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Abstract

Transmissible cancers in the Tasmanian devil (Sarcophilus harrisii) provide arare natural experiment
for understanding how strong, contemporary disease pressure shapes vertebrate immune gene
evolution. The emergence and spread of devil facial tumour disease (DFTD) have long been
hypothesised to favour host-tumour MHC dissimilarity and to drive selection at MHC class | (MHC-
I) loci, yet direct empirical evidence has been lacking. Here we demonstrate, for the first time,
disease-mediated loss (“death”) of an MHC-I locus in the wild. These findings extend the classical
birth-and-death model by showing that “death” of an MHC locus can be an adaptive, disease-driven
process, rather than only a passive outcome of duplication and relaxed constraint. Using long-read
MHC genotyping combined with temporal population sampling and a functionalimmune phenotype,
we show that devils whose MHC-I alleles differ from those expressed by devil facial tumour 1 (DFT1)
cells are more likely to mount alloreactive antibody responses. A non-functional deletion of the
classical MHC-l1 gene Saha-UA is strongly associated with antibody production, and this deletion has
increased in frequency across multiple DFTD-affected sites within just a few generations. In parallel,
MHC-| supertypes shared with the tumour (notably supertype 2) have declined in frequency,
demonstrating directional selection against tumour-matching alleles and reshaping of MHC-I gene
architecture at the population level. In contrast, MHC-I allele frequencies remained stable at the
only long-term DFTD-free site, confirming that these shifts are disease-driven rather than neutral
drift. These findings provide the first clear evidence of pathogen-driven contraction of MHC-I
diversity in a wildlife species. While this evolutionary response may enhance resistance to DFT1, the
loss of MHC-I diversity may reduce future resilience to emerging pathogens, underscoring the

importance of maintaining immunogenetic variation in ongoing conservation management.
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Background

Major histocompatibility complex class | (MHC-I) genes are among the most polymorphic regions of
the vertebrate genome and play a central role in immune surveillance (Barker et al., 2023; Trowsdale
& Parham, 2004). Classical MHC-I molecules are expressed on most nucleated cells and present
intracellular peptides to CD8" cytotoxic T cells, enabling recognition of infected or abnormal cells
(Bjorkman & Parham, 1990; Cresswell et al., 2005). The extraordinary diversity of MHC-I reflects its
importance in distinguishing self from non-self and facilitating effective immune responses against
a wide range of pathogens (Hughes & Nei, 1992; Radwan et al., 2020; Sommer, 2005). Over
evolutionary time, MHC genes are thought to evolve under a birth-and-death model, in which gene
duplication generates new loci while others are lost through deletion or pseudogenisation,
producing lineage-specific immune repertoires (Hughes & Nei, 1992; Nei et al., 1997). Comparative
genomic studies provide strong support for this framework, including lineage-specific loss of MHC
class Il loci and variation in MHC-I copy number across taxa (Minias et al., 2019; Silver et al., 2024).
However, most evidence for MHC gene “death” comes from macroevolutionary comparisons, where
loss is generally interpreted as the longer-term consequence of duplication, functional redundancy,
relaxed purifying selection and eventual pseudogenisation. Whether contemporary disease
pressure can instead directly favour the loss of a functional MHC gene within natural populations
remains unresolved. In wild populations, pathogen-mediated selection is usually detected as shifts
in allele or supertype frequencies within existing loci (Muller-Klein et al., 2025). For example, in East
Asian frogs with long-term exposure to chytrid fungus (Batrachochytrium dendrobatidis, Bd),
conservation of MHC-IIb supertypes ST-1 and ST-2 suggests selection for Bd resistance (Lau et al.,
2023). By contrast, it has proven exceptionally difficult to show that a specific infectious agent has
driven the “death” of a functional MHC gene. Real-time examples of disease-driven MHC gene loss
in vertebrates are therefore, to our knowledge, lacking.

A unique opportunity to study MHC evolution within species comes from investigating transmissible
cancers. Transmissible cancers are extremely rare in nature, with only three transmissible cancers
reported in two species of mammals (Murgia et al., 2006; Pearse & Swift, 2006; Pye et al., 2016b).
Transmissible cancers are a rare type of cancer that spreads between individuals through physical
contact, and the successful engraftment and proliferation of tumour cells in a new host requires
modulation or evasion of the new host animal’s immune system. Central to this is the MHC, which
typically shows extremely high levels of polymorphism and is able to present a great diversity of
peptides that should allow the tumour cells to be identified as foreign by the host immune system.
Low MHC-I diversity within species increases the probability of matched MHC-I alleles in tumours
and hosts, thus reducing or eliminating the allograft response (Belov, 2011). In cases where the host
and tumour MHC-I are not matched, the tumour cells must evade the allograft response, which can
be accomplished by downregulation of MHC-I on the surface of tumour cells.

Genomic research suggests that the canine transmissible venereal tumour (CTVT), a sexually
transmitted cancerin dogs, originated in an ancestral canid and has persisted for thousands of years
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as aclonally transmissible cancer (Murchison et al., 2014). Its early spread may have been facilitated
by low immunogenetic diversity in the host population (Belov, 2011), with only 148 MHC-I alleles
detected in dogs and Gray wolves to date (Maccari et al., 2025), compared to more than 20,000
alleles in humans (Barker et al., 2023). Additionally, dogs have only one MHC-I gene, compared to
three genes in humans. Tasmanian devils (Sarcophilus harrisii) also have three MHC-I genes, but like
dogs have a relatively low number of MHC-I alleles and are affected by transmissible cancers (Belov,
2012).

Devils have undergone rapid and widespread population declines following the recent emergence of
devil facial tumour disease (DFTD) (Cunningham et al., 2021; Lachish et al., 2007; Lazenby et al.,
2018). DFTD is caused by two genetically distinct clonal transmissible cancers, DFT1 (Loh et al.,
2006a; Loh et al., 2006b) and DFT2 (Pye et al., 2016b), that are passed between individuals through
biting during social interactions (Hamede et al., 2013). DFT1 was first observed in 1996 and is
predicted to have emerged in 1986 and has since spread across most of Tasmania, while DFT2 was
identified in 2014 and is predicted to have emerged in 2011 and remains restricted to southeast
Tasmania (Stammnitz et al., 2023). Both DFT1 and DFT2 are evolving under selective pressures
imposed by host immunity and population structuring (Kwon et al., 2020; Stammnitz et al., 2023). A
central axis of this evolutionary interaction is modulation of MHC-I expression, which directly
influences tumour transmissibility, immune recognition, and disease outcome (Hussey et al., 2022;
Siddle & Kaufman, 2013; Siddle et al., 2007; Siddle et al., 2013). Herein this paper is focussed on
changes in Tasmanian devils as a result of the high selective pressure of DFT1 and so hereafter any
mention of DFTD refers to DFT1.

DFT1 has evolved a highly effective mechanism of immune evasion through epigenetic
down-regulation of MHC-I (Siddle et al., 2013). Further evidence of the importance of MHC-l comes
from a small number of wild devils that have undergone spontaneous DFT1 regression and possess
serum antibodies against DFT1 cells expressing surface MHC-I (Pye et al., 2016a). Additionally,
anti-MHC-lI  antibodies have also been detected in captive devils following
immunotherapy-associated DFT1 regression (Tovar et al., 2017). Experimental knockout of the
MHC-I| accessory gene B2-microglobulin confirms that MHC-I is the primary antibody target (Ong et
al., 2021). Together, low host MHC diversity (Belov, 2011; Cheng et al., 2012a; Cheng & Belov, 2014;
Cheng et al., 2012b; Morris et al., 2013) and tumour-intrinsic MHC modulation (Siddle & Kaufman,
2013, 2015) enable the cancer cells to behave as a successful allograft (Kreiss et al., 2011).

Early research into devil MHC-I identified three classical genes - Saha-UA, Saha-UB, Saha-UC - that
are closely related and highly similar in sequence (>97%), likely reflecting recent gene duplications
(Cheng et al., 2012a), suggesting that this gene family may remain evolutionarily dynamic. A long-
read amplicon approach identified 61 MHC-I alleles with four of these shared with DFT1 cells
(Cheng, unpublished data). Individual devils carry between one and six functional MHC-| alleles as
a result of structural variation resulting in non-functional alleles (Cheng et al., 2022; Cheng et al.,
2012a). The mostcommon is a ~1.6 kb deletion that results in a Saha-UA pseudogene and is present
at the highest frequency in northwest Tasmania (54.8%; (Cheng et al., 2012a)). Due to the loss of
Saha-UA increasing antigenic dissimilarity between host and tumour, Cheng et al. (2012a)
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hypothesised that the high Saha-UA deletion in the northwest of Tasmania would confer some type
of resistance and slow the spread of DFT1 in the northwest (Fig. 1A).

Here we test the hypothesis that devils that are most genetically dissimilar to the tumour at MHC-I
alleles are more likely to mount anti-MHC-I| antibody responses, and that the high mortality imposed
by DFT1 will favour the survival of individuals carrying fewer MHC-I alleles matched to the tumour.
To test these hypotheses, we (1) determined whether host MHC-I genotypes are associated with the
presence or absence of anti-MHC-I antibodies, and (2) investigated temporal changes in MHC-I
allele frequencies in wild devil populations affected by DFT1. We genotyped the MHC-I (UA, UB, and
UC) loci, using long-read sequencing, in two DFT1 cell lines and in 61 wild devils with DFT1 and/or
serum antibody responses; and analysed MHC-I diversity in a further 531 devils from nine Tasmanian
field sites born between 2012 and 2021. By linking MHC-I genotype to a functional immune
phenotype in the wild and documenting parallel allele-frequency shifts across populations, we
directly test whether a naturally occurring disease can drive contemporary MHC gene loss in a wild
vertebrate.

Results

Wild devils with anti-DFT1 immune responses

To identify devils that mounted an immune response to DFT1, we analysed 116 serum samples from
wild devils at six diseased sites (Fig. 1A; Fentonbury, Kempton, Stony Head, wukalina, Granville
Harbor and Narawntapu National Park). Samples were collected from individuals aged two years
and older during routine field monitoring between 2015 and 2023. Serum samples were analysed for
antibodies against DFT1 cell line C5065 that does not express surface MHC-I (MHC-I- DFT1 cells),
and DFT1 C5065 cells treated with interferon gamma (IFN-y) to induce surface expression of MHC-I
proteins (MHC-I+ DFT1 cells). A total of 25 individuals had anti-MHC-I| antibodies, of these, 12 had
clinical signs of DFT1 and 13 showed no clinical signs (Table S1). For downstream genetic analysis,
these 25 individuals plus another 36 individuals with clinical signs of DFT1 but no anti-MHC-I
antibodies were selected to ensure that devils had been exposed to DFT1 (N =61) (Table S1).

Out of the13 devils with antibodies and no clinical signs of DFT1, six devils were aged 4-years or older
(including two 6-year-olds and one 7-year-old). This is unusual as devils in diseased populations
rarely live beyond 3-years of age (Lazenby 2018). Notably, one of the devils with anti-MHC-I
antibodies and no DFT1 had undergone tumour regression (Fig. 2, Ki; Table S1 Ki), and three others
remained free of DFT1 and positive for serum anti-MHC-I antibodies when they were trapped over
two or more years (Fig. 2, Sy; Table S1 Sy, Ty, Ga).

Anti-DFT1 immune responses correlate with MHC-I mismatches

We performed long-read MHC-I amplicon sequencing as per Cheng et al. (2022), on the 61 devils
with DFT1 and/or antibodies as well as two DFT1 cell lines (C5065 and 1426). We identified 72%
(44/61) of these devils having non-functional MHC-I alleles, with the number of functional alleles per
individual in this dataset ranging between three and six (Table S1). Alleles were grouped into
supertypes based on the biochemical properties of variable peptide-binding residues in the encoded
proteins, as per Cheng et al. (2022).
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Generalized linear models (GLM) showed that age and genetic similarity (between host and DFT1) at
the supertype level were strong predictors of the anti-DFT1 antibody response (AAICc< 2).
Specifically, devils with more mismatches to DFT1 at MHC-I loci are more likely to mount animmune
response, especially at the UA loci (Table S2), and survive to an older age. We then ran models at the
allele and supertype level to understand whether specific alleles or supertypes are driving this
pattern. A deletion at the UA locus had a strong positive effect on antibody response (p < 0.01; Fig.
1B), whereas the UC allele (UC*04:02:01:01) - shared with DFT1 - had a strong negative effect (p <
0.01; Table S3). At the supertype level, supertype 2 (also shared with DFT1) also had a strong negative
response on the antibody response (p <0.01; Fig. 1C; Table S3).

Of the 25 devils with anti-DFT1 antibody responses, 23 (92%) had zero matches to DFT1 at the UA
loci, and through a hierarchical cluster analysis, cluster away from the two DFT1 cell lines (Fig. 3,
Table S1). Additionally, eight (32%) of the 25 devils with an antibody response had at least one
functional supertype not shared with DFT1 (Supertypes 1 and 7) (Fig. 3). The frequency of these
supertypes was low in our dataset and were either not included in the statistical analysis, or were
not strong predictors of the antibody response, likely due to small sample sizes (e.g., low frequency).

Based on transplant scoring used in human medicine to assist in selection of suitable organ donors
(Kok et al., 2023; Laging et al., 2014; Tran et al., 2011), we assigned transplant scores to each of the
116 devils with serum antibody data. For each devil, each of the UA, UB and UC alleles (six in total)
was given a 0 if the supertype matched that of DFT1, or a 1 for a mismatch. A devil with a complete
match to DFT1 therefore had a score of 0 whereas a complete mismatch had a score of 6 (Fig. S1).
There was a significant positive association between transplant score and antibody responses, with
devils with higher transplant scores more likely to have serum antibodies than devils with lower
scores (Fig ST1A). This was also evident in our subset of 61 devils that had DFT1 and/ or serum
antibodies (Fig S1B).

Predicted probabilities of UA deletion in wild populations

To expand upon our findings of correlations between MHC-| alleles and supertypes and an anti-DFT1
immune response, we next investigated, whether a) the predicted probabilities of non-functional UA
(deletion) changed in devil populations over time, and whether b) the frequency of the UA deletion
was higher in older age classes. We MHC genotyped an additional 531 devils (592 in total) born
between 2012 and 2021 across nine field sites (Fig. 1A) and compared trends to those observed
across neutral data (presented in Schraven et al., 2025). Note, four sites (Buckland, Narawntapu,
Stony Head, wukalina) have been genetically managed through supplementation of healthy devils
(Fig. 1A; (Fox & Seddon, 2019; McLennan et al., 2024)), however, no translocated or hybrid
individuals were included in the dataset to ensure observed signals were in response to DFT1 and
not supplementation.

We observed an overall increase in the predicted probability of the UA deletion (not shared with
DFT1) from approximately 10 years since the arrival of DFT1 (Fig. 1B). This is in contrast to the decline
in predicted probability of supertype 2 (shared with DFT1) at all field sites (Fig. 1C). These trends
correlated with the frequencies of the non-functional allele and supertype 2, while no trends were
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observedinthe neutraldata (Fig. S2). There were two long-term disease sites, wukalina and Kempton
that showed decreased predicted probability of the UA deletion (Fig. 1B). DFT1 has been present for
over 28 years at wukalina, and a high frequency of devils with the non-functional UA allele was
observed when the first samples were collected in 2014 (Fig. S2). At Kempton, a strong decline in the
predicted probability of the non-functional UA was observed (Fig. 1B), however, the predicted
probability of supertype 7 (nhot shared with DFT1) showed a strong increasing trend (Fig. 1D).

The trend for increasing frequency of UA deletion was particularly evident at Buckland, Stony Head
and Fentonbury, where DFTD has been present for ~15 years, with no observable changes in neutral
diversity over the study period (Fig. S2). This trend is not observed at Granville Harbour, where
disease has only been present for 9 years. In comparison to the DFT1-affected sites, the predicted
probabilities of the non-functional UA deletion, supertype 2 and supertype 7 remained steady at
Woolnorth, which was disease-free at the conclusion of fieldwork for this study (Fig. S4).

Comparing the frequency of the non-functional UA allele, supertypes not shared with DFTD
(supertypes 1 and 7) and supertype 2 in different age classes showed that at disease sites, the
frequency of the non-functional UA allele was higher in devils that lived to at least 4-years of age,
compared with 1-year-olds (Table 1A & B). This is particularly evident when we calculated the
frequency of the most common supertypes that are not shared with DFT1 (supertypes 1, 7 and the
non-functional UA) within each age class. All animals from disease sites that were sampled at >= 5-
years of age did not share a UA allele with DFT1, nor did a high proportion of 3- and 4-year-olds (Table
1C). In most cases, the contrast of this was observed for supertype 2. In keeping with the temporal
trends, the frequency of both alleles at Woolnorth was similar between all age classes. Altogether
these data suggest that DFT1 is driving selection for the loss of UA, increasing the chance of
allorecognition of MHC-I+ DFT1 cells.

Evidence of MHC birth in devils

To investigate the “birth” of the current MHC genes in devils, we used biser (ISeri¢ et al., 2022). The
results identified segmental duplications on the scaffold NC_045429.1 at the three locations of the
UA, UB and UC genes originating from another gene annotated as a MHC-I gene on the same
scaffold, that we annotated as Saha-UD, suggesting that UA, UB and UC have evolved by gene
duplications from UD.

We calculated the dS and divergence times between devil MHC class | genes as ranging between
0.0038-1.1103 and 0.66 — 194.03 MYA, respectively (Table S5). Divergence times between the
three classical genes ranged between 0.66 and 2.01 MYA, these estimates of divergence time are
far more recent than the divergence time of devils and their closest relatives, quolls (10-15MYA)
(Duchéne et al., 2018). We suggest that these three genes evolved from UD between 20.75 and
44.22 MYA.
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Discussion
This study demonstrates that devil facial tumour disease (DFTD) is imposing a strong, contemporary,

and directional selection on the major histocompatibility complex class | (MHC-I) repertoire of
Tasmanian devils. Devils that are most genetically dissimilar to the tumour at MHC-I loci are
significantly more likely to mount serum antibody responses against DFT1 cells, and these
mismatched MHC-I genotypes are increasing in frequency across multiple DFTD-affected
populations. Two signals dominate this pattern: loss of the classical MHC-I Saha-UA gene is strongly
associated with antibody production, and the frequency of MHC-I alleles and supertypes shared
with DFT1 are declining. In contrast, at the only long-term DFT1-free site in this study (Woolnorth)
MHC-I allele frequencies remained stable, indicating that the observed changes are disease-driven
rather than a consequence of neutral drift. Our results show that DFT1 is not only shaping allelic
variation within MHC-I loci but is actively reshaping MHC-I gene architecture at the population level.
To our knowledge, this constitutes the first empirical demonstration of a naturally occurring disease
driving selection against a functional MHC-I locus (“gene death”) in a wild vertebrate population, and
the first robust genetic evidence, supported by a direct immune phenotype, that Tasmanian devils
are co-evolving with a transmissible cancer.

Despite historically low genetic diversity, Tasmanian devils retain sufficient variation for strong
selection imposed by DFT1 (Clement et al., 2024; Cunningham et al., 2021; James et al., 2019;
Strickland et al., 2024), with eco-evolutionary models predicting long-term host-tumour coexistence
rather than extinction (Clement et al., 2024). Previous genome-wide studies have identified
signatures of selection following disease emergence (Margres et al., 2018b; Wright et al., 2017), but
these have largely been based on genomic or inferential data and have lacked a direct functional link
between host genotype and tumour recognition in the wild (Epstein et al., 2016; Margres et al.,
2018a). From the tumour perspective, DFT1 has diversified into multiple lineages under strong
immune evasion and demographic pressures (Kwon et al., 2020; Stammnitz et al., 2023), with
reduced MHC-| expression proposed to arise through pathways such as ERBB3 signalling (Maskell
et al., 2025; Schénbichler et al., 2026). Consistent with this, DFT1 cells commonly downregulate
surface MHC-I, although expression can be restored under inflammatory conditions such as
exposure to interferon-y (Siddle & Kaufman, 2013). Our findings provide a direct link between these
genomic and tumour-intrinsic processes by demonstrating reciprocal evolution along the MHC-I
axis: tumours adopt strategies that reduce MHC expression, while hosts evolve MHC-I
configurations that increase dissimilarity to the tumour and enhance immune recognition. Together,
these results highlight a dynamic coevolutionary interaction in which both host and tumour are
actively reshaping MHC architecture under strong contemporary selection.

Our results show that, under extreme and highly specific selective conditions, loss of an entire MHC-
| locus can be advantageous, challenging the assumption that greater MHC diversity is always
beneficial (Hughes & Nei, 1992; Radwan et al., 2020; Sommer, 2005). In Tasmanian devils, deletion
of Saha-UA reduces MHC-I similarity between host and DFT1, increasing the likelihood of
allorecognition and anti-tumour immune responses. This differs from the classical interpretation of

MHC “death” as a passive consequence of gene duplication, redundancy and relaxed constraint.
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Instead, DFT1 appears to be imposing positive selection for a loss-of-function variant that improves
immune discrimination of a transmissible cancer.

The evolutionary context is also important. The classical MHC-I genes in devils appear to have arisen
through relatively recent duplication events, indicating that this repertoire remains dynamic. Loss of
Saha-UA therefore represents not erosion of an ancient, static gene family, but selective pruning of
arecently expanded MHC-I repertoire. Together, these findings provide rare empirical evidence that
both “birth” and “death” components of MHC evolution can operate over contemporary timescales
in response to a single, intense disease pressure. More broadly, they extend the birth-and-death
model by showing that gene “death” can be directly favoured by natural selection within
populations, rather than inferred only from macroevolutionary comparisons. Similar patterns have
been observed in other systems. In deep-sea anglerfishes (Ceratioidei), males attach to females
either temporarily or permanently through tissue fusion, creating an extreme challenge to
histocompatibility. In species that exhibit permanent attachment, reduced numbers of classical
MHC class | genes (mhc1u) and expansions of alternative class | lineages (mhc1z) have been
reported (Swann et al., 2020). These patterns are consistent with reduced histocompatibility barriers
facilitating tissue integration, and more broadly suggest that, under certain selective regimes, loss
or restructuring of MHC-I loci may be favoured when recognition of non-self is disadvantageous.

Anti-MHC-I| antibody responses in Tasmanian devils appear to confer a fitness advantage by
extending survival and increasing opportunities for reproduction. In our dataset, six of thirteen devils
with anti-MHC-| antibodies and no detectable DFTD were aged four years or older, an uncommon
outcome in diseased populations where individuals rarely survive beyond three years (Lazenby et
al., 2018), compared to pre-DFTD lifespans of up to seven years (Guiler, 1978). Although immune
capacity is known to decline with age (Cheng et al., 2017), the likelihood of repeated exposure to
DFT1 increases over time and during mating interactions (Hamede et al., 2013), suggesting that
these older, antibody-positive individuals had encountered the tumour multiple times. A similar
pattern is seen in a previously reported individual that underwent tumour regression and remained
antibody-positive and DFT1-free for at least three years, surviving to six years of age (Pye et al.,
2016b). However, antibody responses were not uniformly protective: nearly half of seropositive
individuals in our study presented with tumours ranging from early to advanced stages. This variation
in outcomes parallels observations in human transplantation biology, where anti-HLA antibodies
can mediate rejection, partial control, or chronic pathology depending on their functional properties
(Colvin, 2007; Loupy et al., 2013; Stegall et al., 2012). Consistent with this, antibody-mediated
responses in devils may not reliably eliminate tumours but could slow tumour growth, thereby
extending survival. Even modest increases in survival, permitting an additional breeding season,
would generate strong selective pressure on immune phenotypes associated with tumour control,
potentially explaining the rapid increase in UA deletion observed over just a few generations.
Together, these findings suggest that selection is acting on both genetic variation and functional
immune responses, driving contemporary host adaptation to DFT1.

The evolutionary trajectory emerging in Tasmanian devils echoes, on a much shorter timescale,
patterns inferred for canine transmissible venereal tumour (CTVT). CTVT is an ancient transmissible
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cancer thought to have arisen in populations with low MHC diversity and to have evolved
mechanisms that modulate MHC to facilitate transmission (Murgia et al., 2006). Over time, it
appears to have reached a relatively stable coexistence with its hosts (Murgia et al., 2006). In
contrast, DFTD is evolutionarily recent and occurs in a species with limited MHC-I diversity, resulting
in high virulence and strong reciprocal selection on both host and tumour. Our results suggest that
early host responses to a transmissible cancer may involve selection for genotypes that reduce
similarity to the tumour, including loss of the Saha-UA locus and declines in tumour-matched
supertypes. These shifts may represent an initial stage of host adaptation, potentially increasing
immune recognition of tumour cells. Whether such changes will ultimately lead to a more stable
host-tumour equilibrium, as proposed for CTVT, remains uncertain.

The long-term immunogenetic resilience of Tasmanian devils is likely to depend on retaining
sufficient MHC-I diversity to support broader immune function. As a key gene family involved in
pathogen recognition, the loss of the Saha-UA gene may enhance resistance to DFT1 but could also
have implications for responses to other pathogens. One example of a potential emerging threat is
highly pathogenic avian influenza (HPAI) H5N1 2.3.4.4b, which is currently spreading globally and
causing significant mortality in birds, poultry, and increasing numbers of mammalian species
(Graziosi et al., 2024; Webby & Uyeki, 2024). Transmission has been observed in some systems
through contact with infected or dead animals, including in marine mammals. Tasmanian devils,
particularly in coastal regions, scavenge a range of species including marine birds (Molloy et al.,
2025), and some of these populations (e.g., Stony Head, NNP, wukalina) have a high frequency of
the Saha-UA deletion. While there is evidence in other species, such as chickens and pinnipeds, that
MHC-I diversity can influence responses to HPAI (Ashley et al., 2026; Hunt et al., 2010), the extent to
which these patterns apply to Tasmanian devils remains unclear. Together, these observations
suggest that ongoing selection driven by DFT1 may interact with future disease risks in complex
ways. Accordingly, conservation strategies may benefit from maintaining immunogenetic variation
where possible, for example through managed translocations, while also recognising that alleles
associated with DFT1 resistance are likely to be advantageous under current conditions (Fisher et
al., 2025; McLennan et al., 2024; Schraven et al., 2025a; Schraven et al., 2025b). Balancing these
potentially competing selective pressures will be important for supporting population resilience over
time.

In conclusion, this study demonstrates that DFT1 is driving strong, contemporary, and directional
evolution of the MHC-I system in Tasmanian devils, including the loss of an entire MHC-I locus. By
linking MHC-I genotype to a functional immune phenotype (anti-MHC-I antibody responses) and
documenting parallel allele frequency shifts across multiple populations, we provide clear empirical
evidence that a naturally occurring disease can drive contemporary MHC gene loss in a vertebrate
species. These findings refine our understanding of MHC evolution by showing that, under intense
and highly specific selective pressures such as those imposed by a transmissible cancer,
contraction of the immune gene repertoire can be adaptive. More broadly, our results highlight that
the evolutionary consequences of immune diversity are context dependent. While increased MHC
diversity is typically advantageous, transmissible cancers may favour genotypes that reduce host-
tumour compatibility. By demonstrating that DFT1 is actively reshaping MHC architecture in the wild,
this study provides a foundation for future work linking immune genotype to antibody responses and
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fitness outcomes such as survival and reproduction. Understanding how these competing selective
pressures interact in natural populations will be increasingly important as disease dynamics shift
under global change. Integrating immunogenetics with evolutionary and conservation frameworks
will therefore be essential for predicting and managing the long-term resilience of wildlife faced with
emerging infectious diseases.

Materials and Methods

Sample collection and non-genetic determinants of an antibody response

Serum samples and ear biopsies were collected from Tasmanian devils during routine health
monitoring trips by the Save the Tasmanian Devil Program according to previously described field
methods (Lazenby et al., 2018). Samples from the 116 wild devils included in this study were
collected between 2015 and 2024 from six sites across Tasmania (Fentonbury, Kempton, Stony
Head, wukalina, Granville Harbor and Narawntapu National Park). Individual devils were examined
and the sex, weight, head width, reproductive status (females only), tooth eruption and wear, and
the presence of DFT1 were recorded. A size-adjusted measure of body weight to head width ratio
was used (as a measure of body condition; see Farquharson et al. (2018) for details). Devils were
aged using tooth eruption and wear (Jones, 2023). Only devils two years and older were included in
this study as DFT1 prevalence is low in younger devils. For DFT1 status, individuals were categorised
as 'diseased' when typical tumours were visible and/ or when DFT1 was confirmed by laboratory
analysis (e.g. histopathology, fine needle aspirate). All other devils were categorised as 'healthy'.
Forty-eight of the 116 devils in this sample set had DFT1. The five non-genetic parameters of location,
sex (male = 0, female = 1), body condition, age and DFT1 status (healthy = 0, diseased = 1) were
tested for their correlation with the antibody response (Table S1 for metadata). As four of the sites
(Buckland, Narawntapu, Stony Head, wukalina) had been genetically managed through
supplementation, pedigree reconstruction was used to ensure the individuals in the dataset were
not hybrid (see McLennan et al. (2024) for details). Samples were collected under Animal Care and
Ethics Committee permits from the University of Sydney (2014/681; 2019/1562; 2022/2243) and the
University of Tasmania (A0014976; A0017550; 26159).

Detection of serum anti-DFT1 antibodies

Serum samples were analysed for antibodies against whole DFT1 cells not expressing surface MHC-
I, and whole DFT1 cells treated with interferon gamma (IFN-y) to upregulate surface expression of
MHC-I proteins. The method relied on indirect immunofluorescence and flow cytometry and is
described in detail in Pye et al. (2016a). In brief, cultured DFT1 cells (cell line C5065) were treated
with recombinant devil IFN-y (5 ng/mL) to induce cell-surface expression of MHC-I, confirmed by
flow cytometry with positive staining for the beta 2 microglobulin (B2M) subunit of MHC-I. Serum
samples diluted to 1:50 with a flow-cytometry buffer (phosphate-buffered saline with 1% bovine
serum albumin and 0.1% sodium azide) were incubated with treated DFT1 cells, and separately with
untreated DFT1 cells. After washing, cells were incubated with a monoclonal mouse anti-devil IgG
antibody (A4-D1-2). Cells were washed, then incubated with a fluorochrome-labelled goat anti-
mouse IgG antibody (Alexa Fluor® 647). After a final wash, cells were resuspended in flow-cytometry
buffer containing cell-viability dye (4’,6-diamidino-2-phenylindole, dilactate) to allow gating of dead
cells, and analysed by flow cytometry (BD Canto Il) and FCS Express v7 (DeNovo software).
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The median fluorescence intensity ratio (MFIR) was used to classify the antibody responses. The
MFIR is defined as the median fluorescence intensity (MFI) of DFT1 cells labelled with immune serum
divided by the MFI of DFT1 cells labelled with the negative control serum. The negative control serum
samples came from captive devils that had never been exposed to DFT1. This ratio accounts for any
background serum IgG present and standardises the responses between individual devils. Antibody
responses were classified as positive when the MFIR > 1.5 x MFI of the negative control sample (Pye
et al., 2016a). See Fig. 2 for examples of positive and negative antibody responses.

MHC-I typing

DNA was extracted from devil ear biopsies and DFT1 and DFT2 cell lines using the MagAttract HMW
DNA kit (Qiagen, Germany). The three functional domains (exons 2, 3 and 4) of the devilMHC-1 genes
(Saha -UA, -UB, -UC) were amplified following a long-read MHC typing method previously described
(Cheng et al., 2022). In brief, the MHC-I genes were amplified using formerly designed forward
(/5SAmMC6/gcagtcgaacatgtagctgactcaggtcacGTGTCCCCCCCTCCGTCTCAG) and reverse
(/5SAmMC6/tggatcacttgtgcaagcatcacatcgtagCCTAACTCCCCCTGCTCCTTCTG) primers and the
Platinum SuperFi Il PCR Master Mix (Invitrogen). Amplicons were indexed using the Barcoded
Universal F/R Primers Plate-96v2 (Pacific Biosciences) and the Phusion Hot Start Il High Fidelity PCR
Master Mix (Thermo Scientific) (see (Cheng et al., 2022) for PCR conditions). Samples were pooled
and purified using AMPure PB magnetic beads (Pacific Biosciences), to keep only the target weight
molecules. Libraries were prepared using the SMRTbell Express Template Prep Kit 2.0 (Pacific
Biosciences) and sequenced on a PacBio Sequel Il platform at the Australian Genome Research
Facility.

Data processing and MHC genotyping

The raw subread data was processed using the PacBio Secondary Analysis Tools on BioConda
(Gruning et al., 2018) (available at https://github.com/PacificBiosciences/pbbioconda), following
the methods described in (Cheng et al., 2022). In short, circular consensus sequencing (CCS) reads
were generated with --by-strand using ccs v6.4.0 and were filtered to keep reads with a minimum of
5 read passes and read quality = 0.995. Reads were demultiplexed using lima v2.7.1, with
concatemer and partial reads removed using isoseq refine v3.8.2. The remaining reads were aligned
to the devil MHC-I reference sequence (Saha-UA) using pbalign v0.4.1, with a minimum alignment
length of 1300 bp, and mapping quality of 254. As the call rate and accuracy of genotyping has been
shown to degrade below 250 reads (Charnaud et al., 2022), individuals with fewer than 250 CCS
reads were removed. Alleles were called for each individual using Bellerophon
(https://github.com/yuanyuan929/bellerophon) and assignhed allele names from a database of

known devil MHC-I alleles (Cheng et al., 2022). Alleles were further grouped into known supertypes
based on their biochemical properties (see (Cheng et al., 2022)).

A dataset containing genetic variables was generated to test whether an antibody response is
influenced by a devil’s MHC repertoire. As majority of the MHC variation in devils is driven by CNV,
the number of MHC alleles per individual (N,) was included. As heterozygosity may impact an
individual’s ability to mount an immune response and is vital to recognising a wide range of
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pathogens, we included standardised heterozygosity (Hs) as a genetic variable. This was calculated
by dividing the individual observed heterozygosity by the mean observed heterozygosity across all
samples, using the ‘genhet’ package (Coulon, 2010) in Rv4.3.1 (R Core Team, 2023). To understand
whether a particular gene drives variation in the antibody response, heterozygosity at each gene
(coded 1/0 for heterozygote/homozygote), genotypic data (coded as a 0/1 for absence/presence),
and supertype data (coded as a 0/1 for absence/presence) were included in the genetic dataset.
Only genotypes that were present within at least five individuals were included.

We estimated the overall genetic similarity (Das) between self and non-self at the allele and
supertype level. All individuals included in this study were captured at sites where only DFT1 is
currently present. We therefore calculated genetic similarity between the host and DFT1 only, as per
(Brandies et al., 2018). The overall Dag (similarity at the three MHC genes) between an individual and
DFT1 was calculated using Wetton’s formula: Das = 2Fas/(Fa+ Fs) (Wetton et al., 1987). Here, Fag is the
total number of shared alleles or supertypes between DFT1 and an individual, and F, and Fg are the
total number of alleles or supertypes of DFT1 (A) and an individual (B). We also tested whether the
Dasat each gene had a greater influence on the antibody response than the overall MHC similarity.

Modelling the effects of the MHC-I repertoire on antibody responses

Generalised Linear Models (GLM) were generated using the ‘glm’ function in R to predict which
variable had the strongest effect on the logistic response variable (antibody response). We ran
multiple models to understand whether 1) non-genetic variables influenced the antibody response
(antibody response ~ age + sex + body condition + disease status + site), 2) MHC-I influenced the
antibody response and 3) a particular genotype influenced the antibody response (Supp for all
models). We used an information theoretic approach to model selection using AICc (corrected
Akaike information criterion) and averaging of the top models following (Grueber etal., 2011). Models
were ranked based on their AICc values, with models <2 AICc from the top model considered to
influence the antibody response. Where multiple models best described the data (non-genetic
variables), only the top models (A AlCc < 2) were selected, and the relative importance (Rl) of
predictors was calculated using the ‘MuMIn 1.47.5’ R package (Barton, 2023). Only predictors with a
Rl =1 (equivalent to the predictor appearing in all top models) were considered well supported. For
all genetic variables, only one top model best described the data. Therefore, the model effect sizes,
their standard errors and P-values (a=0.05), were used to infer the importance of predictors. Model
predictors were standardised by subtracting the mean and diving by one standard deviation. The
relationship between -UA genotypes and antibody responses were visualised by clustering devils
and DFT1 (based on their -UA genotype) using the ‘Factoextra’ R package (Kassambara & Mundt,
2020).

Transplant score model

Antibody response was analysed against UA/UB/UC supertype allele score using logistic regression.
The allele score was derived by summing presence of allele scores over UA, UB and UC, whereby a
complete allele match with DFT1 was scored 0, and a complete mismatch was scored 6.
Probabilities of antibody response for high and low allele score were obtained from generalized
linear models (glm) using a binomial error distribution and link function in R v4.4.0. (R Core Team,
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2023). The ggplot2 was package was used to make transplant score plots showing the shaded 95%
confidence intervals around the regression trend lines (Wickham, 2011).

Temporal analysis

Changes in supertype frequencies at disease and disease-free sites over time were visualised using
R v4.1.1. (R Core Team, 2023). The 592 samples were collected between 2012 and 2021. All
individuals included in the temporal analysis were non-translocated devils and non-hybrids. To
estimate the overall temporal pattern across locations of deletion UA allele or presence of super-
type 2 and super-type 7, we used logistic regression of these variables against years since DFTD
introduction, accounting for non-independence within locations by using clustering-robust standard
errors. A non-linear effect for years since DFTD introduction (first time devil appeared in the data)
was included using natural cubic spline with three degrees of freedom. Additionally, location-
specific temporal trends were estimated using a separate logistic regression model thatincluded an
interaction between years since DFTD introduction and location. In both modelling approaches,
probabilities of presence or deletion for each year since DFTD introduction were obtained from
model-based expected values.

Evidence of MHC birth in devils

In order to identify evidence of devil specific MHC class | duplication(birth) we first used biser (ISeri¢
et al., 2022) to locate segmental duplications within the Tasmanian devil reference genome
(GCF_902635505.1). We then filtered down the results to identify duplications involving the classical
class | genes on scaffold NC_045429.1.

Secondly, given the high sequence similarity between the three classical genes (UA, UB and UC) we
aimed to estimate the potential duplication dates of these three genes. Using the formula d=2pt
(where d is sequence divergence, J is mutation rate and tis time), along with the devil specific yearly
mutation rate of 1.98x10° mutations/bp/year (1.92x10°-3.98x10°). We used PAML v4.10.9 to
calculate the dS ratio between all devil MHC genes (UA, UB, UC, UD, UK and UM) and then used this
value for sequence divergence and rearranged the above formula to t= d/2u. We estimated
divergence times between the three genes using the average as well as the upper and lower 95% CI
for the mutation rate. We used dS for divergence time as an assumption of the divergence formula is
that sites are evolving neutrally, as MHC genes evolve under high selective pressures including sites
with non-synonymous mutations would violate this principle whereas sites with synonymous
mutations can be assumed to be evolving neutrally.
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Table 1. Age-structured shifts in MHC-l composition reveal selection against tumour-
matching genotypes in wild Tasmanian devils.

(A) Frequency of the non-functional Saha-UA allele (UA deletion),

(B) frequency of supertype 2 (ST2; shared with DFT1), and

(C) frequency of common UA supertypes not shared with DFT1 (including supertypes 1 and 7 and
the UA deletion), across age classes and sampling sites.

Across DFT1-affected populations, older devils are increasingly enriched for the non-functional UA
allele and supertypes not shared with the tumour, while the frequency of tumour-matching
supertype 2 declines with age. This pattern is consistent with directional selection favouring host—
tumour MHC-I dissimilarity, with individuals carrying mismatched genotypes more likely to survive
to older age classes. In contrast, frequencies remain relatively stable across age classes at the
DFT1-free site (Woolnorth), supporting a disease-driven rather than neutral process.

Shaded boxes indicate missing data; numbers in parentheses indicate sample sizes for each age
class.
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725

Sampling site | 1yrold ‘ 2yrold ‘3yrold‘

4yrold ‘ S5yrold

6 yrold

7 yrold

A) Non-functional UA allele

Bronte 0.47 (29) 0.43(14) | 0.63(4)
Buckland 0.18(30) 0.20(15) | 0.50 (4)
Fentonbury 0.6 (20) 0.48 (33) | 0.34(16)
Granville 0.27 (26) 0.46(12) | 0.50 (6)
Kempton 0.67 (12) 0.27 (15) | 0.50(10)
NNP 0.40 (29) 0.71(17) | 0.67(6)
SH 0.35(128) | 0.34(35) | 0.53(18)
Woolnorth 0.35(17) 0.18(11) | 0.29(7)
wukalina 0.68 (22) 0.59(11) | 0.70(5)
B) Supertype 2 (shared with DFT1)

Bronte 0.26 0.36 0.25
Buckland 0.57 0.60 0.38
Fentonbury 0.20 0.32 0.47
Granville 0.56 0.50 0.25
Kempton 0.17 0.3 0.15
NNP 0.31 0.21 0.17
SH 0.64 0.64 0.47
Woolnorth 0.62 0.82 0.50
wukalina 0.27 0.36 0.20
C) Common UA supertypes (excluding ST2)

Bronte 0.72 0.64 0.75
Buckland 0.37 0.30 0.50
Fentonbury 0.80 0.68 0.53
Granville 0.42 0.5 0.75
Kempton 0.83 0.63 0.8
NNP 0.53 0.74 0.83
SH 0.36 0.36 0.53
Woolnorth 0.38 0.18 0.36
wukalina 0.70 0.59 0.80
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Fig. 1. Disease-driven shifts in MHC-l composition across Tasmanian devil populations following the spread of DFT1.

(A) Spatial distribution of the non-functional Saha-UA allele (UA deletion) across Tasmania in 2013 and 2021. Pie charts show genotype
frequencies (light grey = two functional UA alleles, dark grey = one deletion, black = homozygous deletion), with shading indicating the
position of the disease front at each time point.

(B-D) Temporal trajectories of key MHC-I variants plotted as predicted probabilities from model-based expected values against years since
DFT1 arrival at each site (coloured lines), with overall trends across sites shown in black (£ SE, grey shading).

(B) Probability of the UA deletion increases over time following disease arrival, indicating selection for loss of the Saha-UA locus.

(C) Probability of supertype 2 (ST2; shared with DFT1) declines across sites, consistent with selection against tumour-matching genotypes.
(D) Probability of supertype 7 (ST7; not shared with DFT1) shows a modest increase, reflecting enrichment of tumour-mismatched
genotypes.

Across multiple independently affected populations, these parallel trends demonstrate directional selection favouring host-tumour MHC-I
dissimilarity, with loss of Saha-UA and decline of tumour-matching supertypes occurring over just a few generations.
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784 Fig. 2. Anti-MHC-I antibody responses in wild Tasmanian devils with and without DFT1.

785 Representative examples of five individual devils illustrating variation in clinical status and antibody responses to DFT1 cells. For each

786 individual, A) shows the animal and any visible tumour or lesion, followed by B) clinical status (D = DFT1 present; H = healthy; H(R) = healthy
787 following tumour regression; H* = suspected but unconfirmed lesion). C) Flow cytometry histograms show serum antibody binding to DFT1
788 cells lacking surface MHC-| (MHC-I—; fourth row) and to DFT1 cells induced to express MHC-I (MHC-I+; bottom row). Antibody binding from
789 each devil (red) is compared to a naive control (black); a rightward shift indicates a positive response.

790 Across individuals, antibody responses are typically detected against MHC-I+ but not MHC-I-tumour cells, demonstrating that anti-tumour
791 immunity is primarily directed against MHC-I. Notably, antibody-positive individuals include devils that have remained disease-free

792 following exposure or undergone tumour regression, consistent with a functional immune response associated with improved outcomes.
793 Sex, age, and sampling location for each individual are provided in Table S1.
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Fig. 3. MHC-I genotype determines immune recognition of transmissible tumour cells in wild
Tasmanian devils.

Hierarchical clustering of Tasmanian devils and DFT1 cell lines based on UA genotype. Labels
above branches denote UA genotype classes (del = deletion; ST = supertype), and labels below
identify individual devils; black labels (C5065 and C1426) represent DFT1 cell lines.

Symbols indicate antibody responses: squares represent individuals with antibodies against MHC-
I+ DFT1 cells only, circles represent individuals with antibodies against both MHC-I+ and MHC-I-
cells. Filled symbols denote devils with clinical DFT1; unfilled symbols denote animals with no
clinical disease.

Most devils with anti-DFT1 antibody responses cluster separately from the tumour and lack UA
genotypes shared with DFT1, demonstrating that MHC-I genotype mismatch between host and
tumour is strongly associated with immune recognition. In contrast, devils sharing tumour-
associated genotypes (e.g. supertype 2) show reduced or altered antibody responses, consistent
with decreased immunogenicity of matched tumours.

A small number of ST2 individuals exhibit antibody binding to MHC-I- cells, suggesting the
presence of non-MHC-I| tumour antigens in these cases.
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