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Abstract
Small, isolated populations are often vulnerable to increased inbreeding and genetic drift, both of which elevate the risk 
of extinction. The Bellinger River turtle (Myuchelys georgesi) is a critically endangered species endemic to a single river 
catchment in New South Wales, Australia. The only extant wild population, along with the breeding program, face sig-
nificant threats from viral outbreaks, most notably a nidovirus outbreak in 2015 that led to a 90% population decline. To 
enhance our understanding of genomic characteristics in the species, including genome-wide and functional gene diversity, 
we re-sequenced, assembled, and analysed 31 re-sequenced genomes for pure M. georgesi (N = 31). We manually annotated 
the major histocompatibility complex (MHC), identifying five MHC class I and ten MHC class II genes and investigated 
genetic diversity across both classes in M. georgesi. Our results showed that genome-wide diversity is critically low in pure 
M. georgesi, contexualised through comparison with opportunistically sampled backcross animals—offspring of F1 hybrids 
(M. georgesi × Emydura macquarii) backcrossed to pure M. georgesi (N = 4). However, the variation observed within the core 
MHC region of pure M. georgesi, extending across scaffold 10, exceeded that of all other macrochromosomes. Additionally, 
no significant short-term changes in either genome-wide or immunogenetic diversity were detected following the 2015 nidovi-
rus outbreak (before; N = 19, after; N = 12). Demographic history reconstructions indicated a sustained, long-term decline 
in effective population size since the last interglacial period, accompanied by more recent steep declines. These patterns 
suggested that prolonged isolation and reduced population size have significantly influenced the dynamics of genome-wide 
diversity. It is likely that contemporary stressors, including the recent nidovirus outbreak, are acting on an already geneti-
cally depleted population. This study offers new insights into genome-wide and immune gene diversity, including immune 
gene annotation data with broader implications for testudines. These findings provide crucial information to support future 
management strategies for the species.

Keywords Conservation genomics · Immune genes · Bellinger River turtle · Major histocompatibility complex · Whole-
genome re-sequencing

Introduction

The emergence of novel infectious diseases is currently 
a major threat faced by species of conservation concern 
(Daszak et al. 2000; Smith et al. 2009). Warming climates, 
pollution, and introduced species that harbour invasive path-
ogens are facilitating the spread of disease across wildlife 
populations (Anderson et al. 2004). Managing declining 
populations in the presence of infectious disease, in addition 
to other anthropogenic threats, is of growing conservation 
concern. Understanding the mechanisms of resilience and 
resistance, and the degree to which populations can adapt to 
change is a key step towards preventing extinctions (Auteri 
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and Knowles 2020). Another important aspect of conserva-
tion management is maintaining the adaptive potential of a 
species. Adaptive potential is the ability of a population to 
adapt to changing environmental conditions, such as dis-
ease, habitat modifications, and climate change (Hoffmann 
et al. 2017; Holderegger et al. 2006). Species’ recovery pro-
grams are increasingly using genomic data to understand the 
adaptive potential of populations through functional gene 
analyses (McLennan et al. 2024), with growing emphasis 
on how managers can maintain or potentially increase adap-
tive potential in wild populations and conservation breeding 
programs (Farquharson et al. 2022). Advances in sequenc-
ing technologies and bioinformatic tools, and reductions 
in sequencing costs, have made whole-genome data more 
accessible for threatened species recovery programs. The 
combination of high-quality reference genomes with whole-
genome sequencing data facilitates high-resolution analyses 
of neutral genetic variation, while also enabling the recon-
struction of historical demographic trends and characterisa-
tion of functional gene families (Theissinger et al., 2023). 
For example, Magid et al. (2022) used 66 re-sequenced 
genomes to investigate toll-like receptors (TLR) immune 
gene diversity in shore plovers (Thinornis novaeseelandiae) 
and found low levels of diversity.

The major histocompatibility complex (MHC) is a crucial 
gene family within the adaptive immune system, primarily 
responsible for antigen presentation (Piertney and Oliver 
2006). MHC molecules bind and present pathogen-derived 
peptides to T cells, facilitating the recognition and initia-
tion of immune responses to pathogens and ensuring the 
specificity of adaptive immunity (Neefjes et al. 2011). MHC 
genes are broadly classified into classical and non-classical 
categories. Classical MHC genes, for example MHC class 
Ia and class II, are highly polymorphic and play a direct role 
in antigen presentation, influencing immune recognition and 
pathogen resistance (Le Bouteiller and Lenfant 1996). MHC 
class Ia and class II molecules are widely expressed across 
various tissues but are most prominent in antigen-presenting 
cells (Neefjes et al. 2011). In contrast, non-classical MHC 
genes (e.g., MHC class Ib, such as HLA-E, HLA-F, and 
HLA-G in humans) tend to be less polymorphic, typically 
function in immune regulation, and exhibit more tissue-
specific expression (LeMaoult et al. 2003).

Variation within MHC genes has frequently been linked 
with species’ susceptibility to disease, where higher lev-
els of variation at MHC loci is thought to enhance a hosts 
ability to respond to a broader range of pathogen-derived 
antigens (Hughes and Yeager 1998; Penn et al. 2002). The 
association between MHC genes and disease resilience has 
been observed across multiple wildlife species including the 
northern leopard frog (Rana pipiens) (Trujillo et al., 2021), 
guignas (Leopardus guigna) (Napolitano et al. 2023) and 
desert bighorn sheep (Ovis canadensis nelsoni) (Dugovich 

et al. 2023), with disease-resilient populations exhibiting 
greater heterozygosity at MHC loci. The importance of 
the MHC in the immune cascade makes them excellent 
candidates to start to understand a populations’ adaptive 
genetic diversity. For many threatened species, the lack of 
a high-quality reference genome and high-quality immune 
gene annotations has limited our ability to investigate the 
repertoire and variation present within the MHC region 
(Peel et al. 2022). Research on the MHC region in non-
avian reptiles has included studies on the komodo dragon 
(Varanus komodoensis) (Reed and Settlage 2021) and the 
tuatara (Sphenodon punctatus) (Gemmell et al. 2020; Miller 
et al. 2005). More recently, genomic analyses in two anole 
species (Anolis carolinensis and Anolis sagrei) (Card et al. 
2022) and the Chinese alligator (Alligator sinensis) (He et al. 
2022b), have provided a more comprehensive characterisa-
tion of reptile MHC.

The critically endangered Bellinger River turtle 
(Myuchelys georgesi) is a medium-sized omnivorous turtle 
that is restricted to a 60 km stretch of Bellinger River, on 
New South Wales mid-north coast (Fig. 1). The Bellinger 
catchment, along with several other freshwater catchments 
in NSW, remains isolated and largely undisturbed. Cut-off 
by the ocean to the east and the Great Dividing Range to the 
west, these geographic boundaries have promoted unique 
habitat specialisation and catchment-specific speciation 
(Spencer et al. 2014). The species consists of a single wild 
population making it highly susceptible to stochastic events. 
In recent years, the species is estimated to have undergone a 
population decline of over 90% due to nidovirus outbreaks of 
unknown origin (Chessman et al. 2020; Zhang et al. 2018).

In 2015, a species-specific nidovirus outbreak (the Bell-
inger River virus; BRV) caused the population to crash from 
ca. 4000 individuals to ca. 200 and resulted in a significant 
decline in genetic diversity, as measured by reduced repre-
sentation sequence data (Chessman et al. 2020; Nelson et al. 
2024). The near extinction of the species led to urgent con-
servation efforts including the development of a M. georgesi 
conservation action plan, a range of community engagement 
initiatives, habitat restoration projects, and the establish-
ment of a conservation breeding program comprised of two 
populations founded from 16 and 19 wild individuals. Since 
2015, two lesser-documented viral outbreaks have occurred 
in the river, one in January of 2022 (Parrish et al. 2024) and 
a second in May of 2024 (NSW DCCEEW, pers. comm., 
2024). The ongoing disease outbreaks puts the species at 
high risk of extinction and requires investigation into poten-
tial genetic mechanisms that have led to this susceptibility.

Interestingly, one of the species’ closest relatives, the 
Murray River turtle (Emydura macquarii), demonstrates 
resilience to the viruses. E. macquarii is widespread 
along the east coast of Australia, and it is hypothesised 
that the species has been introduced to the Bellinger River 
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via human-mediated dispersal over the past two decades 
(Spencer et al. 2018). E. macquarii is known to hybridise 
with M. georgesi (Georges et al. 2018). Pure E. macquarii, 
F1 hybrids (M. georgesi × E. macquarii), and wild-caught 
F2 backcrosses to M. georgesi, previously identified by 
Georges et al. (2018), have tested positive to the recent 
viruses, but do not exhibit symptoms or succumb to the 
disease (Zhang et al. 2018). Given the high susceptibil-
ity of M. georgesi to nidovirus infections, conservation 
managers are looking for long-term viable options with-
out the need for continual intensive management. A com-
mon strategy to enhance genetic diversity and potentially 
mitigate disease susceptibility is the introduction of indi-
viduals from genetically diverse or distinct populations 
(Frankham 2015; Frankham et al. 2017). Since this is not 
feasible for M. georgesi, alternative strategies may be 
required to enhance genetic diversity for long-term popu-
lation viability such as interspecific hybridisation (Baack 
and Rieseberg, 2007), or the reintroduction of historical 
genetic variation lost over time through methods such as 
back-breeding, cloning, or genome editing (Shapiro 2017).

Previous work has shown that this species exhibits low 
genome-wide diversity (Nelson et al. 2024), characterised by 
limited intra-population differentiation and low allelic rich-
ness compared to other testudines populations (Buchanan 
et al. 2019; Fay et al. 2023). These findings, derived from 
reduced representation sequencing (RRS) data across 460 
putatively neutral markers (Nelson et al. 2024), likely reflect 
the species’ restricted geographic range, limited dispersal 
capacity, and long generation time. Additional analyses 
hypothesise that the species has undergone a number of 
historical bottlenecks, which have likely contributed to its 
low genetic diversity and ongoing disease susceptibility 
(Georges 2020).

In this study, we undertook manual MHC gene annotation 
by characterising the genetic features of MHC I and MHC II 
genes in M. georgesi. Building on previous research limited 
to 460 putatively neutral single nucleotide polymorphisms 
(SNPs), we use whole-genome re-sequencing (WGR) to 
analyse 12 contemporary turtles sampled after the disease 
outbreak, 19 historic turtles sampled before the outbreak, 
and four opportunistically sampled backcross individuals, 

Fig. 1  An inset of Australia with a map of the Bellinger River basin 
showing the locations of historic (before: 2007, blue), contemporary 
(after: 2019, orange), and backcross (introgressed: 2019, purple) sam-

ples collected across the species’ range (NSW Department of Climate 
Change, Energy, the Environment and Water (DCCEEW) (unpub-
lished data)
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to undertake higher-resolution, genomic investigations. Here 
we aimed to (1) assess the effect of deep historical events 
on genome wide-diversity relative to backcross animals and 
effective population size, and (2) assess the effect of a recent 
bottleneck in the past 15 years due to a viral outbreak on 
genome-wide diversity and diversity within the MHC genes 
by comparing the before and after outbreak groups.

Methods

Immune gene annotation

We used a homology-based approach via BLAST v2.3.30 
(Camacho et al. 2009) to manually characterise all MHC 
class I and II genes in the M. georgesi genome gener-
ated by Nelson et  al. (2024) (rMyuGeo1.pri.20230808; 
GCA_040894355.1). The genome is 2  Gb, consists of 
128 scaffolds and has an N50 of 123.4 Mb (Nelson et al. 
2024). The high contiguity of the genome suggests that the 
MHC region is likely well assembled, providing a strong 
foundation for reliable MHC gene characterisation and 
downstream analyses (Peel et al. 2022). To annotate class 
I genes we acquired query sequences from the National 
Centre for Biotechnology Information (NCBI) including 
the tawny dragon (Ctenophorus decresii) (KY905241.1), 
caiman (Caiman crocodilus) (KF769542.1), marine iguana 
(Amblyrhynchus cristatus) (EU839663.1), Galapagos land 
iguana (Conolophus subcristatus) (EU604313.1), tuatara 
(DQ145788.1), and green sea turtle (Chelonia mydas) 
(OK135213.1) (Table S1). To annotate class II, we acquired 
query sequences from NCBI including the Chinese softshell 
turtle (Pelodiscus sinensis) (MT834970.1), marine iguana 
(FJ623752.1), and green-rumped parrotlet (Forpus passer-
ines) (EF710746.1) (Table S1). We used query sequences 
from multiple organisms for manual annotation to improve 
gene predictions by increasing the likelihood of matching 
conserved MHC elements. Query sequences were used 
to search the M. georgesi genome and a global transcrip-
tome generated by Nelson et al. (2024), using BLASTn 
and tBLASTn, respectively, with an e-value threshold of 
1e-10. Exon splicing sites were manually checked by vis-
ualising against the reference genome, global transcrip-
tome, and automated annotation in IGV v.2.16.0 (Robin-
son et al. 2011). Nucleotide sequences for each gene were 
then extracted from the reference genome using BEDtools 
v2.29.2 (Quinlan and Hall 2010) and input into MEGA v11 
(Tamura et al. 2021). Nucleotide sequences were converted 
to protein sequences to ensure no stop codons were present 
within exons. Pairwise nucleotide similarity between genes 
was calculated using EMBL-EBI Clustal Omega (Madeira 
et al. 2019). To classify MHC genes as classical or non-clas-
sical, we analysed gene expression by aligning transcripts 

from brain, liver, and spleen tissues to MHC genes using 
IGV v.2.16.0. Phylogenetic relationships between genes 
within each class were inferred using sequences acquired 
from a maximum likelihood (ML) analysis performed in 
IQ- TREE2 (Minh et al. 2020). When possible, complete 
coding sequences for reptiles and amphibians were acquired 
from NCBI; however, predicted sequences were used for 
the inclusion of testudines data (Table S2, Table S3). The 
ModelFinder option (-m MFP) within IQTREE2 was used 
to select the best-fitting substitution model according to the 
Bayesian information criterion (Kalyaanamoorthy et al. 
2017). Node support was assessed using the ultrafast boot-
strap (-bb 1000) approximation and the like approximate 
likelihood-ratio test (-alrt 1000) (Guindon et al. 2010; Hoang 
et al. 2018).

Re‑sequenced genome sampling, extraction, 
and sequencing

Re-sequenced genomes were generated using samples col-
lected by the NSW Department of Climate Change, Energy, 
the Environment, and Water (DCCEEW) during surveys 
before the disease outbreak in April of 2007, after the out-
break in November 2019, and from F2 backcrosses to M. 
georgesi in November 2019 (Table S4). DNA samples were 
collected by removing part of the trailing webbing of the 
clawless toe on the hindfoot or by extracting blood from 
the jugular vein (Georges et al. 2018) (Table S4). Samples 
were stored in 75% ethanol at − 20 °C in the University of 
Canberra Wildlife Tissue Collection (GenBank UC < Aus 
>). For DNA extractions we performed a high salt method 
on 19 skin tissue biopsies and 16 dried bloods on Whatman 
card samples following a modified protocol from Aljanabi 
and Martinez (1997) that included an additional round of 
spin column centrifugation. DNA concentration and quality 
were assessed using a Nanodrop 2000 Spectrophotometer 
(ThermoFisher Scientific) and 0.95% agarose gel electro-
phoresis for 30 min at 90 V. To maximise DNA quality for 
WGR, we undertook an additional DNA repair step using 
a FFPE DNA repair protocol (New England Biosciences). 
Repaired DNA concentration and quality were assessed 
using a Nanodrop 2000 Spectrophotometer (ThermoFisher 
Scientific) and 0.95% agarose gel electrophoresis for 30 min 
at 90 V. Samples were sent to Ramaciotti Centre for Genom-
ics (University of New South Wales, Australia) for WGR. To 
minimise batch effects, all samples were processed simulta-
neously on an Illumina NovaSeq 6000, using a TruSeq DNA 
PCR free library prep kit across six lanes.

Re‑sequenced genome alignment

Raw 150 bp paired-end FASTQ reads from 35 individuals 
were quality checked and trimmed using fastQC v0.11.8 
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(Andrews 2010) and trimmomatic v0.39 (Bolger and Giorgi 
2014) with the parameters ILLUMINACLIP:TruSeq3-PE.
fa:2:30:10 SLIDINGWINDOW:4:5 LEADING:5 TRAIL-
ING:5 MINLEN:25. Reads were aligned to the reference 
genome using Burrows-Wheeler aligner (BWA) v0.7.17 (Li 
and Durbin 2009) ‘mem’ function with default parameters. 
The resulting alignment files were sorted into BAM format 
using SAMtools (Li et al. 2009) sort v1.6 and alignment 
rates and coverage calculated using SAMtools v1.6 ‘flag-
stat’ and ‘depth’, respectively (Li et al. 2009) (Table S4). 
As individuals were sequenced across multiple lanes, BAM 
files pertaining to a single individual were merged using 
SAMtools merge and duplicates marked and removed using 
picard v2.21.9 MarkDuplicates (http:// broad insti tute. github. 
io/ picard/). For genome-wide investigations, we partitioned 
our data into three putative groups (two temporal, reflec-
tive of groups investigated by Nelson et al. (2024)); wild 
individuals sampled before the disease outbreak in 2007, 
N = 19 (hereafter ‘before’); wild individuals sampled after 
the disease outbreak between 2015–2020, N = 12 (hereafter 
‘after’); and F2 backcrosses to M. georgesi, N = 4 (hereafter 
‘backcross’). For demographic history and MHC charac-
terisation, the backcross group was excluded to avoid con-
founding effects on historical demography. Additionally, 
within the scope of this study, the absence of E. macquarii 
annotations, combined with the limitations of short-read 
data, posed a risk to the reliability of accurate variant calls 
(Figure S1).

Genome‑wide diversity

To investigate genome-wide diversity, autosomal heterozy-
gosity and runs of homozygosity (ROHs) were calculated 
across each genome (N = 35) using ROHan (Renaud et al. 
2019). ROHan combines a local Bayesian model and hid-
den Markov model (HMM) to identify autosomal heterozy-
gosity and ROHs from BAM files of individually mapped 
genomes (Renaud et al. 2019). Analyses were run on nine 
macrochromosomes, excluding the putative sex chromosome 
(scaffold 4) which was identified through genome cover-
age analyses (Nelson, unpublished data) and inferred from 
the E. macquarii karyotype (Martinez et al. 2008). We ran 
ROHan with three parameters; –rohmu 5e-5, –TsTv 1.965, -t 
4 and –size 100,000 (100 kb windows) on an Amazon Web 
Services ubuntu 20.04 LTS cloud machine (r5.8 × large, 32 
vCPU, 256 Gb RAM, 1 TB attached storage). Inbreeding 
coefficient based on ROH  (FROH) (McQuillan et al. 2008) 
and average individual-level heterozygosity was calculated 
for each group using the hmmrohl and summary texts output 
by ROHan, respectively. Results were visualised in R v4.3.0 
using dplyr() v1.1.2. and ggplot2() v3.5.0. We also calcu-
lated the number of genome-wide variants using BCFtools 
v1.3.1 ‘call’ (Danecek et al. 2021).

Demographic reconstructions

Changes in ancient effective population size (Ne) over time 
were assessed with the pairwise sequentially Markovian coa-
lescent (PSMC) model (Li and Durbin 2011) using sorted 
BAM files for pure M. georgesi (N = 31). For demographic 
reconstructions, sites with coverage below one-third or 
above twice the sample’s average coverage were removed 
following the approach of Bi et al. (2020). Additionally, we 
included only scaffolds > 50 kb and excluded the sex chro-
mosome. Individual consensus genome sequences contain-
ing SNP variants were generated for 31 M. georgesi using 
SAMtools v1.6 with the ‘mpileup’ command. ‘mpileup’ was 
used to directly represent sequencing variation without addi-
tional filtering, minimising potential biases in demographic 
inference (Li et al. 2009). For PSMC analyses, the files were 
processed using ‘vcfutils.pl’ and ‘vcf2fq’ to call SNP vari-
ants, following the recommended protocol (https:// github. 
com/ lh3/ psmc). PSMC v0.6.5-r67 was run with the fol-
lowing default parameters, -N25 -t15 -r5 -p ‘4 + 25 × 2 + 4 
+ 6’. Results were scaled by a mutation rate of 4.61 ×  10−9 
substitutions per site per generation based on estimates for 
Chrysemys picta (Bergeron et al. 2023). As precise details 
of the life history of M. georgesi are not available, we used 
a generation time of 14 years based on manager recommen-
dations. To investigate recent historical patterns of demog-
raphy we calculated Ne using GoNe (Santiago et al. 2020). 
Following the SAMtools v1.6 ‘mpileup’ step mentioned 
above, we used BCFtools ‘call’ for multi-sample variant 
calling. For stringent filtering, we retained variants with a 
MAF of > 0.04, where the alternate allele must be seen twice 
in the population, which could be homozygous in a single 
individual or heterozygous in two individuals. As a result, 
2,979 variants were removed from the total of 3,681,055 
(Table S8), as they were more likely to represent genome-
wide sequencing errors than true variants in this genetically 
homogeneous species. We conducted multiple iterations of 
GoNe with default parameters to determine the optimal val-
ues for hc (0.01, 0.05, 0.1) and various recombination rate 
estimates (1, 2, 3). The optimal values were identified as a 
recombination rate of 3 cM/Mb and an hc of 0.01. Ne outputs 
were visualised using ggplot2() v3.5.0 in R v4.3.0.

MHC gene variant calling and analyses

To characterise MHC diversity in the before and after sam-
ples (N = 31), we generated a joint-genotyped dataset. This 
was done using GATK GenomicsDBImport to create a 
sample database, followed by GATK GenotypeGVCF to 
produce a whole-genome joint-genotyped multi-sample 
VCF file containing both temporal groups. As previously 
mentioned, backcross animals were excluded from these 
analyses due to the absence of manually annotated MHC 

http://broadinstitute.github.io/picard/
http://broadinstitute.github.io/picard/
https://github.com/lh3/psmc
https://github.com/lh3/psmc
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genes in E. macquarii and concerns about the reliability 
and confidence of short-read alignment and variant calls 
in the MHC core region. This is because uncharacterised 
gene duplication and structural factors can introduce arti-
facts when interspecific short reads are mapped to the 
genome (Jaegle et al. 2023) (Table S4), resulting incom-
plete or inaccurate variant identification and interpretation. 
We filtered the joint genotyped multi sample VCF using 
VCFtools v0.1.14 (Danecek et al. 2011), retaining SNPs, 
multiple nucleotide polymorphisms (MNPs), non-biallelic 
SNPs, and indels, to obtain raw variant counts within our 
manually annotated MHC exons using BCFtools (Table 2). 
Among these variant types, SNPs were the most abun-
dant, providing the highest level of variation and making 
them the most informative for downstream analyses. For 
SNP analyses, we filtered the VCF to include only biallelic 
SNPs found within the MHC exons. We applied GATK 
VariantFiltration and SelectVariants v4.2.0.0 (McKenna 
et  al. 2010) using GATK-recommended thresholds to 
remove variants with MQ < 40, − 12.5 < MQRankSum 
< 12.5, − 8 < ReadPosRankSum < 8, and a stringent QUAL 
score of < 80. BCFtools was then used to filter out sites 
with an average depth across all samples of < 10 and those 
with an allelic balance > 0.9. Finally, we used VCFtools to 
retain SNPs with a minor allele frequency (MAF) > 0.01, 
to retain rare variants within the MHC region. Using the 
filtered biallelic SNP set, we then calculated the number 
of SNPs in each gene and determined if they resulted in 
synonymous or non-synonymous amino acid substitutions 
using Geneious Prime 2020 (https:// www. genei ous. com/). 
To identify full length allele sequences for each MHC 
gene in each individual, we undertook phasing. First, we 
used GATK FastaAlternateReferenceMaker (v4.2.0.0) 
(McKenna et al. 2010) to generate single sample FASTA 
sequences for each gene. SeqPHASE (Flot 2010) was 
used to convert the FASTA sequences into phase format 
then PHASE (v.2.1.1) (Stephens et al. 2001; Stephens and 
Scheet 2005) was run to generate alleles and SeqPHASE 
used to convert phase output into phases FASTA sequences 
to give 70 sequences for each gene (two per individual). 
We calculated observed (Ho) and expected heterozygo-
sity (HE) across the complete MHC I and MHC II exon 
sequences in temporal (before and after) using GenAlEx 
v6.5 (Peakall and Smouse 2006) and visualised average 
individual Ho by group using the boxplot() functions 
in R. To assess genetic differentiation among individu-
als, we generated principal component analysis (PCoA) 
plots using our genome-wide and MHC joint genotyped 
VCFs, using the adegenet package (Jombart 2008) in R 
(v4.1.1) (R Core Team 2023). Comprehensive details of 
sample metadata and a breakdown of the methodological 
approaches used in this study are shown in Table S4 and 
Figure S1, respectively.

Results

MHC annotation

Through manual annotation of immune-related genes, 
we identified five MHC class I loci (Myge-UA, Myge-UB, 
Myge-UC, Myge-UD, Myge-UE; labelled from most to 
least number of detected variants), and ten MHC class II 
loci (Myge-DAA1, Myge-DAB1, Myge-DAA2, Myge-DAB2, 
Myge-DAA3, Myge-DAB3, Myge-DAA4, Myge-DAB4, 
Myge-DAA5, Myge-DAB5), all located within a 272,213 
bp region on scaffold 10. The gene nomenclature adheres 
to the conventions established by Miller et al. (2005) and 
Miller et al. (2015) for a reptilian species; however, lim-
ited annotations and published sequences in other reptile 
species made comparative interpretation challenging. The 
M. georgesi MHC class II genes are densely clustered, 
consisting of alpha (here labelled DAA) and beta (here 
labelled DAB) chains encoded on the 3′ to 5′ and 5′ to 3′ 
strands, respectively (Table 1). Structurally, the class II 
genes exhibit high conservation, except for Myge-DAB5 
which shows a putative loss of exon 5 with no transcrip-
tional evidence across three tissue types (Fig. 2). Similarly, 
MHC class I genes display a largely conserved architec-
ture, except for Myge-UA, which has notably larger introns 
1 and 2 compared to other MHC class I genes and con-
tains an additional exon (Fig. 2; Table S5). Differentia-
tion analyses revealed high sequence similarity between 
Myge-UB and Myge-UE, whereas Myge-UD, Myge-
UA, and Myge-UC exhibited closer sequence similarity 
(Table S6 A). As expected, lower levels of differentia-
tion were observed within the MHC II alpha (DAA) and 
beta (DAB) gene groups compared to between these gene 
groups (Table S6B). Transcriptome data did not provide a 
clear distinction between classical and non-classical Class 
I genes, as transcript levels across the three tissue types 
(brain, liver, and spleen) were consistent for all genes, 
suggesting that additional tissue types may be needed to 
identify if any of the identified class I genes may have non-
classical functions.

To contextualise the genetic relationships among MHC 
homologs in M. georgesi and extend these comparisons 
across non-avian and avian reptiles, we constructed phy-
logenetic trees using complete coding sequences of MHC 
I and MHC IIB sequences. The resulting phylogenies 
showed that M. georgesi forms monophyletic groups 
with other testudines across both classes, with certain 
M. georgesi genes forming unique clades alongside other 
testudines (Myge-UA, Myge-UB, Myge-UE, Myge-DAB4) 
(Figure S2; Figure S3). Furthermore, testudines and mem-
bers of the Crocodilia were shown to form a monophyletic 
group, separate from Squamata, Aves, and Rhynchoce-
phalia in the MHC class II tree (Figure S3).

https://www.geneious.com/
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MHC diversity

Following the identification and filtering of MHC variants, 
we identified 257 biallelic SNPs across all MHC exons in the 
before group, including 127 SNPs in class I and 136 SNPs 
in class II genes (Table 2). In the after group, 232 biallelic 
SNPs were identified across all MHC exons, comprising 108 
SNPs in class I and 124 SNPs in class II genes (Table 2). The 
SNPs were unevenly distributed among MHC genes, with 
highest number of variants contained in Myge-UA (N = 66) 
and the lowest number of variants contained in Myge-DAB3 
which was monomorphic (Table 2). Overall, the 14 genes 
with variants had an average of 18 exonic SNPs (range: 
3–66), most of which were in exons 2, 3, and 4 across both 
classes. Among the 257 SNPs identified in the ‘before’ ani-
mals, 171 (67%) were predicted to result in non-synonymous 
substitutions. In the ‘after’ animals, 154 of the 232 (59%) 
detected variants were also predicted to be non-synonymous. 
Non-synonymous variation was observed across 14 genes in 
the ‘before’ group and 13 genes in the ‘after’ group, respec-
tively. A total of 15 and 13 alleles were observed in MHC 
I and 35 and 27 alleles were observed in MHC II in before 
and after groups, respectively (Table 2). The before popula-
tion had one private allele in Myge-UC and Myge-UE, and 
11 private alleles across Myge-DAA1, Myge-DAA2, Myge-
DAB4, Myge-DAA5, Myge-DAB5 that were unique to that 
population. We found no significant differences in allelic 
diversity between temporal groups (MHC I: t = 1.8711, df 
= 8, p-value = 0.09823; MHC II: t = 1.688, df = 16, p-value 
= 0.1108) (Table 2). On average, class I genes had higher 
numbers of SNPs, non-synonymous SNPs, and fewer alleles 
compared to class II. SNP HO and HE was similar across 
temporal groups (Table S9) with slightly lower observed 
than expected heterozygosity at MHC loci. Higher number 

of variants corresponded with higher levels of heterozygo-
sity across both classes in pure M. georgesi. PCoA analyses 
revealed no clear temporal differentiation in MHC genes, 
although clustering of individuals was observed, potentially 
reflecting the presence of shared alleles (Figure S6). Slightly 
greater differentiation was observed in the ‘before’ group 
for MHC I genes (Figure S6 A), indicating a minor degree 
of temporal structuring. In contrast, genome-wide analyses 
showed no discernible clustering patterns. The inclusion 
of backcross individuals resulted in tighter clustering of 
purebred animals, reflecting the nearly identical genome-
wide diversity within the species and the absence of distinct 
genetic structuring (Figure S7 A). This observation was 
further validated by the exclusion of backcross individuals, 
which revealed no significant clustering or differentiation 
among pure groups, suggesting minimal genetic divergence 
over time (Figure S7B).

Genome‑wide diversity and demographic history

All whole-genome samples had an average alignment 
rate of 99.6% and 99.5% for pure and backcross animals, 
respectively, across ten putative macrochromosomes (scaf-
folds 1–10). Raw SNP calls across the genomes were sub-
stantially higher in backcross animals (~ 15,000,000) com-
pared to pure M. georgesi (~ 650,000) (Table S7). ROH 
were distributed across all macrochromosomes (Fig. 3A). 
The longest Run of Homozygosity (ROH) was identified 
on scaffold 5 in purebred individuals and covered 36% of 
the scaffold’s total length (Fig. 3A). In contrast, scaffold 
10 exhibited the lowest density of ROH relative to its size 
(Fig. 3A). The pure samples had 90% of their genome in 
ROH, characterised by short (< 2 Mb) and long (> 2 Mb) 
ROH as defined by Ceballos et al. (2018), while only a 

Table 1  Manually annotated 
MHC I and MHC II genes 
on scaffold 10 used for 
downstream analyses. Start 
and end coordinates refer to 
whole-genome coordinates 
on the reference genome 
(GCA_040894355.1). 
Coordinates for each exon are 
presented in table S5

Class Gene Scaffold Exons Start End Strand

MHC I Myge_UB 10 8 30,471,574 30,493,484 -
Myge_UE 10 7 30,500,310 30,508,525 -
Myge_UC 10 7 30,533,405 30,538,940 -
Myge_UD 10 7 30,567,953 30,577,665 -
Myge_UA 10 7 30,583,497 30,591,368 -

MHC II Myge_DAA1 10 4 30,660,982 30,663,487 -
Myge_DAB1 10 6 30,665,109 30,669,452  + 
Myge_DAA2 10 4 30,677,698 30,680,223 -
Myge_DAB2 10 6 30,681,654 30,686,193  + 
Myge_DAA3 10 4 30,698,489 30,700,988 -
Myge_DAB3 10 6 30,702,397 30,706,348  + 
Myge_DAA4 10 4 30,717,695 30,720,191 -
Myge_DAB4 10 6 30,721,446 30,725,542  + 
Myge_DAA5 10 4 30,735,202 30,737,782 -
Myge_DAB5 10 5 30,739,701 30,743,969  + 
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small number of short ROH were detected in backcross 
individuals (Fig. 3A, Table S7, Figure S4, Figure S5). 
Small ROHs measuring 0–500 kb, 500–1000 kb, and 
1000–2000 kb had similar frequencies across groups (Fig-
ure S5 A). Although counts of small and long ROH were 
relatively similar, the proportion of the genome in long 
runs was notably higher than small runs (Figure S5B). 
This is consistent with the expectation that larger ROHs 
occupy a greater proportion of the genome. The before and 
after samples had an identical proportion of the genome in 
ROH and comparable ROH lengths. The average number 
of ROH per individual was also consistent between the 
two temporal groups. No significant differences in nucleo-
tide diversity across the genome were observed between 
the before and after individuals, regardless of whether 
ROH were included or excluded. Both temporal groups 

displayed significantly lower nucleotide diversity com-
pared to the backcross individuals (Table S7).

We identified significantly lower levels of genome-wide 
SNPs (Table S7) and autosomal heterozygosity in pure ver-
sus backcross animals (pure: 1.18 ×  10−4; backcross: 6.8 
×  10−3, t = − 16.01, p = 0.001) (Fig. 4A). No significant dif-
ference was observed between temporal groups (before: 1.17 
×  10−4; after: 1.21 ×  10−4, t = − 1.40, p = 0.1745) (Fig. 4B).

Our demographic history reconstructions using PSMC 
analysis indicate a gradual, long-term decline in effective 
population size beginning approximately 110,000 years 
ago, coinciding with the last glacial period (Fig. 5A). The 
largest effective population size estimates correspond 
to a period before the last interglacial, around 110,000 
years ago. These estimates were consistent across all 31 
individuals analysed. Estimates predating this timeframe 

Fig. 2  Genomic architecture of major histocompatibility complex 
(MHC) genes. A Genomic architecture of the core major histocom-
patibility complex (MHC) region, including class I and class II genes, 
on scaffold 10. B and C Genomic coordinates and structural organisa-

tion of manually annotated Myuchelys georgesi (Myge) MHC genes 
presented as open reading frames (ORFs), in order of genomic posi-
tion along scaffold 10
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are likely less reliable due to including the accumulation 
of errors in coalescent events in deep time and limited 
resolution in ancient periods; therefore, they should be 

approached with caution. GoNe analyses showed there 
has been a decline in effective population size from an 

Fig. 3  Runs of homozygosity (ROH) heatmap illustrating A the chro-
mosomal distribution, length, and the proportion of the genome in 
ROH across nine macrochromosomes in before (individuals 1–19) 

and after (individuals 20–31), relative to F2 backcrosses (individu-
als 32–35). B Enlarged view of scaffold 10. Major histocompatibility 
complex (MHC) core region marked by a red arrow and parallel lines

Fig. 4  Genome-wide heterozygosity estimates for Myuchelys georgesi 
calculated using ROHan. Boxes represent the interquartile range 
(IQR) with whiskers extending to the upper and lower ranges and 
the bold line representing the group mean. A Autosomal heterozy-

gosity estimates for all groups including before, after, and backcross. 
B Rescaled autosomal heterozygosity estimates of pure M. georgesi 
before and after groups plotted in A
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estimate Ne of 700, 50 generations ago to 100 in the cur-
rent generation (Fig. 5B).

Discussion

Here we provide a critical first step towards understanding 
the genome-wide and immune gene diversity in the Bellinger 
River turtle. We found low levels of genome-wide diversity 
in pure M. georgesi compared to backcross animals and evi-
dence of long-term, continual declines in effective popula-
tion size. We present the first comprehensive overview of 
the location and structure of the MHC region in a freshwa-
ter turtle species. Based on our manual annotations of the 
MHC genes, we observed relatively low levels of genetic 
variation within this gene region in pure M. georgesi rela-
tive to disease-resilient hybrids. However, scaffold 10, which 
encompasses the MHC region, exhibited higher levels of 
variation compared to other macrochromosomes. Consistent 
across both genome-wide and immune gene analyses, no 
significant changes in genetic diversity were detected before 
and after the disease outbreak.

Leveraging a scaffold-level genome assembly and 
RNAseq data, we identified MHC genes localised within 
a single core region, consistent with observations in many 
amniote species (Fig. 2A). Like M. georgesi, these studies 
revealed a single-core MHC region with linked class I and 
class II subregions. While the relocation of MHC genes to 
other genomic regions has been observed in reptiles—for 
instance, the displacement of class I and class II genes from 
the core MHC region in tuatara and anole (Card et al. 2022; 
Gemmell et al. 2020; Miller et al. 2015) —we did not find 
evidence for extensive duplication of functional MHC genes 

outside of the core region, aside from incomplete pseudo-
genes lacking major exons. This suggests a highly conserved 
MHC region with potential constraints on duplication to 
other regions of the genome in M. georgesi. The genomic 
organisation of each class forms two distinct clusters 
observed within the single-core MHC region as observed in 
the Chinese alligator (He et al. 2022b) and komodo dragon 
(Reed and Settlage 2021), with no interspersal of classes 
as observed in the tuatara (Gemmell et al. 2020), and some 
amphibian and mammalian species (He et al. 2023; Peel 
et al. 2019). These topologies align with the known evolu-
tionary relationships within Reptilia (Zardoya and Meyer 
2001), supporting both the conservation of MHC loci and 
their divergence along lineage-specific trajectories. Phyloge-
netic analyses of immune genes similarly reflect these estab-
lished relationships, with both MHC classes showing the 
closest divergence from Crocodilia (Figure S2, Figure S3). 
This raises the question of whether these clades represent 
classical and non-classical genes or suggest specialised 
roles within the M. georgesi immune system. In humans, 
for instance, classical HLA (human leukocyte antigen) class 
Ia genes, such as HLA-A, are involved in antigen presenta-
tion to immune cells, are highly polymorphic, and play a 
critical role in adaptive immunity (Le Bouteiller and Lenfant 
1996). In contrast, non-classical HLA class Ib genes such 
as HLA-G and HLA-E exhibit specialised immunomodula-
tory functions, are highly conserved and characterised by 
limited polymorphism, and are predominantly expressed 
in immunologically significant tissues (LeMaoult et  al. 
2003). Consistent with the genomic architecture observed 
in amphibians, MHC class I introns in M. georgesi are nota-
bly longer than those of MHC class II, where MHC II DAA 
and MHC II DAB are tightly linked (He et al. 2023). These 

Fig. 5  Changes in effective population size (Ne) over time estimated 
using A PSMC and B GoNe for Myuchelys georgesi. The x axes indi-
cate time before present in years, and the y axis indicates the effective 
population size. A generation time of 14 years was used for both anal-

yses. For PSMC analyses, axes were scaled by mutation rate of 4.61 
×  10−9 substitutions per site per generation. PSMC rectangles corre-
spond to the last inter-glacial (red, warm) and glacial period (blue, 
cold). Vertical dotted line represents arrival of humans to Australia
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keys features suggest that the MHC region in M. georgesi 
is relatively simple as the core MHC I and MHC II regions 
tightly clustered and adjacent in the genome. This simpli-
fied genomic arrangement appears to have been largely 
conserved throughout the evolutionary history of tetrapods, 
including birds (He et al. 2022a), reptiles (Card et al. 2022; 
He et al. 2022b; Miller et al. 2015), and mammals (Silver 
et al. 2024), particularly in MHC II genes.

Our demographic reconstructions indicate that the effec-
tive population size of M. georgesi has been declining since 
the last interglacial period (Fig. 5), potentially due to lim-
ited gene flow and accumulation of runs of homozygosity. 
Mitochondrial data estimate that M. georgesi diverged from 
its close relative, E. macquarii, approximately 6.1 million 
years ago during a period of aridification (Le et al. 2013). 
Geographic isolation and habitat fragmentation likely con-
tributed to the demographic trends identified in our PSMC 
analyses. The low Ne estimates (< 500) from approximately 
10,000 years ago (Fig. 5A) suggest that climatic changes 
during the last glacial period may have influenced the 
genetic structure of M. georgesi, similar to patterns observed 
in other freshwater turtle species (Hilgers et al. 2024). How-
ever, unlike these common turtle species, which eventually 
reach an equilibrium in Ne (Hilgers et al. 2024), M. georgesi 
has continued to experience a gradual, long-term decline. 
The glacial period likely reduced habitat availability and 
fragmented freshwater populations, leading to isolation, 
speciation, and long-term declines in effective population 
size. The species isolation, combined with life-history traits, 
have likely intensified the impact of accumulated inbreeding, 
resulting in reduced fitness and an elevated risk of extinction 
over time (Frankham et al. 2017). The long-term isolation 
and gradual decline in effective population size represent key 
findings for the species, likely exacerbating the critically low 
levels of contemporary genome-wide diversity observed in 
heterozygosity and ROH analyses. Consequently, this accu-
mulation of inbreeding effects, compounded by geographic 
barriers to dispersal, may have driven the species into an 
extinction vortex well before the onset of the Anthropocene. 
This is supported by the large proportion of the genome 
found in ROH (Fig. 3A), as long-term inbreeding and gene 
flow can directly influence ROH abundance (Ceballos et al. 
2018; Foote et al. 2021; Hewett et al. 2023; Mooney et al. 
2021). Short ROH are indicative of background relatedness 
or inbreeding resulting from distant common ancestry, while 
long ROH reflect recent parental relatedness or occur in 
genomic regions with low recombination rates (McQuillan 
et al. 2008; Pemberton et al. 2012). In M. georgesi, the ROH 
distribution includes both short (< 2 Mb) and long (> 2 Mb) 
segments (Fig. 3A, Figure S4, Figure S5). The elevated lev-
els of homozygosity observed in the contemporary popula-
tion are likely the consequence of both historical inbreeding 
among distant ancestors and recent background relatedness. 

This is further supported by the recent declines identified 
through GoNe analyses, which have likely contributed to 
the significant proportion of the genome comprising of long 
ROH (Fig. 5B, Figure S5B, Table S5) (Kardos et al. 2021; 
Pemberton et al. 2012). ROHs, which are typically regions 
identical by descent, are likely absent in backcross animals 
due to increased genetic diversity and reduced inbreeding 
in parental E. macquarii in addition to heterozygote advan-
tage and levels of genetic divergence (7.8%) between the 
two species (Fielder et al. 2012). The absence of signifi-
cant differences in both the number and length of ROH and 
in autosomal heterozygosity across temporal groups sug-
gests that genomic signatures associated with the recent 
disease outbreak are not yet detectable at the genome-wide 
level in a species with long generation times. These find-
ings conflict with previous analyses using 460 SNPs and 
a sample set of before = 92 and after = 38 (Nelson et al. 
2024). As WGR leverages a dense array of markers spread 
across an entire genome, compared to the RRS data that 
surveyed 0.000023% of the genome, the increased statisti-
cal power and even genomic coverage of the genome-wide 
dataset yields results that are more robust and reliable (Jeon 
et al. 2024). Although these signatures are not apparent in 
the genome-wide data yet, these signatures may emerge in 
subsequent generations, potentially increasing the species’ 
trajectory towards extinction, emphasising the importance 
of ongoing genetic monitoring.

Interestingly, the terminal region of scaffold 10 shows 
a notable absence of ROH, with only a few ROH observed 
in certain individuals, including backcrosses (Fig. 3). This 
pattern could potentially result from various factors, such 
as telomeric recombination disrupting long ROH tracts at 
the chromosomal ends (Bosse et al. 2012), or the presence 
of a functionally important gene region as observed in our 
characterisation of the MHC core region. However, further 
investigation would be necessary to confirm this.

Here we found higher levels of expected (HE) than 
observed (HO) at MHC loci. We previously found higher 
HO than HE heterozygosity in the species using 460 puta-
tively neutral SNP markers (Nelson et al. 2024). Although 
neutral genetic variation is frequently employed as a proxy 
for adaptive potential, our findings support the argument 
that neutral diversity may not fully capture adaptive poten-
tial, particularly when only a small set of RRS variants is 
considered. Instead, genetic diversity at specific functional 
loci provides a more accurate measure of a population’s 
adaptive potential (Holderegger et al. 2006; Teixeira and 
Huber 2021). MHC variants play a critical role in a wide 
range of biological traits. For instance (i) immune recogni-
tion where a single amino acid change in the antigen-binding 
region of the DRB*1302 allele in humans abolishes malaria 
recognition (Frank 2002; Summers et al. 2003); (ii) suscep-
tibility to infectious and autoimmune diseases, as observed 
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in MHC IIB heterozygotes, which exhibit lower Ranavirus 
infection intensity compared to homozygotes in larval wood 
frogs (Rana sylvatica) (Savage et al. 2019); (iii) individual 
odours and mating preferences seen in song sparrows (Melo-
spiza melodia) (Grieves et al. 2019) and other aves (Leclaire 
et al. 2014), where preen oil odour is used to discern MHC 
similarity and diversity of potential kin or mates and; (iv) 
pregnancy outcomes observed in giant pandas (Ailuropoda 
melanoleuca), where mating pairs with MHC dissimilar-
ity exhibit higher reproductive success (Sommer 2005; Zhu 
et al. 2019). High levels of inbreeding often lead to an over-
all decrease in MHC variants, loss of rare and potentially 
advantageous alleles, and a decreased ability to adapt to 
novel or rapidly evolving pathogens (Altizer et al., 2003; 
Spielman et al., 2004). Despite the low genome-wide diver-
sity observed in M. georgesi, MHC genes appear relatively 
conserved. The lack of ROH seen in the core MHC region, 
and scaffold 10 in general, relative to other macrochromo-
somes suggests that SNP diversity alone, may not be a pri-
mary driver of the species’ disease susceptibility as initially 
hypothesised. Instead, the interspecific diversity introduced 
by E. macquarii across the genome more broadly, including 
other variant types not explored in this study, may contribute 
to the disease resilience of backcross individuals compared 
to their pure M. georgesi counterparts; however, this would 
need further investigation (Parrish et al. 2024; Yang et al. 
2024). Individuals from the after disease group exhibit a 
reduced number of SNPs, non-synonymous mutations, and 
alleles at six out of the 15 MHC genes when compared to 
the before group. These observations may reflect a possi-
ble sampling artifact or could represent early evidence of 
allele loss in the wild, with some of the remaining alleles 
potentially conferring resistance to nidovirus infection, as 
seen in amphibians with chytridiomycosis (Fu et al. 2023). 
However, longer-term monitoring of subsequent generations 
in addition to metadata of resilient and animals that succumb 
to the disease will be necessary to validate these findings.

The results of this study should be interpreted with 
consideration of its limitations. The first limitation is the 
scarcity of complete coding sequences for testudines and 
other reptilian species, which hinders the ability to draw 
high-resolution conclusions about the evolutionary histories 
and classification of MHC homologs in M. georgesi and tes-
tudines more broadly. Compared to the extensive genomic 
and immunological resources available for other tetrapod 
clades, such as marsupials (Belov et al. 2013), reptiles—
particularly testudines—still lack comprehensive immune 
gene resources. This deficiency in data restricts the ability to 
resolve evolutionary relationships of ancient lineages effec-
tively. As next-generation sequencing (NGS) becomes more 
common for non-model organisms, the increasing availa-
bility of genomic data and resources will help address the 
current deficiency in MHC nomenclature and classification. 

Secondly, are comparisons between pure and backcross ani-
mals. Determining whether discrepancies between pure and 
backcross animals arise from misalignments due to struc-
tural variations or interference from paralogous sequences 
affecting accurate sequence alignment across backcross 
genomes can be difficult with short-read data. Synteny 
analyses between pure species could offer valuable insights 
into chromosomal rearrangements and regions with complex 
architecture, including the terminal region of scaffold 10 (Li 
et al. 2022). Additionally, this study uses short-read data to 
focus on biallelic SNPs as proxies for genetic diversity, simi-
lar to the approaches undertaken by Stroupe et al. (2022) and 
Askelson et al. (2023) investigating hybridisation in North 
American bison (Bison bison) and white-breasted nuthatches 
(Sitta carolinensis), respectively. Exploring structural vari-
ants and indels represents another promising approach to 
gain deeper insights into genomic diversity within and 
between species. These elements can span multiple alleles, 
genes, and gene regions simultaneously, potentially exerting 
a more substantial influence on fitness (Wold et al. 2021). 
For future functional studies, annotating MHC genes in E. 
macquarii and employing targeted amplicon sequencing 
would facilitate thorough and precise comparisons of the 
genomic impacts of hybridisation within MHC loci, includ-
ing duplications, copy number variations, and expansions 
in gene families (Horton et al. 2004). Additionally, greater 
sequencing effort of first-generation hybrids and additional 
backcross individuals will offer a comprehensive view of 
genomic dynamics, facilitating a deeper understanding of 
the extent of introgression and its potential implications 
for genome-wide and immune function, and overall fitness 
across a larger sample set.

Conclusion

Our study demonstrates a high level of conservation in the 
functionally important MHC core region, in contrast to low, 
putatively neutral, genome-wide diversity of this critically 
endangered turtle. Using short-read Illumina re-sequenced 
genomes, we reconstructed the demographic history of the 
population, revealing a pronounced and ongoing gradual 
decline in effective population size and a persistent trajec-
tory towards genetic depletion over time. Genome-wide 
diversity shows evidence of having diminished over time 
and is expected to decline further, particularly following the 
population crash triggered by the 2015 nidovirus outbreak. 
Lastly, by characterising the MHC region in a freshwater tur-
tle species, this study provides important insights to support 
ongoing research within this species and lays the ground-
work for future investigations into MHC diversity across 
testudines more broadly.



 Immunogenetics           (2025) 77:21    21  Page 14 of 17

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00251- 025- 01378-8.

Acknowledgements We acknowledge Gumbaynggirr people and their 
ongoing connection to Country where the turtles live and pay respects 
to their Elders past and present. This research was made possible by the 
NSW DCCEEW Saving our Species program and the NCRIS funded 
Bioplatforms Australia Threatened Species Initiative. Computing 
resources were provided by the University of Sydney’s High Perfor-
mance Computing cluster Artemis and Amazon Web Services.

Author contribution H.V.N., K.B., and C.J.H. conceptualised this 
study. H.V.N. conducted all lab work and analyses and wrote the first 
draft. C.J.H. obtained funding. A.G. provided samples for WGR and 
LS and T.G.L.K. assisted with bioinformatic analyses. E.A.M. and J.G. 
helped revise the manuscript with all authors.

Funding Open Access funding enabled and organized by CAUL and its 
Member Institutions. Funding for this work was provided by the Aus-
tralian Government’s Bushfire Recovery Scheme (ERF-WRR2-020) to 
the Threatened Species Initiative, and HVN scholarship funding was 
provided by the NSW DCCEEW and the University of Sydney.

Data availability The male M. georgesi reference genome assembly, all 
raw sequencing reads including the 3-tissue transcriptome RNA-seq 
reads, whole-genome re-sequencing data and annotated sequences are 
available from NCBI under BioProject PRJNA1003540. All scripts 
used to process data are publicly available at https:// github. com/ awgg- 
lab/ austr alasi angen omes

Declarations 

Ethics approval Collection of samples was conducted in accordance 
with the conditions of NSW DCCEEW Animal Ethics Committee 
(AEC151201-3, AEC160503-01 and AEC180904-5) and Scientific 
Licences (MWL00102467, SL101672, and SL10255).

Conflict of interest 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

Aljanabi SM, Martinez I (1997) Universal and rapid salt-extraction of 
high quality genomic DNA for PCR-based techniques. Nucleic 
Acids Res 25:4692–4693. https:// doi. org/ 10. 1093/ nar/ 25. 22. 4692

Altizer S, Harvell D, Friedle E (2003) Rapid evolutionary dynamics 
and disease threats to biodiversity. Trends Ecol Evol 18:589–596

Anderson PK, Cunningham AA, Patel NG, Morales FJ, Epstein 
PR, Daszak P (2004) Emerging infectious diseases of plants: 

pathogen pollution, climate change and agrotechnology drivers. 
Trends Ecol Evol 19:535–544

Andrews S (2010) FastQC: A quality control tool for high through-
put sequence data. Available online: http:// www. bioin forma tics. 
babra ham. ac. uk/ proje cts/ fastqc/. Accessed 20 Sept 2024

Askelson KK, Spellman GM, Irwin D (2023) Genomic divergence 
and introgression between cryptic species of a widespread North 
American songbird. Mol Ecol 32:6839–6853. https:// doi. org/ 10. 
1111/ mec. 17169

Auteri GG, Knowles LL (2020) Decimated little brown bats show 
potential for adaptive change. Sci Rep 10:3023

Baack EJ, Rieseberg LH (2007) A genomic view of introgression and 
hybrid speciation. Curr Opin Genet Dev 17:513–518

Belov K, Miller RD, Old JM, Young LJ (2013) Marsupial immunol-
ogy bounding ahead. Aust J Zool 61:24–40

Bergeron LA, Besenbacher S, Zheng J, Li P, Bertelsen MF, Quin-
tard B, Hoffman JI, Li Z, St. Leger J, Shao C (2023) Evolu-
tion of the germline mutation rate across vertebrates. Nature 
615:285–291

Bi C, Lu N, Huang Z, Chen J, He C, Lu Z (2020) Whole-genome 
resequencing reveals the pleistocene temporal dynamics of Bran-
chiostoma belcheri and Branchiostoma floridae populations. Ecol 
Evol 10:8210–8224. https:// doi. org/ 10. 1002/ ece3. 6527

Bolger A, Giorgi F (2014) Trimmomatic: a flexible read trimming tool 
for illumina NGS data. Bioinformatics 30:2114–2120

Bosse M, Megens H-J, Madsen O, Paudel Y, Frantz LAF, Schook LB, 
Crooijmans RPMA, Groenen MAM (2012) Regions of homozy-
gosity in the porcine genome: consequence of demography and 
the recombination landscape. PLoS Genet 8:e1003100. https:// 
doi. org/ 10. 1371/ journ al. pgen. 10031 00

Buchanan SW, Kolbe JJ, Wegener JE, Atutubo JR, Karraker NE (2019) 
A comparison of the population genetic structure and diversity 
between a common (Chrysemys p. picta) and an endangered 
(Clemmys guttata) freshwater turtle. Diversity 11:99. https:// 
doi. org/ 10. 3390/ d1107 0099

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer 
K, Madden TL (2009) BLAST+: architecture and applications. 
BMC Bioinform 10:1–9

Card DC, Van Camp AG, Santonastaso T, Jensen-Seaman MI, Anthony 
NM, Edwards SV (2022) Structure and evolution of the squamate 
major histocompatibility complex as revealed by two Anolis liz-
ard genomes. Front Genet 13:979746

Ceballos FC, Joshi PK, Clark DW, Ramsay M, Wilson JF (2018) Runs 
of homozygosity: windows into population history and trait 
architecture. Nat Rev Genet 19:220–234

Chessman BC, McGilvray G, Ruming S, Jones HA, Petrov K, Fielder 
DP, Spencer R, Georges A (2020) On a razor’s edge: status and 
prospects of the critically endangered Bellinger River snapping 
turtle, Myuchelys georgesi. Aquat Conserv Mar Freshw Ecosyst 
30:586–600. https:// doi. org/ 10. 1002/ aqc. 3258

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 27:2156–8. https:// doi. org/ 
10. 1093/ bioin forma tics/ 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:giab008. https:// doi. org/ 10. 1093/ gigas cience/ giab0 08

Daszak P, Cunningham AA, Hyatt AD (2000) Emerging infectious 
diseases of wildlife-threats to biodiversity and human health. 
Science 287:443–449

Dugovich BS, Beechler BR, Dolan BP, Crowhurst RS, Gonzales BJ, 
Powers JG, Hughson DL, Vu RK, Epps CW, Jolles AE (2023) 
Population connectivity patterns of genetic diversity, immune 

https://doi.org/10.1007/s00251-025-01378-8
https://github.com/awgg-lab/australasiangenomes
https://github.com/awgg-lab/australasiangenomes
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/nar/25.22.4692
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1111/mec.17169
https://doi.org/10.1111/mec.17169
https://doi.org/10.1002/ece3.6527
https://doi.org/10.1371/journal.pgen.1003100
https://doi.org/10.1371/journal.pgen.1003100
https://doi.org/10.3390/d11070099
https://doi.org/10.3390/d11070099
https://doi.org/10.1002/aqc.3258
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1093/gigascience/giab008


Immunogenetics           (2025) 77:21  Page 15 of 17    21 

responses and exposure to infectious pneumonia in a metapopula-
tion of desert bighorn sheep. J Anim Ecol 92:1456–1469

Farquharson KA, McLennan EA, Cheng Y, Alexander L, Fox S, Lee 
AV, Belov K, Hogg CJ (2022) Restoring faith in conservation 
action: maintaining wild genetic diversity through the Tasmanian 
devil insurance program. Iscience 25:104474

Fay R, Ficheux S, Béchet A, Besnard A, Crochet P-A, Leblois R, 
Crivelli A, Wattier R, Olivier A (2023) Direct and indirect 
estimates of dispersal support strong juvenile philopatry and 
male-biased dispersal in a freshwater turtle species (Emys 
orbicularis). Freshw Biol 68:2042–2053. https:// doi. org/ 10. 
1111/ fwb. 14171

Fielder D, Vernes K, Alacs E, Georges A (2012) Mitochondrial vari-
ation among Australian freshwater turtles (genus Myuchelys), 
with special reference to the endangered M. bellii. Endanger 
Species Res 17:63–71

Flot J (2010) SeqPHASE: a web tool for interconverting PHASE 
input/output files and FASTA sequence alignments. Mol Ecol 
Resour 10:162–166

Foote AD, Hooper R, Alexander A, Baird RW, Baker CS, Ballance L, 
Barlow J, Brownlow A, Collins T, Constantine R (2021) Runs 
of homozygosity in killer whale genomes provide a global 
record of demographic histories. Mol Ecol 30:6162–6177

Frank SA (2002) Immunology and evolution of infectious disease. 
Princeton University Press

Frankham R (2015) Genetic rescue of small inbred populations: 
meta-analysis reveals large and consistent benefits of gene 
flow. Mol Ecol 24:2610–2618

Frankham R, Ballou JD, Ralls K, Eldridge M, Dudash MR, Fenster 
CB, Lacy RC, Sunnucks P (2017) Genetic management of frag-
mented animal and plant populations. Oxford University Press

Fu M, Eimes JA, Kong S, Lamichhaney S, Waldman B (2023) Iden-
tification of major histocompatibility complex genotypes asso-
ciated with resistance to an amphibian emerging infectious 
disease. Infect Genet Evol 113:105470

Gemmell NJ, Rutherford K, Prost S, Tollis M, Winter D, Macey 
JR, Adelson DL, Suh A, Bertozzi T, Grau JH, Organ C, Gard-
ner PP, Muffato M, Patricio M, Billis K, Martin FJ, Flicek 
P, Petersen B, Kang L, Michalak P, Buckley TR, Wilson M, 
Cheng Y, Miller H, Schott RK, Jordan MD, Newcomb RD, 
Arroyo JI, Valenzuela N, Hore TA, Renart J, Peona V, Peart 
CR, Warmuth VM, Zeng L, Kortschak RD, Raison JM, Zapata 
VV, Wu Z, Santesmasses D, Mariotti M, Guigó R, Rupp SM, 
Twort VG, Dussex N, Taylor H, Abe H, Bond DM, Paterson 
JM, Mulcahy DG, Gonzalez VL, Barbieri CG, DeMeo DP, 
Pabinger S, Van Stijn T, Clarke S, Ryder O, Edwards SV, Salz-
berg SL, Anderson L, Nelson N, Stone C, Stone C, Smillie J, 
Edmonds H (2020) The tuatara genome reveals ancient features 
of amniote evolution. Nature 584:403–409. https:// doi. org/ 10. 
1038/ s41586- 020- 2561-9

Georges A (2020) Assessment of hybridization and introgression 
in Bellinger River turtles, and assessment of parentage of 
hatchlings destined for release in the recovery program of 
Myuchelys georgesi. Biodiversity and conservation, NSW 
Department of Planning. Industry and Environment. http:// 
georg es. bioma tix. org/ stora ge/ app/ uploa ds/ public/ 5f4/ f7a/ bf4/ 
5f4f7 abf48 b9f90 45043 54. pdf

Georges A, Spencer R-J, Kilian A, Welsh M, Zhang X (2018) Assault 
from all sides: hybridization and introgression threaten the 
already critically endangered Myuchelys georgesi (Chelonia: 
Chelidae). Endanger Species Res 37:239–247. https:// doi. org/ 
10. 3354/ esr00 928

Grieves L, Gloor G, Bernards M, MacDougall-Shackleton E (2019) 
Songbirds show odour-based discrimination of similarity and 
diversity at the major histocompatibility complex. Anim Behav 
158:131–138

Guindon S, Dufayard J-F, Lefort V, Anisimova M, Hordijk W, Gas-
cuel O (2010) New algorithms and methods to estimate max-
imum-likelihood phylogenies: assessing the performance of 
PhyML 3.0. Syst Biol 59:307–321

He K, Babik W, Majda M, Minias P (2023) MHC architec-
ture in amphibians—ancestral reconstruction, gene rear-
rangements, and duplication patterns. Genome Biol Evol 
15:evad079. https:// doi. org/ 10. 1093/ gbe/ evad0 79

He K, Liang C, Zhu Y, Dunn P, Zhao A, Minias P (2022a) Recon-
structing macroevolutionary patterns in avian MHC architec-
ture with genomic data. Front Genet 13:823686

He K, Zhu Y, Yang S-C, Ye Q, Fang S-G, Wan Q-H (2022b) Major 
histocompatibility complex genomic investigation of endan-
gered Chinese alligator provides insights into the evolution 
of tetrapod major histocompatibility complex and survival of 
critically bottlenecked species. Front Ecol Evol 10:1078058

Hewett AM, Stoffel MA, Peters L, Johnston SE, Pemberton JM (2023) 
Selection, recombination and population history effects on runs 
of homozygosity (ROH) in wild red deer (Cervus elaphus). 
Heredity 130:242–250

Hilgers L, Liu S, Jensen A, Brown T, Cousins T, Schweiger R, 
Guschanski K, Hiller M (2024) Avoidable false PSMC popula-
tion size peaks occur across numerous studies. bioRxiv 2024.06. 
17.599025. https:// doi. org/ 10. 1101/ 2024. 06. 17. 599025

Hoang DT, Vinh LS, Flouri T, Stamatakis A, von Haeseler A, Minh 
BQ (2018) MPBoot: fast phylogenetic maximum parsimony tree 
inference and bootstrap approximation. BMC Evol Biol 18:1–11

Hoffmann AA, Sgrò CM, Kristensen TN (2017) Revisiting adaptive 
potential, population size, and conservation. Trends Ecol Evol 
32:506–517

Holderegger R, Kamm U, Gugerli F (2006) Adaptive vs. neutral 
genetic diversity: implications for landscape genetics. Landsc 
Ecol 21:797–807. https:// doi. org/ 10. 1007/ s10980- 005- 5245-9

Horton R, Wilming L, Rand V, Lovering RC, Bruford EA, Khodiyar 
VK, Lush MJ, Povey S, Talbot CC Jr, Wright MW, Wain HM 
(2004) Gene map of the extended human MHC. Nat Rev Genet 
5:889–899

Hughes AL, Yeager M (1998) Natural selection at major histocompat-
ibility complex loci of vertebrates. Annu Rev Genet 32:415–435

Jaegle B, Pisupati R, Soto-Jiménez LM, Burns R, Rabanal FA, Nor-
dborg M (2023) Extensive sequence duplication in Arabidopsis 
revealed by pseudo-heterozygosity. Genome Biol 24:44. https:// 
doi. org/ 10. 1186/ s13059- 023- 02875-3

Jeon JY, Shin Y, Mularo AJ, Feng X, DeWoody JA (2024) The integra-
tion of whole-genome resequencing and ecological niche mod-
elling to conserve profiles of local adaptation. Divers Distrib 
30:e13847. https:// doi. org/ 10. 1111/ ddi. 13847

Jombart T (2008) adegenet: a R package for the multivariate analysis 
of genetic markers. Bioinformatics 24:1403–1405

Kalyaanamoorthy S, Minh BQ, Wong TK, Von Haeseler A, Jermiin LS 
(2017) ModelFinder: fast model selection for accurate phyloge-
netic estimates. Nat Methods 14:587–589

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 U A 118. https:// doi. org/ 10. 1073/ pnas. 21046 42118

Le M, Reid BN, McCord WP, Naro-Maciel E, Raxworthy CJ, Georges 
A (2013) Resolving the phylogenetic history of the short-necked 
turtles, genera Elseya and Myuchelys (Testudines: Chelidae) from 
Australia and New Guinea. Mol Phylogenet Evol 68:251–258

Le Bouteiller P, Lenfant F (1996) Antigen-presenting function(s) of the 
non-classical HLA-E, -F and -G class I molecules: the beginning 
of a story. Res Immunol 147:301–313. https:// doi. org/ 10. 1016/ 
0923- 2494(96) 89643-X

Leclaire S, van Dongen WF, Voccia S, Merkling T, Ducamp C, Hatch 
SA, Blanchard P, Danchin É, Wagner RH (2014) Preen secretions 

https://doi.org/10.1111/fwb.14171
https://doi.org/10.1111/fwb.14171
https://doi.org/10.1038/s41586-020-2561-9
https://doi.org/10.1038/s41586-020-2561-9
http://georges.biomatix.org/storage/app/uploads/public/5f4/f7a/bf4/5f4f7abf48b9f904504354.pdf
http://georges.biomatix.org/storage/app/uploads/public/5f4/f7a/bf4/5f4f7abf48b9f904504354.pdf
http://georges.biomatix.org/storage/app/uploads/public/5f4/f7a/bf4/5f4f7abf48b9f904504354.pdf
https://doi.org/10.3354/esr00928
https://doi.org/10.3354/esr00928
https://doi.org/10.1093/gbe/evad079
https://doi.org/10.1101/2024.06.17.599025
https://doi.org/10.1007/s10980-005-5245-9
https://doi.org/10.1186/s13059-023-02875-3
https://doi.org/10.1186/s13059-023-02875-3
https://doi.org/10.1111/ddi.13847
https://doi.org/10.1073/pnas.2104642118
https://doi.org/10.1016/0923-2494(96)89643-X
https://doi.org/10.1016/0923-2494(96)89643-X


 Immunogenetics           (2025) 77:21    21  Page 16 of 17

encode information on MHC similarity in certain sex-dyads in a 
monogamous seabird. Sci Rep 4:6920

LeMaoult J, Le Discorde M, Rouas-Freiss N, Moreau P, Menier C, 
McCluskey J, Carosella E (2003) Biology and functions of 
human leukocyte antigen-G in health and sickness. Tissue Anti-
gens 62:273–284

Li H, Durbin R (2011) Inference of human population history from 
individual whole-genome sequences. Nature 475:493–496

Li H, Durbin R (2009) Fast and accurate short read alignment with 
Burrows-Wheeler transform. Bioinformatics 25:1754–1760

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth 
G, Abecasis G, Durbin R (2009) The sequence alignment/map 
format and SAMtools. Bioinformatics 25:2078–2079

Li X, He S-G, Li W-R, Luo L-Y, Yan Z, Mo D-X, Wan X, Lv F-H, 
Yang J, Xu Y-X, Deng J, Zhu Q-H, Xie X-L, Xu S-S, Liu 
C-X, Peng X-R, Han B, Li Z-H, Chen L, Han J-L, Ding X-Z, 
Dingkao R, Chu Y-F, Wu J-Y, Wang L-M, Zhou P, Liu M-J, Li 
M-H (2022) Genomic analyses of wild argali, domestic sheep, 
and their hybrids provide insights into chromosome evolution, 
phenotypic variation, and germplasm innovation. Genome Res 
32:1669–1684. https:// doi. org/ 10. 1101/ gr. 276769. 122

Madeira F, Park Y mi, Lee J, Buso N, Gur T, Madhusoodanan N, 
Basutkar P, Tivey ARN, Potter SC, Finn RD, Lopez R (2019) 
The EMBL-EBI search and sequence analysis tools APIs in 
2019. Nucleic Acids Res 47:W636–W641. https:// doi. org/ 10. 
1093/ nar/ gkz268

Magid M, Wold JR, Moraga R, Cubrinovska I, Houston DM, Gartrell 
BD, Steeves TE (2022) Leveraging an existing whole-genome 
resequencing population data set to characterize toll-like 
receptor gene diversity in a threatened bird. Mol Ecol Resour 
22:2810–2825

Martinez PA, Ezaz T, Valenzuela N, Georges A, Marshall Graves JA 
(2008) An XX/XY heteromorphic sex chromosome system in 
the Australian chelid turtle Emydura macquarii: a new piece in 
the puzzle of sex chromosome evolution in turtles. Chromosome 
Res 16:815–825

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky 
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 
20:1297–1303. https:// doi. org/ 10. 1101/ gr. 107524. 110

McLennan E, Cheng Y, Farquharson K, Grueber C, Elmer J, Alexander 
L, Fox S, Belov K, Hogg C (2024) Reinforcements in the face 
of ongoing threats: a case study from a critically small carnivore 
population. Anim Conserv. https:// doi. org/ 10. 1111/ acv. 12945C

McQuillan R, Leutenegger AL, Abdel-Rahman R, Franklin CS, Pericic 
M, Barac-Lauc L, Smolej-Narancic N, Janicijevic B, Polasek O, 
Tenesa A (2008) Runs of homozygosity in European populations. 
Am J Hum Genet 83:359–372

Miller HC, Belov K, Daugherty CH (2005) Characterization of MHC 
class II genes from an ancient reptile lineage, Sphenodon (tua-
tara). Immunogenetics 57:883–891

Miller HC, O’Meally D, Ezaz T, Amemiya C, Marshall-Graves JA, 
Edwards S (2015) Major histocompatibility complex genes 
map to two chromosomes in an evolutionarily ancient reptile, 
the Tuatara Sphenodon punctatus. G3 Genes Genomes Genet 
5:1439–1451. https:// doi. org/ 10. 1534/ g3. 115. 017467

Minh BQ, Schmidt HA, Chernomor O, Schrempf D, Woodhams MD, 
Von Haeseler A, Lanfear R (2020) IQ-TREE 2: new models and 
efficient methods for phylogenetic inference in the genomic era. 
Mol Biol Evol 37:1530–1534

Mooney JA, Yohannes A, Lohmueller KE (2021) The impact of iden-
tity by descent on fitness and disease in dogs. Proc Natl Acad 
Sci 118:e2019116118

Napolitano C, Sacristán I, Acuña F, Aguilar E, García S, López-Jara 
MJ, Cabello J, Hidalgo-Hermoso E, Poulin E, Grueber CE (2023) 

Assessing micro-macroparasite selective pressures and anthro-
pogenic disturbance as drivers of immune gene diversity in a 
Neotropical wild cat. Sci Total Environ 897:166289

Neefjes J, Jongsma ML, Paul P, Bakke O (2011) Towards a systems 
understanding of MHC class I and MHC class II antigen presen-
tation. Nat Rev Immunol 11:823–836

Nelson HV, Farquharson KA, Georges A, McLennan EA, DeGabriel 
JL, Giese M, Ormond C, McFadden M, Skidmore A, Prangell 
J (2024) A genomic framework to assist conservation breeding 
and translocation success: a case study of a critically endangered 
turtle. Conserv Sci Pract 6:e13204

Parrish K, Kirkland P, Horwood P, Chessman B, Ruming S, McGilvray 
G, Rose K, Hall J, Skerratt L (2024) Delving into the aftermath 
of a disease-associated near-extinction event: a five-year study 
of a serpentovirus (nidovirus) in a critically endangered turtle 
population. Viruses 16:653

Peakall R, Smouse PE (2006) GENALEX 6: genetic analysis in Excel. 
Population genetic software for teaching and research. Mol Ecol 
Notes 6:288–295

Peel E, Ng HJJ, Belov K (2019) Monotreme, marsupial and bat immu-
nology, Current therapy in medicine of Australian mammals. 
Collingwood, Victoria, Australia

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. 
https:// doi. org/ 10. 1093/ gigas cience/ giac1 00

Pemberton TJ, Absher D, Feldman MW, Myers RM, Rosenberg NA, 
Li JZ (2012) Genomic patterns of homozygosity in worldwide 
human populations. Am J Hum Genet 91:275–292

Penn DJ, Damjanovich K, Potts WK (2002) MHC heterozygosity con-
fers a selective advantage against multiple-strain infections. Proc 
Natl Acad Sci 99:11260–11264

Piertney S, Oliver M (2006) The evolutionary ecology of the major 
histocompatibility complex. Heredity 96:7–21

Quinlan AR, Hall IM (2010) BEDTools: a flexible suite of utilities for 
comparing genomic features. Bioinformatics 26:841–842

R Core Team (2023) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria. 
URL https:// www.R- proje ct. org/

Reed KM, Settlage RE (2021) Major histocompatibility complex genes 
and locus organization in the Komodo dragon (Varanus komo-
doensis). Immunogenetics 73:405–417

Renaud G, Hanghøj K, Korneliussen TS, Willerslev E, Orlando L 
(2019) Joint estimates of heterozygosity and runs of homozy-
gosity for modern and ancient samples. Genetics 212:587–614. 
https:// doi. org/ 10. 1534/ genet ics. 119. 302057

Robinson JT, Thorvaldsdóttir H, Winckler W, Guttman M, Lander ES, 
Getz G, Mesirov JP (2011) Integrative genomics viewer. Nat 
Biotechnol 29:24–26

Santiago E, Novo I, Pardiñas AF, Saura M, Wang J, Caballero A (2020) 
Recent demographic history inferred by high-resolution analysis 
of linkage disequilibrium. Mol Biol Evol 37:3642–3653. https:// 
doi. org/ 10. 1093/ molbev/ msaa1 69

Savage AE, Muletz-Wolz CR, Campbell Grant EH, Fleischer RC, 
Mulder KP (2019) Functional variation at an expressed MHC 
class IIβ locus associates with Ranavirus infection intensity in 
larval anuran populations. Immunogenetics 71:335–346

Shapiro B (2017) Pathways to de-extinction: how close can we get 
to resurrection of an extinct species? Funct Ecol 31:996–1002. 
https:// doi. org/ 10. 1111/ 1365- 2435. 12705

Silver LW, Hogg CJ, Belov K (2024) Plethora of new marsupial 
genomes informs our knowledge of marsupial MHC class II. 
Genome Biol Evol 16. https:// doi. org/ 10. 1093/ gbe/ evae1 56

Smith KF, Acevedo-Whitehouse K, Pedersen AB (2009) The role of 
infectious diseases in biological conservation. Anim Conserv 
12:1–12

https://doi.org/10.1101/gr.276769.122
https://doi.org/10.1093/nar/gkz268
https://doi.org/10.1093/nar/gkz268
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1111/acv.12945C
https://doi.org/10.1534/g3.115.017467
https://doi.org/10.1093/gigascience/giac100
https://www.R-project.org/
https://doi.org/10.1534/genetics.119.302057
https://doi.org/10.1093/molbev/msaa169
https://doi.org/10.1093/molbev/msaa169
https://doi.org/10.1111/1365-2435.12705
https://doi.org/10.1093/gbe/evae156


Immunogenetics           (2025) 77:21  Page 17 of 17    21 

Sommer S (2005) The importance of immune gene variability (MHC) 
in evolutionary ecology and conservation. Front Zool 2:1–18

Spencer R-J, Georges A, Lim D, Welsh M, Reid AM (2014) The risk of 
inter-specific competition in Australian short-necked turtles. Ecol 
Res 29:767–777. https:// doi. org/ 10. 1007/ s11284- 014- 1169-7

Spencer R-J, Van Dyke J, Petrov K, Ferronato B, McDougall F, Austin 
M, Keitel C, Georges A (2018) Profiling a possible rapid extinc-
tion event in a long-lived species. Biol Conserv 221:190–197. 
https:// doi. org/ 10. 1016/j. biocon. 2018. 03. 009

Spielman D, Brook BW, Briscoe DA, Frankham R (2004) Does 
inbreeding and loss of genetic diversity decrease disease resist-
ance? Conserv Genet 5:439–448

Stephens M, Scheet P (2005) Accounting for decay of linkage disequi-
librium in haplotype inference and missing-data imputation. Am 
J Hum Genet 76:449–462. 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 
68:978–989. https:// doi. org/ 10. 1086/ 319501

Stroupe S, Forgacs D, Harris A, Derr JN, Davis BW (2022) Genomic 
evaluation of hybridization in historic and modern North Ameri-
can Bison (Bison bison). Sci Rep 12:6397. https:// doi. org/ 10. 
1038/ s41598- 022- 09828-z

Summers K, McKeon S, Sellars J, Keusenkothen M, Morris J, Gloeck-
ner D, Pressley C, Price B, Snow H (2003) Parasitic exploitation 
as an engine of diversity. Biol Rev 78:639–675

Tamura K, Stecher G, Kumar S (2021) MEGA11: molecular 
evolutionary genetics analysis version 11. Mol Biol Evol 
38:3022–3027

Teixeira JC, Huber CD (2021) The inflated significance of neutral 
genetic diversity in conservation genetics. Proc Natl Acad Sci 
118:e2015096118

Theissinger K, Fernandes C, Formenti G, Bista I, Berg PR, Bleidorn 
C, Bombarely A, Crottini A, Gallo GR, Godoy JA, Jentoft S 
(2023) How genomics can help biodiversity conservation. Trends 
in Genetics 39:545–559

Trujillo AL, Hoffman EA, Becker CG, Savage AE (2021) Spatiotempo-
ral adaptive evolution of an MHC immune gene in a frog-fungus 
disease system. Heredity 126:640–55

Wold J, Koepfli K-P, 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 
30:5949–5965. https:// doi. org/ 10. 1111/ mec. 16141

Yang Z, Zhang Z, Wang G, Huang Z, You W (2024) Exploiting hybrid 
vigor to enhance survival and growth for whiteleg shrimp (Lito-
penaeus vannamei): a complete diallel cross experiment. Aquac 
Fish. https:// doi. org/ 10. 1016/j. aaf. 2024. 04. 004

Zardoya R, Meyer A (2001) The evolutionary position of turtles 
revised. Naturwissenschaften 88:193–200

Zhang J, Finlaison DS, Frost MJ, Gestier S, Gu X, Hall J, Jenkins 
C, Parrish K, Read AJ, Srivastava M (2018) Identification of 
a novel nidovirus as a potential cause of large scale mortalities 
in the endangered Bellinger River snapping turtle (Myuchelys 
georgesi). PLoS One 13:e0205209

Zhu Y, Wan Q-H, Zhang H-M, Fang S-G (2019) Reproductive strategy 
inferred from major histocompatibility complex-based inter-indi-
vidual, sperm-egg, and mother-fetus recognitions in giant pandas 
(Ailuropoda melanoleuca). Cells 8:257

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

https://doi.org/10.1007/s11284-014-1169-7
https://doi.org/10.1016/j.biocon.2018.03.009
https://doi.org/10.1086/428594
https://doi.org/10.1086/319501
https://doi.org/10.1038/s41598-022-09828-z
https://doi.org/10.1038/s41598-022-09828-z
https://doi.org/10.1111/mec.16141
https://doi.org/10.1016/j.aaf.2024.04.004

	Genome-wide diversity and MHC characterisation in a critically endangered freshwater turtle susceptible to disease
	Abstract
	Introduction
	Methods
	Immune gene annotation
	Re-sequenced genome sampling, extraction, and sequencing
	Re-sequenced genome alignment
	Genome-wide diversity
	Demographic reconstructions
	MHC gene variant calling and analyses

	Results
	MHC annotation
	MHC diversity
	Genome-wide diversity and demographic history

	Discussion
	Conclusion
	Acknowledgements 
	References


