Services Open
Data Sets, Ramaciotti Centre for Genomics and Illumina.

Author contribution Study conceptualization was done by L.W.S.,
C.J.H. and K.B. Sample management and stakeholder engagement
performed by E.A.M. and C.J.H. J.B. and K.B.S. collected samples
from Kangaroo Island. P.T. provided and collected samples used in
target enrichment sequencing from Moreton Bay. DNA extractions
and preparation for sequencing performed by L.W.S. and E.A.M. with
assistance from C.J.H. Data curation and analysis was performed by
L.W.S. Initial manuscript preparation was completed by L.W.S. Review
and edits were completed by E.A.M., K.B.S.,J.B., P.T., C.J.H. and K.B.
Funding acquisition and supervision were contributed by C.J.H. and
K.B. All authors read and approved the final manuscript.

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions. L.W.S. is supported by a scholarship funded
by the Australian Research Council Linkage Project LP180100244.
The Koala Genome Survey was funded by the NSW Government and
the Australian Government’s Bushfire Recovery for Wildlife and their
Habitats program (GA2000526). The South Australian koalas were
sequenced under Australian Research Council linkage (LP210100450)
in collaboration with C. Bradshaw and L. Beheregaray. Further support
was provided by The University of Sydney, Amazon Web Services
Open Data Sets, Ramaciotti Centre for Genomics, and Illumina.

Data availability and benefit sharing All raw fastq sequences, aligned
bam files and metadata for koala genomes from the Koala Genome
Survey and target enrichment sequencing are available at https://awgg-
lab.github.io/australasiangenomes/species/Phascolarctos_cinereus.html
and data from the target enrichment study in the folder ‘Investigat-
ing_immune_genes_of_the_iconic_koala’ and whole genome sequence
for individuals in this study in the folder ‘QLD_Moreton_Bay_Region’.
By providing these data online as the data was generated, researchers
from around the world can access and work on koala genomics in real
time. Raw data files for koala genomes are available on NCBI under
BioProject PRINA940526. Genomic coordinates for MHC and TLR
genes used in this study are available in Supplementary Table 1 and all
fasta sequences of MHC alleles identified in this study are available in
Additional Data 1 in the supplementary material.

Declarations

Ethics approval C.J.H. is a member of the NSW Expert Panel for Koa-
las, an advisory panel to the NSW government. E.A.M. is a member
of the National Koala Recovery Team Community Advisory Com-
mittee, an advisory committee to the Federal government. Samples
collected for the Koala Genome Survey were collected under a range
of scientific and animal ethics permits. Please see the dataset meta-
data at https://awgg-lab.github.io/australasiangenomes/species/Phasc
olarctos_cinereus.html for specific details. Catching and handling of
koalas for samples used in target enrichment sequencing were con-
ducted under approvals issued by the Queensland Department of Agri-
culture and Fisheries (approvals CA 2012/03/597, CA 2013/09/719,
CA 2014/06/777, CA 2015/03/852, and CA 2016/03/950), and work
with koalas was authorised by scientific purposes permits issued by
the Queensland Department of Environment and Heritage Protection

@ Springer

(approvals WISP 11525212, WISP 16125415, WISP 13661313, WITK
14173714, WISP 17273716 and WA 0008304).

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Akira S (2001) Toll-like receptors and innate immunity. Adv Immunol
78:1-56

Akira S, Takeda K, Kaisho T (2001) Toll-like receptors: Critical
proteins linking innate and acquired immunity. Nat Immunol
2(8):675-680

Aljanabi SM, Martinez I (1997) Universal and rapid salt-extraction of
high quality genomic DNA for PCR-based techniques. Nucleic
Acids Res 25(22):4692-4693. https://doi.org/10.1093/nar/25.22.
4692

Allendorf FW, Hohenlohe PA, Luikart G (2010) Genomics and the
future of conservation genetics. Nat Rev Genet 11(10):697-709.
https://doi.org/10.1038/nrg2844

Ammar R, Paton TA, Torti D, Shlien A, Bader GD (2015) Long read
nanopore sequencing for detection of HLA and CYP2D6 variants
and haplotypes. F1000Res 4:17. https://doi.org/10.12688/f1000
research.6037.2

Babik W (2010) Methods for MHC genotyping in non-model verte-
brates. Mol Ecol Resour 10(2):237-251. https://doi.org/10.1111/j.
1755-0998.2009.02788.x

Beyer HL, de Villiers D, Loader J, Robbins A, Stigner M, Forbes N,
Hanger J (2018) Management of multiple threats achieves mean-
ingful koala conservation outcomes. J Appl Ecol 55(4):1966—
1975. https://doi.org/10.1111/1365-2664.13127

Bidon T, Schreck N, Hailer F, Nilsson MA, Janke A (2015) Genome-
wide search identifies 1.9Mb from the polar bear Y chromosome
for evolutionary analyses. Genome Biol Evol 7(7):2010-2022.
https://doi.org/10.1093/gbe/evv103

Bjorkman PJ, Parham P (1990) Structure, function, and diversity of
class I major histocompatibility complex molecules. Annu Rev
Biochem 59:253-288. https://doi.org/10.1146/annurev.bi.59.
070190.001345

Cheng Y, Stuart A, Morris K, Taylor R, Siddle H, Deakin J, Jones
M, Amemiya CT, Belov K (2012) Antigen-presenting genes and
genomic copy number variations in the Tasmanian devil MHC.
BMC Genom 13:87. https://doi.org/10.1186/1471-2164-13-87

Cheng Y, Polkinghorne A, Gillett A, Jones EA, O’Meally D, Timms
P, Belov K (2018) Characterisation of MHC class I genes in the
koala. Immunogenetics 70(2):125-133. https://doi.org/10.1007/
s00251-017-1018-2

Cheng Y, Grueber C, Hogg CJ, Belov K (2022) Improved high-
throughput MHC typing for non-model species using long-read
sequencing. Mol Ecol Resour 22(3):862-876. https://doi.org/10.
1111/1755-0998.13511


https://doi.org/10.1007/s00251-024-01356-6
https://awgg-lab.github.io/australasiangenomes/species/Phascolarctos_cinereus.html
https://awgg-lab.github.io/australasiangenomes/species/Phascolarctos_cinereus.html
https://awgg-lab.github.io/australasiangenomes/species/Phascolarctos_cinereus.html
https://awgg-lab.github.io/australasiangenomes/species/Phascolarctos_cinereus.html
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/nar/25.22.4692
https://doi.org/10.1093/nar/25.22.4692
https://doi.org/10.1038/nrg2844
https://doi.org/10.12688/f1000research.6037.2
https://doi.org/10.12688/f1000research.6037.2
https://doi.org/10.1111/j.1755-0998.2009.02788.x
https://doi.org/10.1111/j.1755-0998.2009.02788.x
https://doi.org/10.1111/1365-2664.13127
https://doi.org/10.1093/gbe/evv103
https://doi.org/10.1146/annurev.bi.59.070190.001345
https://doi.org/10.1146/annurev.bi.59.070190.001345
https://doi.org/10.1186/1471-2164-13-87
https://doi.org/10.1007/s00251-017-1018-2
https://doi.org/10.1007/s00251-017-1018-2
https://doi.org/10.1111/1755-0998.13511
https://doi.org/10.1111/1755-0998.13511

Immunogenetics (2024) 76:381-395

393

Cockram FA, Jackson AR (1974) Letter: Isolation of a Chlamydia from
cases of keratoconjunctivitis in koalas. Aust Vet J 50(2):82-83.
https://doi.org/10.1111/.1751-0813.1974.tb05265.x

Cresswell P, Ackerman AL, Giodini A, Peaper DR, Wearsch PA (2005)
Mechanisms of MHC class I-restricted antigen processing and
cross-presentation [Review]. Immunol Rev 207:145-157. https://
doi.org/10.1111/5.0105-2896.2005.00316.x

Cristescu R, Sherwin WB, Handasyde K, Cahill V, Cooper DW
(2009) Detecting bottlenecks using BOTTLENECK 1.2.02 in
wild populations: the importance of the microsatellite struc-
ture. Conserv Genet 11(3):1043-1049. https://doi.org/10.1007/
$10592-009-9949-2

Cui J, Frankham GJ, Johnson RN, Polkinghorne A, Timms P,
O’Meally D, Cheng Y, Belov K (2015) SNP marker discovery
in koala TLR genes. PLoS One 10(3):e0121068. https://doi.org/
10.1371/journal.pone.0121068

Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo
MA, Handsaker RE, Lunter G, Marth GT, Sherry ST, McVean
G, Durbin R, Genomes Project Analysis, G (2011) The variant
call format and VCFtools. Bioinformatics 27(15):2156-2158.
https://doi.org/10.1093/bioinformatics/btr330

Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard MO,
Whitwham A, Keane T, McCarthy SA, Davies RM, Li H (2021)
Twelve years of SAMtools and BCFtools. GigaScience 10(2):.
https://doi.org/10.1093/gigascience/giab008

Delage WIJ, Thevenon J, Lemaitre C (2020) Towards a better under-
standing of the low recall of insertion variants with short-read
based variant callers. BMC Genom 21(1):762. https://doi.org/
10.1186/s12864-020-07125-5

Ebler J, Ebert P, Clarke WE, Rausch T, Audano PA, Houwaart T,
Mao Y, Korbel JO, Eichler EE, Zody MC, Dilthey AT, Mar-
schall T (2022) Pangenome-based genome inference allows
efficient and accurate genotyping across a wide spectrum of
variant classes. Nat Genet 54(4):518-525. https://doi.org/10.
1038/s41588-022-01043-w

Eizaguirre C, Baltazar-Soares M (2014) Evolutionary conserva-
tion—evaluating the adaptive potential of species. Evol Appl
7(9):963-967. https://doi.org/10.1111/eva.12227

Fabijan J, Caraguel C, Jelocnik M, Polkinghorne A, Boardman WSJ,
Nishimoto E, Johnsson G, Molsher R, Woolford L, Timms P,
Simmons G, Hemmatzadeh F, Trott DJ, Speight N (2019) Chla-
mydia pecorum prevalence in South Australian koala (Phasco-
larctos cinereus) populations: identification and modelling of a
population free from infection. Sci Rep 9(1):6261. https://doi.
org/10.1038/s41598-019-42702-z

Flot JF (2010) seqphase: A web tool for interconverting phase input/
output files and fasta sequence alignments. Mol Ecol Resour
10(1):162-166. https://doi.org/10.1111/j.1755-0998.2009.
02732.x

Fuentes-Pardo AP, Ruzzante DE (2017) Whole-genome sequencing
approaches for conservation biology: Advantages, limitations and
practical recommendations. Mol Ecol 26(20):5369-5406. https://
doi.org/10.1111/mec.14264

Fuselli S, Baptista RP, Panziera A, Magi A, Guglielmi S, Tonin R,
Benazzo A, Bauzer LG, Mazzoni CJ, Bertorelle G (2018) A
new hybrid approach for MHC genotyping: high-throughput
NGS and long read MinION nanopore sequencing, with appli-
cation to the non-model vertebrate Alpine chamois (Rupicapra
rupicapra). Heredity 121(4):293-303. https://doi.org/10.1038/
s41437-018-0070-5

Gaughran SJ, Quinzin MC, Miller JM, Garrick RC, Edwards DL, Rus-
sello MA, Poulakakis N, Ciofi C, Beheregaray LB, Caccone A
(2018) Theory, practice, and conservation in the age of genom-
ics: The Galdpagos giant tortoise as a case study. Evol Appl
11(7):1084-1093. https://doi.org/10.1111/eva.12551

Gruber B, Unmack PJ, Berry OF, Georges A (2018) dartr: An r package
to facilitate analysis of SNP data generated from reduced repre-
sentation genome sequencing. Mol Ecol Resour 18(3):691-699.
https://doi.org/10.1111/1755-0998.12745

Grueber CE, Sutton JT, Heber S, Briskie JV, Jamieson IG, Robertson
BC (2017) Reciprocal translocation of small numbers of inbred
individuals rescues immunogenetic diversity [Article]. Mol Ecol
26(10):2660-2673. https://doi.org/10.1111/mec.14063

Hanger JJ, Bromham LD, McKee JJ, O’Brien TM, Robinson WF
(2000) The nucleotide sequence of koala (Phascolarctos cinereus)
retrovirus: a novel type C endogenous virus related to Gibbon ape
leukemia virus [Article]. J Virol 74(9):4264-4272. https://doi.org/
10.1128/jvi.74.9.4264-4272.2000

Heimeier D, Garland EC, Eichenberger F, Garrigue C, Vella A, Baker
CS, Carroll EL (2024) A pan-cetacean MHC amplicon sequenc-
ing panel developed and evaluated in combination with genome
assemblies. Mol Ecol Resour 24(5):e13955. https://doi.org/10.
1111/1755-0998.13955

Hermsen EM, Young LJ, Old JM (2017) Major histocompatibility com-
plex class II in the red-tailed phascogale (Phascogale calura).
Aust Mammal 39(1):28-32. https://doi.org/10.1071/Am16002

Hogg CJ, Ottewell K, Latch P, Rossetto M, Biggs J, Gilbert A, Rich-
mond S, Belov K (2022) Threatened Species Initiative: Empower-
ing conservation action using genomic resources. Proc Natl Acad
Sci USA 119(4):e2115643118. https://doi.org/10.1073/pnas.
2115643118

Hogg ClJ, Silver L, McLennan EA, Belov K (2023) Koala Genome
Survey: An open data resource to improve conservation planning.
Genes (Basel) 14(3):546. https://doi.org/10.3390/genes 14030546

Hu Q, Huang X, Jin Y, Zhang R, Zhao A, Wang Y, Zhou C, Liu W,
Liu X, Li C, Fan G, Zhuo M, Wang X, Ling F, Luo W (2022)
Long-read assembly of major histocompatibility complex and
killer cell immunoglobulin-like receptor genome regions in cyn-
omolgus macaque. Biol Dir 17(1):36. https://doi.org/10.1186/
$13062-022-00350-w

Hughes AL, Nei M (1990) Evolutionary relationships of class II major-
histocompatibility-complex genes in mammals. Mol Biol Evol
7(6):491-514. https://doi.org/10.1093/oxfordjournals.molbev.
2040622

Jackson M, White N, Giffard P, Timms P (1999) Epizootiology of
Chlamydia infections in two free-range koala populations. Vet
Microbiol 65(4):255-264. https://doi.org/10.1016/S0378-
1135(98)00302-2

Johnson RN, O’Meally D, Chen Z, Etherington GJ, Ho SYW, Nash
W1, Grueber CE, Cheng Y, Whittington CM, Dennison S, Peel
E, Haerty W, O’Neill RJ, Colgan D, Russell TL, Alquezar-
Planas DE, Attenbrow V, Bragg JG, Brandies PA, . . . Belov
K (2018) Adaptation and conservation insights from the koala
genome. Nat Genet 50(8): 1102—1111. https://doi.org/10.1038/
s41588-018-0153-5

Jombart T (2008) adegenet: A R package for the multivariate analysis
of genetic markers. Bioinformatics 24(11):1403-1405. https://doi.
org/10.1093/bioinformatics/btn129

Kardos M, Armstrong EE, Fitzpatrick SW, Hauser S, Hedrick PW,
Miller JM, Tallmon DA, Funk WC (2021) The crucial role of
genome-wide genetic variation in conservation. Proc Natl Acad
Sci USA 118(48):€2104642118. https://doi.org/10.1073/pnas.
2104642118

Kelley J, Walter L, Trowsdale J (2005) Comparative genomics of major
histocompatibility complexes. Inmunogenetics 56(10):683-695.
https://doi.org/10.1007/s00251-004-0717-7

Kjeldsen SR, Zenger KR, Leigh K, Ellis W, Tobey J, Phalen D, Melzer
A, FitzGibbon S, Raadsma HW (2015) Genome-wide SNP loci
reveal novel insights into koala (Phascolarctos cinereus) popula-
tion variability across its range. Conserv Genet 17(2):337-353.
https://doi.org/10.1007/s10592-015-0784-3

@ Springer


https://doi.org/10.1111/j.1751-0813.1974.tb05265.x
https://doi.org/10.1111/j.0105-2896.2005.00316.x
https://doi.org/10.1111/j.0105-2896.2005.00316.x
https://doi.org/10.1007/s10592-009-9949-2
https://doi.org/10.1007/s10592-009-9949-2
https://doi.org/10.1371/journal.pone.0121068
https://doi.org/10.1371/journal.pone.0121068
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1186/s12864-020-07125-5
https://doi.org/10.1186/s12864-020-07125-5
https://doi.org/10.1038/s41588-022-01043-w
https://doi.org/10.1038/s41588-022-01043-w
https://doi.org/10.1111/eva.12227
https://doi.org/10.1038/s41598-019-42702-z
https://doi.org/10.1038/s41598-019-42702-z
https://doi.org/10.1111/j.1755-0998.2009.02732.x
https://doi.org/10.1111/j.1755-0998.2009.02732.x
https://doi.org/10.1111/mec.14264
https://doi.org/10.1111/mec.14264
https://doi.org/10.1038/s41437-018-0070-5
https://doi.org/10.1038/s41437-018-0070-5
https://doi.org/10.1111/eva.12551
https://doi.org/10.1111/1755-0998.12745
https://doi.org/10.1111/mec.14063
https://doi.org/10.1128/jvi.74.9.4264-4272.2000
https://doi.org/10.1128/jvi.74.9.4264-4272.2000
https://doi.org/10.1111/1755-0998.13955
https://doi.org/10.1111/1755-0998.13955
https://doi.org/10.1071/Am16002
https://doi.org/10.1073/pnas.2115643118
https://doi.org/10.1073/pnas.2115643118
https://doi.org/10.3390/genes14030546
https://doi.org/10.1186/s13062-022-00350-w
https://doi.org/10.1186/s13062-022-00350-w
https://doi.org/10.1093/oxfordjournals.molbev.a040622
https://doi.org/10.1093/oxfordjournals.molbev.a040622
https://doi.org/10.1016/S0378-1135(98)00302-2
https://doi.org/10.1016/S0378-1135(98)00302-2
https://doi.org/10.1038/s41588-018-0153-5
https://doi.org/10.1038/s41588-018-0153-5
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1073/pnas.2104642118
https://doi.org/10.1073/pnas.2104642118
https://doi.org/10.1007/s00251-004-0717-7
https://doi.org/10.1007/s10592-015-0784-3

394

Immunogenetics (2024) 76:381-395

Lane A, Cheng Y, Wright B, Hamede R, Levan L, Jones M, Ujvari B,
Belov K (2012) New insights into the role of MHC diversity in
devil facial tumour disease. PLoS One 7(6):e36955. https://doi.
org/10.1371/journal.pone.0036955

Lau Q, Jobbins SE, Belov K, Higgins DP (2013) Characterisation of
four major histocompatibility complex class II genes of the koala
(Phascolarctos cinereus). Immunogenetics 65(1):37-46. https://
doi.org/10.1007/300251-012-0658-5

Lau Q, Griffith JE, Higgins DP (2014a) Identification of MHCII vari-
ants associated with chlamydial disease in the koala (Phascolarc-
tos cinereus). Peer] 2:e443. https://doi.org/10.7717/peerj.443

Lau Q, Jaratlerdsiri W, Griffith JE, Gongora J, Higgins DP (2014b)
MHC class II diversity of koala (Phascolarctos cinereus) popula-
tions across their range. Heredity (Edinb) 113(4):287-296. https://
doi.org/10.1038/hdy.2014.30

Li H (2011) A statistical framework for SNP calling, mutation discov-
ery, association mapping and population genetical parameter esti-
mation from sequencing data. Bioinformatics 27(21):2987-2993.
https://doi.org/10.1093/bioinformatics/btr509

Li H, Durbin R (2009) Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 25(14):1754-1760.
https://doi.org/10.1093/bioinformatics/btp324

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth
G, Abecasis G, Durbin R, Genome Project Data Processing, S
(2009) The Sequence Alignment/Map format and SAMtools.
Bioinformatics 25(16):2078-2079. https://doi.org/10.1093/bioin
formatics/btp352

Maher IE, Higgins DP (2016) Altered immune cytokine expression
associated with KoRV B infection and season in captive koalas.
PLoS ONE 11(10):e0163780. https://doi.org/10.1371/journal.
pone.0163780

Mabher IE, Patterson J, Curnick M, Devlin J, Higgins DP (2019) Altered
immune parameters associated with Koala Retrovirus (KoRV) and
Chlamydial infection in free ranging Victorian koalas (Phasco-
larctos cinereus). Sci Rep 9(1):11170. https://doi.org/10.1038/
$41598-019-47666-8

Martel A, Blooi M, Adriaensen C, Van Rooij P, Beukema W, Fisher
MC, Farrer RA, Schmidt BR, Tobler U, Goka K, Lips KR, Muletz
C, Zamudio KR, Bosch J, Lotters S, Wombwell E, Garner TW,
Cunningham AA, Spitzen-van der Sluijs A, . . . Pasmans F (2014)
Wildlife disease. Recent introduction of a chytrid fungus endan-
gers Western Palearctic salamanders. Science 346(6209): 630-
631. https://doi.org/10.1126/science.1258268

McColl KA, Martin RW, Gleeson LJ, Handasyde KA, Lee AK (1984)
Chlamydia infection and infertility in the female koala (Phas-
colarctos cinereus). Vet Rec 115(25-26):655. https://doi.org/10.
1136/vr.115.25-26.655

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernyt-
sky A, Garimella K, Altshuler D, Gabriel S, Daly M, DePristo MA
(2010) The Genome Analysis Toolkit: A MapReduce framework
for analyzing next-generation DNA sequencing data. Genome Res
20(9):1297-1303. https://doi.org/10.1101/gr.107524.110

McLennan EA, Kovacs, TGL, Silver LW, Chen Z, Jaya FR, Ho SYW,
Belov K, Hogg CJ (2024) Genomics identifies koala populations
at risk across eastern Australia. Evol App. (in press)

McLennan EA, Wright BR, Belov K, Hogg CJ, Grueber CE (2019) Too
much of a good thing? Finding the most informative genetic data
set to answer conservation questions. Mol Ecol Resour 19(3):659—
671. https://doi.org/10.1111/1755-0998.12997

McLennan EA, Grueber CE, Wise P, Belov K, Hogg CJ (2020) Mixing
genetically differentiated populations successfully boosts diver-
sity of an endangered carnivore. Anim Conserv 23(6):700-712.
https://doi.org/10.1111/acv.12589

Menkhorst P (2008) Hunted, marooned, re-introduced, contracepted:
A history of Koala management in Victoria. In Lunney D, Munn
A, Meikle W (Eds.) Too Close for Comfort : Contentious Issues

@ Springer

in Human-Wildlife Encounters (pp 73-92). Royal Zoological
Society of New South Wales. https://doi.org/10.7882/97809
80327229

Minias P, Pikus E, Whittingham LA, Dunn PO (2019) Evolution of
copy number at the MHC varies across the avian tree of life.
Genome Biol Evol 11(1):17-28. https://doi.org/10.1093/gbe/
evy253

Minias P, Wlodarczyk R, Remisiewicz M, Cobzaru I, Janiszewski
T (2021) Distinct evolutionary trajectories of MHC class I and
class II genes in Old World finches and buntings. Heredity (Edinb)
126(6):974-990. https://doi.org/10.1038/s41437-021-00427-8

Neefjes J, Jongsma ML, Paul P, Bakke O (2011) Towards a systems
understanding of MHC class I and MHC class II antigen pres-
entation. Nat Rev Immunol 11(12):823-836. https://doi.org/10.
1038/nri3084

Nei M, Gu X, Sitnikova T (1997) Evolution by the birth-and-death
process in multigene families of the vertebrate immune system.
Proc Natl Acad Sci USA 94(15):7799-7806. https://doi.org/10.
1073/pnas.94.15.7799

Nei M (1987) Molecular Evolutionary Genetics. Columbia University
Press, New York. https://doi.org/10.7312/nei-92038

Nguyen TV, Vander Jagt CJ, Wang J, Daetwyler HD, Xiang R, Goddard
ME, Nguyen LT, Ross EM, Hayes BJ, Chamberlain AJ, MacLeod
IM (2023) In it for the long run: Perspectives on exploiting long-
read sequencing in livestock for population scale studies of struc-
tural variants. Genet Sel Evol 55(1):9. https://doi.org/10.1186/
s12711-023-00783-5

Peel E, Silver L, Brandies P, Zhu Y, Cheng Y, Hogg CJ, Belov K
(2022) Best genome sequencing strategies for annotation of com-
plex immune gene families in wildlife. GigaScience 11:giac100

Pokrovac I, Pezer Z (2022) Recent advances and current challenges in
population genomics of structural variation in animals and plants
[Review]. Front Genet 13:. https://doi.org/10.3389/fgene.2022.
1060898

Polkinghorne A, Hanger J, Timms P (2013) Recent advances in under-
standing the biology, epidemiology and control of chlamydial
infections in koalas. Vet Microbiol 165(3—4):214-223. https://
doi.org/10.1016/j.vetmic.2013.02.026

Quigley BL, Timms P (2020) Helping koalas battle disease - recent
advances in Chlamydia and koala retrovirus (KoRV) disease
understanding and treatment in koalas. FEMS Microbiol Rev
44(5):583-605. https://doi.org/10.1093/femsre/fuaa024

Quigley BL, Carver S, Hanger J, Vidgen ME, Timms P (2018a) The
relative contribution of causal factors in the transition from infec-
tion to clinical chlamydial disease. Sci Rep 8(1):8893. https://doi.
org/10.1038/s41598-018-27253-z

Quigley BL, Ong VA, Hanger J, Timms P (2018b) Molecular dynam-
ics and mode of transmission of koala retrovirus as it invades
and spreads through a wild Queensland koala population. J Virol
92(5):e01871-17. https://doi.org/10.1128/JVI.01871-17

Quigley BL, Phillips S, Olagoke O, Robbins A, Hanger J, Timms P
(2019) Changes in endogenous and exogenous koala retrovirus
subtype expression over time reflect koala health outcomes. J
Virol 93(18):e00849-19. https://doi.org/10.1128/IV1.00849-19

R Core Team (2024) R: A language and environment for statistical
computing. In: (Version 4.3.2) R Foundation for Statistical Com-
puting. https://www.r-project.org/. Accessed 1 Sep 2020

Robbins A, Hanger J, Jelocnik M, Quigley BL, Timms P (2019) Lon-
gitudinal study of wild koalas (Phascolarctos cinereus) reveals
chlamydial disease progression in two thirds of infected animals.
Sci Rep 9(1):13194. https://doi.org/10.1038/s41598-019-49382-9

Robbins A, Hanger J, Jelocnik M, Quigley BL, Timms P (2020)
Koala immunogenetics and chlamydial strain type are more
directly involved in chlamydial disease progression in koalas
from two south east Queensland koala populations than koala


https://doi.org/10.1371/journal.pone.0036955
https://doi.org/10.1371/journal.pone.0036955
https://doi.org/10.1007/s00251-012-0658-5
https://doi.org/10.1007/s00251-012-0658-5
https://doi.org/10.7717/peerj.443
https://doi.org/10.1038/hdy.2014.30
https://doi.org/10.1038/hdy.2014.30
https://doi.org/10.1093/bioinformatics/btr509
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1371/journal.pone.0163780
https://doi.org/10.1371/journal.pone.0163780
https://doi.org/10.1038/s41598-019-47666-8
https://doi.org/10.1038/s41598-019-47666-8
https://doi.org/10.1126/science.1258268
https://doi.org/10.1136/vr.115.25-26.655
https://doi.org/10.1136/vr.115.25-26.655
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1111/1755-0998.12997
https://doi.org/10.1111/acv.12589
https://doi.org/10.7882/9780980327229
https://doi.org/10.7882/9780980327229
https://doi.org/10.1093/gbe/evy253
https://doi.org/10.1093/gbe/evy253
https://doi.org/10.1038/s41437-021-00427-8
https://doi.org/10.1038/nri3084
https://doi.org/10.1038/nri3084
https://doi.org/10.1073/pnas.94.15.7799
https://doi.org/10.1073/pnas.94.15.7799
https://doi.org/10.7312/nei-92038
https://doi.org/10.1186/s12711-023-00783-5
https://doi.org/10.1186/s12711-023-00783-5
https://doi.org/10.3389/fgene.2022.1060898
https://doi.org/10.3389/fgene.2022.1060898
https://doi.org/10.1016/j.vetmic.2013.02.026
https://doi.org/10.1016/j.vetmic.2013.02.026
https://doi.org/10.1093/femsre/fuaa024
https://doi.org/10.1038/s41598-018-27253-z
https://doi.org/10.1038/s41598-018-27253-z
https://doi.org/10.1128/JVI.01871-17
https://doi.org/10.1128/JVI.00849-19
https://doi.org/10.1038/s41598-019-49382-9

Immunogenetics (2024) 76:381-395

395

retrovirus subtypes. Sci Rep 10(1):15013. https://doi.org/10.1038/
$41598-020-72050-2

Roca CP, Gomes SIL, Amorim MJB, Scott-Fordsmand JJ (2018) Cor-
rigendum: Variation-preserving normalization unveils blind spots
in gene expression profiling. Sci Rep 8(6757):46941. https://doi.
org/10.1038/srep46941

Rozas J, Ferrer-Mata A, Sanchez-DelBarrio JC, Guirao-Rico S, Lib-
rado P, Ramos-Onsins SE, Sanchez-Gracia A (2017) DnaSP 6:
DNA sequence polymorphism analysis of large data sets. Mol Biol
Evol 34(12):3299-3302. https://doi.org/10.1093/molbev/msx248

Sandberg M, Eriksson L, Jonsson J, Sjostrom M, Wold S (1998) New
chemical descriptors relevant for the design of biologically active
peptides. A multivariate characterization of 87 amino acids. ] Med
Chem 41(14):2481-2491. https://doi.org/10.1021/jm9700575

Scheele B, Foster CN, Hunter DA, Lindenmayer DB, Schmidt BR,
Heard GW (2019) Living with the enemy: Facilitating amphibian
coexistence with disease. Biol Conserv 236:52-59. https://doi.org/
10.1016/j.biocon.2019.05.032

Sette A, Sidney J (1999) Nine major HLA class I supertypes account
for the vast preponderance of HLA-A and -B polymorphism.
Immunogenetics 50(3—4):201-212. https://doi.org/10.1007/s0025
10050594

Siddle HV, Marzec J, Cheng Y, Jones M, Belov K (2010) MHC gene
copy number variation in Tasmanian devils: Implications for the
spread of a contagious cancer. Proc Biol Sci 277(1690):2001—
2006. https://doi.org/10.1098/rspb.2009.2362

Sidney J, Grey HM, Kubo RT, Sette A (1996) Practical, biochemical
and evolutionary implications of the discovery of HLA class I
supermotifs. Immunol Today 17(6):261-266. https://doi.org/10.
1016/0167-5699(96)80542-1

Silver LW, Cheng Y, Quigley BL, Robbins A, Timms P, Hogg CJ,
Belov K (2022) A targeted approach to investigating immune
genes of an iconic Australian marsupial. Mol Ecol 31(12):3286—
3303. https://doi.org/10.1111/mec.16493

Singh BP, Chauhan R, Singhal LK (2003) Toll-like receptors and their
role in innate immunity. Curr Sci 85(8):1156-1164

Speight KN, Polkinghorne A, Penn R, Boardman W, Timms P, Fraser
T, Johnson K, Faull R, Bate S, Woolford L (2016) Prevalence
and Pathologic Features of Chlamydia Pecorum Infections in
South Australian Koalas (Phascolarctos Cinereus). J Wildl Dis
52(2):301-306. https://doi.org/10.7589/2015-05-120

Stephens M, Scheet P (2005) Accounting for decay of linkage dis-
equilibrium in haplotype inference and missing-data imputation.
Am J Hum Genet 76(3):449-462. https://doi.org/10.1086/428594

Stephens M, Smith NJ, Donnelly P (2001) A new statistical method for
haplotype reconstruction from population data. Am J Hum Genet
68(4):978-989. https://doi.org/10.1086/319501

Stervander M, Dierickx EG, Thorley J, Brooke ML, Westerdahl H
(2020) High MHC gene copy number maintains diversity despite
homozygosity in a Critically Endangered single-island endemic
bird, but no evidence of MHC-based mate choice. Mol Ecol
29(19):3578-3592. https://doi.org/10.1111/mec.15471

Sullivan JA (1990) Brief history of koala regeneration centre. Retrived
from Narrandera Koala Regeneration Centre Supervisory
Committee

Waples RS, Naish KA, Primmer CR (2020) Conservation and
management of salmon in the age of genomics. Annu Rev
Anim Biosci 8:117-143. https://doi.org/10.1146/annur
ev-animal-021419-083617

Weir BS, Cockerham CC (1984) Estimating F-statistics for the analysis
of population structure. Evolution 38(6):1358—1370. https://doi.
org/10.1111/j.1558-5646.1984.tb05657.x

Wickham H (2016) ggplot2: Elelgant graphics for data analysis.
Springer-Verlag. https://ggplot2.tidyverse.org. Accessed 1 May
2024

Wold J, Koepfli KP, Galla SJ, Eccles D, Hogg CJ, Le Lec MF, Guhlin
J, Santure AW, Steeves TE (2021) Expanding the conservation
genomics toolbox: Incorporating structural variants to enhance
genomic studies for species of conservation concern. Mol Ecol
30(23):5949-5965. https://doi.org/10.1111/mec.16141

Wold JR, Guhlin JG, Dearden PK, Santure AW, Steeves TE (2023) The
promise and challenges of characterizing genome-wide structural
variants: A case study in a critically endangered parrot. Mol Ecol
Resour n/a(n/a). https://doi.org/10.1111/1755-0998.13783

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1038/s41598-020-72050-2
https://doi.org/10.1038/s41598-020-72050-2
https://doi.org/10.1038/srep46941
https://doi.org/10.1038/srep46941
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1021/jm9700575
https://doi.org/10.1016/j.biocon.2019.05.032
https://doi.org/10.1016/j.biocon.2019.05.032
https://doi.org/10.1007/s002510050594
https://doi.org/10.1007/s002510050594
https://doi.org/10.1098/rspb.2009.2362
https://doi.org/10.1016/0167-5699(96)80542-1
https://doi.org/10.1016/0167-5699(96)80542-1
https://doi.org/10.1111/mec.16493
https://doi.org/10.7589/2015-05-120
https://doi.org/10.1086/428594
https://doi.org/10.1086/319501
https://doi.org/10.1111/mec.15471
https://doi.org/10.1146/annurev-animal-021419-083617
https://doi.org/10.1146/annurev-animal-021419-083617
https://doi.org/10.1111/j.1558-5646.1984.tb05657.x
https://doi.org/10.1111/j.1558-5646.1984.tb05657.x
https://ggplot2.tidyverse.org
https://doi.org/10.1111/mec.16141
https://doi.org/10.1111/1755-0998.13783

	Using bioinformatics to investigate functional diversity: a case study of MHC diversity in koalas
	Abstract
	Introduction
	Methods
	Sequencing depth comparison
	WGS range wide diversity

	Results
	Sequencing depth comparison
	WGS range wide diversity

	Discussion
	Acknowledgements 
	References


