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Abstract

The Tasmanian devil (Sarcophilus harrisii) is threatened with extinction due to the

spread of devil facial tumour disease. Polymorphisms in immune genes can provide

adaptive potential to resist diseases. Previous studies in diversity at immune loci in

wild species have almost exclusively focused on genes of the major histocompatibility

complex (MHC); however, these genes only account for a fraction of immune gene

diversity. Devils lack diversity at functionally important immunity loci, including

MHC and Toll-like receptor genes. Whether there are polymorphisms at devil immune

genes outside these two families is unknown. Here, we identify polymorphisms in a

wide range of key immune genes, and develop assays to type single nucleotide poly-

morphisms (SNPs) within a subset of these genes. A total of 167 immune genes were

examined, including cytokines, chemokines and natural killer cell receptors. Using

genome-level data from ten devils, SNPs within coding regions, introns and 10 kb

flanking genes of interest were identified. We found low polymorphism across 167

immune genes examined bioinformatically using whole-genome data. From this data,

we developed long amplicon assays to target nine genes. These amplicons were

sequenced in 29–220 devils and found to contain 78 SNPs, including eight SNPS

within exons. Despite the extreme paucity of genetic diversity within these genes, sig-

natures of balancing selection were exhibited by one chemokine gene, suggesting that

remaining diversity may hold adaptive potential. The low functional diversity may

leave devils highly vulnerable to infectious disease, and therefore, monitoring and pre-

serving remaining diversity will be critical for the long-term management of this spe-

cies. Examining genetic variation in diverse immune genes should be a priority for

threatened wildlife species. This study can act as a model for broad-scale immuno-

genetic diversity analysis in threatened species.
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Introduction

Genetic diversity at immune loci is important for popula-

tion-level resistance against infectious diseases. Immune

genes include some of the most polymorphic genes in the

genome (Hughes & Hughes 1995; Meyer & Thomson

2001), and diversity at many of these genes is thought to

be maintained by pathogen-mediated balancing selection

(Doherty & Zinkernagel 1975; Jeffery & Bangham 2000;

Piertney & Oliver 2006; Fumagalli et al. 2009). Studies

have demonstrated that the rate of adaptive evolution is

higher at many immune genes compared with other

classes of genes, in several vertebrate species (Huang
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et al. 2004; Tonteri et al. 2010). Polymorphisms in

immune genes have been shown to give resistance to

diverse diseases in a range of species, both laboratory

and wild (Else & Wakelin 1988; Paterson et al. 1998;

Shiina et al. 2004; Piertney & Oliver 2006; Turner et al.

2011), and therefore may provide adaptive potential in

wild populations.

The vast majority of studies that have examined diver-

sity of immune genes in wild populations have focused

on a single family: the major histocompatibility complex

(MHC) genes, which form a key component of the adap-

tive immune system. There is a large body of research

investigating MHC diversity, its implications for popula-

tion fitness and association of these genes with diseases

in wild populations (Reviewed in Sommer 2005; Ujvari &

Belov 2011). To a lesser extent, diversity of Toll-like

receptors (TLR), key receptors of the innate immune sys-

tem, has been investigated in a growing number of wild

species (Grueber et al. 2012; Abrantes et al. 2013; Tschir-

ren et al. 2013). MHC, however, only accounts for a frac-

tion of the genetic variability underlying resistance to

infectious pathogens (Jepson et al. 1997; Acevedo-White-

house & Cunningham 2006). Studies that examine genetic

diversity at immune genes outside these two families in

wild populations are scarce. Additionally, studies of

immune gene diversity in wild populations have been

limited in scale, typically only examining one or a few

genes. Several recent studies have examined a wider

suite of genes such as Bollmer et al. (2011) which exam-

ined five non-MHC genes, and Turner et al. (2011, 2012)

which studied diversity in 12 immune genes. However,

to capture the genetic diversity of the immune system as

a whole and understand its role in selection, a broader

approach is required.

The Tasmanian devil (Sarcophilus harrisii) is being

threatened with extinction due to the spread of the devil

facial tumour disease (DFTD). This disease has wiped

out over 85% of the devil population since it first

emerged in 1996 (DPIPWE 2011). DFTD is highly

unusual as it is a transmissible cancer where the tumour

cells themselves are the infectious agent, transmitted

from one devil to another through biting (Pearse & Swift

2006). The cancer cell is able to pass from devil to devil

without triggering an immune response as it is able to

downregulate cell surface MHC, and in such a way slip

under the radar of the immune system (Siddle et al.

2013). However, these observations do not fully account

for the ability of DFTD to avoid immune recognition, as

a lack of MHC expression should still elicit a natural

killer (NK) cell response (Whiteside & Herberman 1995).

It has therefore been hypothesized that the lack of genetic

diversity seen in the devil population may contribute to

the tumour’s ability to spread. Devils lack genetic diver-

sity genome wide, as has been demonstrated in studies

using microsatellites (Jones et al. 2004), single nucleotide

polymorphisms (SNPs) and mtDNA (Miller et al. 2011).

In addition, devils have critically low diversity at MHC

loci (Siddle et al. 2007a,b; Cheng et al. 2012) and at TLR

genes (Cui et al. 2015). However, it is not known whether

the devil genome has additional diversity at immune

genes outside these two gene families, particularly genes

associated with the NK cell response.

In 2006, the Tasmanian devil insurance population

was instigated by the Save the Tasmanian Devil Pro-

gram, an initiative of the Tasmanian and Australian

governments. Over 100 devils were recruited into the

existing zoo-based breeding programme through three

intakes between 2005 and 2008 (Hogg et al. in press).

This programme aims to maintain 95% of the genetic

diversity of the founders of the captive programme

(CBSG 2008), so that captive devils can be used to

repopulate Tasmania should extinction occur, or to

repopulate locally extinct populations of devils. Achiev-

ing this goal will require maintenance of genetic diver-

sity over many generations. As the wild devil

population already has critically low genetic diversity,

it is crucial that further losses, in particular diversity at

functional loci, do not occur. To ensure maintenance of

this diversity, genetic testing is required.

In this study, we examine SNP diversity at a broad

range of immune genes including cytokines, chemoki-

nes, NK cell receptors, genes in the extended natural

killer cell receptor complex (NKC) and other innate and

adaptive immune genes found to be polymorphic in

wild populations of other species, with 167 genes being

examined in total. Of particular interest are SNPs that

result in nonsynonymous changes as these are highly

likely to have a functional effect, although synonymous

SNPs, SNPs in introns and untranslated regions (UTRs),

and SNPs up to 10 kb upstream/downstream were also

investigated as these potentially can affect the regula-

tion or expression of the gene, and thus also have a

functional role (e.g. Bi et al. 2007; Pacheco et al. 2008;

Liu et al. 2013). We then developed assays to target

immune genes with nonsynonymous SNPs, in up to 220

samples of Tasmanian devils, to quantify levels of

diversity. Genes amplified by these assays were exam-

ined using population-level diversity statistics and

examined for signatures of selection.

Materials and methods

Identification of putative SNPs

A list of immune genes of interest was compiled from a

review of literature to identify families and individual

genes previously shown to have polymorphisms in wild

populations. This included NK receptors (i.e. Futas &
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Horin 2013), cytokines (i.e. Turner et al. 2012), chemoki-

nes (i.e. Gao et al. 2013) and a range of immune genes

not belonging to one of these families (i.e. Xue et al.

2008; Wan et al. 2013; Meyer et al. 2014; Table S2 (Sup-

porting information) for full details of all genes

included). To identify SNPs, contigs containing genes of

interest from the two devil genome sequence projects,

which sequenced three devil genomes in total (DEVIL7.0,

GenBank: GCA_000189315.1 (Murchison et al. 2012);

GenBank: GCA_000219685.1 (Miller et al. 2011)), and

seven resequenced devil genomes (European Nucleotide

Archive: ERS682204-ERS682210) were examined in BIOE-

DIT. Genes on contigs <10 000 bp were not included in

the analysis as the resequencing reads in these regions

typically had low-quality scores. Single nucleotide sites

that varied among the ten sequences were identified in

BIOEDIT using the positional nucleotide summary tool.

Positions containing SNPs were compared to previous

devil immune gene predictions (K. M. Morris, Y.

Cheng, W. Warren, A. T. Papenfuss, K. Belov, Submit-

ted; van der Kraan et al. 2013) to determine whether

SNPs were exonic (both synonymous and nonsynony-

mous), intronic, in a predicted UTR or within 10 kb

upstream or downstream of the genes of interest. These

previous gene predictions were based on a combination

of genomic and transcriptomic data to accurately pre-

dict gene structure, although UTRs were not predicted

for all genes where transcriptomic data were not avail-

able. These gene sequences can be found on the Immu-

nome Database for Marsupials and Monotremes

(http://hp580.angis.org.au/tagbase/gutentag/).

Samples

Samples were collected under University of Sydney ani-

mal ethics permit 5584. Samples (either ear biopsies or

2 mL blood) were obtained from 221 devils from the cap-

tive devil breeding programme from a range of Aus-

tralian zoos and wildlife parks. These samples were

collected as part of ongoing population management of

the insurance population and were kindly shared with us

by the Save the Tasmanian devil programme. The major-

ity of these samples were from putatively unrelated ani-

mals obtained from the wild. These samples were

presumed to be unrelated due to the distance between

trap locations (Hogg et al. in press). Some related animals

from the breeding programme were also included. DNA

extractions were performed with the QIAGEN DNeasy

Blood and Tissue kit following kit instructions.

Amplicon assay

Nine genes were selected as targets for long amplicon

amplification based on the overall number of SNPs and

the presence of nonsynonymous SNPs, targeting genes

from a range of families. The targeted set of genes

included members of the interleukin, chemokine and

NK receptor families. The amplicons were designed to

be between 2500 and 10 000 bp in length to maximize

SNP coverage and encompass the entire coding

sequence where possible. Primers were designed using

the OLIGO6 software (Table 1). Between 29 and 220 devil

samples were amplified with each primer set. Not all

the samples used in this project were amplified with all

the primer sets. Additional samples were amplified

with some of the primer sets due to their use in concur-

rent projects, thus the number of samples per marker

varied (Table S1, Supporting information). PCR amplifi-

cation was performed using the Invitrogen SequalPrep

Long PCR Kit. PCRs in a total volume of 20 lL con-

tained 1x SequalPrep 10X Reaction Buffer, 0.4 lL
DMSO, 1.8 U SequalPrep Long Polymerase, 0.5 lM each

of the reverse and forward primer, c.50 ng of DNA and

0-1 X SequalPrep 10X Enhancer A and B (determined

by prior primer optimization following kit instructions;

Table 1). Amplification conditions were as follows.

Reactions were heated at 90 °C followed by 10 cycles of

94 °C for 10 s, 55 °C for 30 s and 68 °C for 12 min. This

was followed by 30 cycles of 94 °C for 10 s, 60 °C for

30 s and 68 °C for 12 min with the addition of 20 s per

cycle. This was followed by a final extension step of

72 °C for 5 min. Amplification of the target products

was confirmed by running 3.5 lL PCR product on a

1.5% agarose gel for 1 h at 100 V. Following this, the

PCR products were simultaneously purified and nor-

malized using Invitrogen SequalPrep Normalization

Plate Kit following the kit guidelines. PCR products

from all amplicons were pooled in equal concentrations

by individuals, and sequencing libraries were then pre-

pared using the Illumina Nextera DNA Sample Prep

Kit following the kit guidelines in conjunction with the

Nextera XT index kit (Illumina) allowing us to multi-

plex amplicons from 96 individuals in a single run. The

pooled library samples were sent to the Ramaciotti

Centre for Genomics for sequencing of 150-bp paired-

end reads on an Illumina MiSeq. In total, data from this

project were obtained via a total of four 96-sample

sequencing runs, in which samples for multiple ongoing

projects were combined. The average coverage per sam-

ple was c. 2009 coverage.

Data analysis

Multiplexed samples were separated and aligned to the

devil reference genome using Burrows-Wheeler Aligner

(Li & Durbin 2009). Samtools (Li et al. 2009) was used

to call SNPs with minimum base and mapping quality

scores of at least 20. PLINK v1.07 (Purcell et al. 2007) was

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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used to identify SNPs with a minor allele frequency

(MAF) < 0.03, which were removed from further analy-

ses. PLINK was also used to determine heterozygosity

and deviation from Hardy–Weinberg equilibrium

(HWE). DNASP v5 (Librado & Rozas 2009) was used to

infer haplotypes, calculate haplotype number (h), haplo-

type diversity (hd), average number of nucleotide differ-

ences (k) and nucleotide diversity per site (p). Tajima’s

D statistical test (Tajima 1989) was used to test the neu-

trality of the polymorphisms. The ratio of synonymous

to nonsynonymous variation was examined using the

codon-based Z-test of selection in MEGA6 (Tamura et al.

2013).

Results

SNP identification in devil immune genes

In total, 212 devil genes were identified as immune genes

of interest likely to contain SNPs. Of these, 45 were not

investigated further due to poor resequencing quality or

missing data. The remaining 167 genes were examined in

ten devil genomes for putative SNPs (Table 2, Table S1,

Supporting information). The entire length of the genes

including 10 kb upstream and downstream was exam-

ined for SNPs. A total of 5.3 MB of sequence was exam-

ined for SNPs, with a total of 3471 SNPs being identified

within these genes or within 10 kb of these genes. All

genes examined had at least one SNP either within the

gene or within 10 kb of the gene. Of the genes examined,

92 had predicted UTRs and of these 28 had SNPs within

the UTR. 101 genes had SNPs within introns totalling

1089 intronic SNPs. Forty-seven genes had SNPs within

the exons and of these 39 genes had nonsynonymous

changes. In total, 69 nonsynonymous SNPs were identi-

fied in this subset of genes. The number of nonsynony-

mous SNPs per gene ranged from one to nine. Overall,

the 167 genes examined contained an average of 6.5 intro-

nic SNPs, 0.35 nonsynonymous and 0.40 synonymous

SNPs (Table 2).

The distribution of genes with nonsynonymous SNPs

was not uniform between different families of immune

genes (Table 2). Cytokines are a diverse group of

secreted proteins produced by a broad range of cells

that act as mediators of the immune system. Cytokine

families include interleukins, chemokines, interferons

and the TNF family. Within the cytokines, four of 41

interleukins, five of 37 chemokines, three of 17 TNF

family members and three of 11 additional cytokines

investigated contained nonsynonymous SNPs. The

interferon family (six genes) had no SNPs within exons

or introns. Interleukins that contained nonsynonymous

SNPs were IL-16, IL-17B, IL-1A, IL-22 and IL-22F1.

Within the cytokines, the chemokine family showed theT
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greatest SNP diversity with an average of 7.3 intronic

and 0.8 exonic SNPs. Chemokines containing nonsyn-

onymous SNPs were found in the CCL, CXCL and the

CX3C families, though not the XCL family. The single

CX3C family member had a single putative nonsynony-

mous SNP. Three CCL family genes contained nonsyn-

onymous SNPs, CCL26 and two devil-specific CCL

genes, CCLD6 and CCLD7. The latter two genes form

part of a devil-specific chemokine gene expansion (K.

M. Morris, Y. Cheng, W. Warren, A. T. Papenfuss, K.

Belov, Submitted). A single CXCL family member,

CXCL9, contained a nonsynonymous SNP. Within the

TNF family, three members had nonsynonymous SNPs:

FASLG, TNFSF9 and TNFSF10L. A large number of

SNPs (23) were also identified in the intron of the

FASLG gene. Additional cytokines with putative coding

variants were LIF, TGFB1 and TGFB3 (Table S2, Supp-

porting information).

NK cells are critical components of the immune sys-

tem, and their ability to recognize pathogenic or abnor-

mal cells is mediated through cell surface NK receptors.

These NK receptors are encoded by two families of

genes: those of the leucocyte receptor complex (LRC)

and the killer cell immunoglobulin-like receptors (KIRs).

None of the six devil LRC NK receptors contained

SNPs within the exons and only three had SNPs within

introns. Six of the 17 genes investigated in the KIR fam-

ily had putative nonsynonymous SNPs. A large number

of genes with nonsynonymous SNPs were also seen in

the extended LRC. These genes are linked to LRC NK

receptors in the mammalian genome and have a wide

variety of roles. Those with nonsynonymous SNPs

include MAG, six SIGLEC genes and five CEACAM

genes. In addition, genes within this group often had a

large number of nonsynonymous SNPs, up to nine in

one CEACAM gene.

Additional genes of the innate immune system which

have been found to be polymorphic in other wild

populations (Xue et al. 2008; Wan et al. 2013; Meyer et al.

2014) were investigated in the devil. Of these 15 genes, five

were found to have nonsynonymous SNPs in the devil:

FLT3LG, CD209, CD11b (ITGAM), NOS2 (iNOS) and LGP2.

Amplicon SNPs

Nine genes were selected to be studied in greater depth

as targets of an amplicon assay. These genes were

selected from the 39 devil genes identified that contain

putative nonsynonymous SNPs. Genes for this assay

were selected to include a range of key immune gene

families including chemokines, interleukins and NK

receptors.

Nine genes were included in eight amplicons as one

amplicon (CCLD5/6) amplified the region containing

both CCLD5 and CCLD6. In total, these eight amplicons

cover 50 966 bp. These amplicons were sequenced in 29

to 220 devils per amplicon. Within these, 188 SNPs were

predicted based on sequencing data in ten devils, but

only 78 SNPs were confirmed experimentally (Table 3).

This included 34 SNPs within gene introns and 8 SNPs

within exons, including 4 nonsynonymous SNPs. The

number of SNPs per marker varied from 1 to 22. The

four nonsynonymous SNPs were found in IL-17B,

CCLD5 and CX3C. Although the overall number of SNPs

within the amplicons was less than predicted from

resequencing data, this varied across the markers; five

markers had fewer SNPs confirmed in the amplicon

sequencing, while two had a greater number of SNPs

identified in the amplicon sequencing. In total, 30 new

SNPs were discovered from the amplicon sequencing.

Conformation to Hardy–Weinberg and diversity
statistics

Markers were examined for conformation to HWE

(Table 4). Regions with a large number of SNPs that

Table 2 Summary of SNPs identified from resequencing data

Gene family

Number of

genes

Length examined

kb (Total (Mean))

No. of SNPs (Total (Mean))

Within 10 kb UTR Intron Exon (s) Exon (ns)

Interleukin 41 1396 (34) 439 (10.7) 4 (0.2) 221 (5.4) 9 (0.2) 12 (0.3)

Chemokine 37 887 (24) 700 (18.9) 23 (0.9) 58 (7.3) 6 (0.4) 5 (0.4)

Interferon 6 106 (18) 71 (11.8) 0 (0) 0 (0) 0 (0) 0 (0)

TNF 17 561 (33) 173 (10.2) 13 (1.3) 78 (4.6) 0 (0) 3 (0.2)

Additional cytokines 11 560 (51) 101 (9.2) 4 (0.5) 144 (13.1) 1 (0.1) 3 (0.3)

NK receptors (NKC) 6 190 (32) 18 (3) 2 (2) 11 (1.8) 0 (0) 0 (0)

NK receptors (LRC) 17 357 (21) 269 (15.8) 1 (0.2) 106 (6.2) 17 (1) 6 (0.4)

Extended LRC receptors 16 474 (30) 287 (17.9) 19 (3.2) 375 (23.4) 24 (1.5) 34 (2.1)

Additional immune genes 16 801 (50) 130 (8.1) 3 (0.3) 93 (5.8) 2 (0.1) 6 (0.4)

Total 167 5333 (32) 2188 (13.1) 69 (0.8) 1086 (6.5) 59 (0.35) 69 (0.4)

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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deviate from HWE may indicate that selection is acting

at that location. Of the 94 SNP markers identified in the

eight amplicons, 30 SNPs were found to have signifi-

cant deviation from HWE (P < 0.05). Of the four non-

synonymous SNPs in these amplicons, the SNP in

CCLD5 and the two in the IL-17B amplicon did not

deviate from HWE, but that in the CX3C amplicon

showed highly significant deviation from HWE

(P = 2.2 9 10�8). Those amplicons with the largest

number of SNPs deviating from HWE were IL-22 in

which 16 of the 18 SNPs deviated from HWE, mostly

(75%) with a heterozygote excess, and CCLD5/6 in

which 10 of 16 deviated from HWE, with the majority

(80%) showing a heterozygote deficiency. The SNPs

showing a heterozygote excess were concentrated at

one end of the IL-22 amplicon (Table 4). Diversity

statistics and tests of selection are shown in Table 5.

CCLD6 showed deviation from neutrality using the Taji-

ma’s D test, with a highly significant positive Tajima D

value, which may arise from either a decreasing popu-

lation size or balancing selection. Significant deviation

from neutrality was not, however, detected with the

Z-test. CCLD6 also had the highest nucleotide diversity

and highest mean nucleotide diversity of any of the

genes. IL-17B and CCLD5 also showed relatively high

diversity, while TGFB1, IL-22, IL-22F1 and DIG24 had

no SNPs within their coding sequence. No locus apart

from CCLD6 showed significant deviation from neutral-

ity using Tajima’s D or the Z-test.

Discussion

SNP diversity across devil immune genes

In total, 167 genes of the devil immune system were

examined for the presence of SNPs in ten devil gen-

omes. The entire coding region and 10 kb flanking these

genes were searched for SNPs. A total of 5.3 MB of

sequence was examined and a total of 3471 SNPs were

identified. Nonsynonymous SNPs were of particular

interest due to their effect on the protein sequence.

Overall, c. 23% of the genes examined had at least one

nonsynonymous SNP, but this varied greatly between

families.

The interferon family showed no SNPs within exons

or introns. SNPs within interferons do occur in other

species and have been linked to infectious disease, indi-

cating the potential adaptive role of these variants. For

example, a SNP in the intron of IFNG has been associ-

ated with tuberculosis susceptibility in humans

(Pacheco et al. 2008; Vallinoto et al. 2010). The lack of

variation in devils, combined with the lower number of

type I interferons present in the devil genome com-

pared to both marsupials and eutherians (K. M. Morris,

Y. Cheng, W. Warren, A. T. Papenfuss, K. Belov,

Submitted), may indicate a greatly reduced genetic

diversity and adaptive potential within this family in

the Tasmanian devil. Within the cytokines, the chemo-

kine family appeared to show the greatest SNP diver-

sity. Two of the chemokine genes containing putative

nonsynonymous SNPs were CCLD6 and CCLD7 which

form part of a devil-specific chemokine gene expansion

(K. M. Morris, Y. Cheng, W. Warren, A. T. Papenfuss,

K. Belov, Submitted).

Within the NK receptors are two families. In marsu-

pials, including the devil, genes of the LRC family are

relatively conserved, and these species have much

fewer genes in this family than eutherian and mono-

treme mammals (Belov et al. 2007; van der Kraan et al.

2013). None of the six genes within this family had any

putative SNPs within their exons in devils. This sug-

gests that these genes may have a more specific, con-

served function in marsupials leading to selection

against polymorphisms or gene duplications. However,

devils do have a large number of NK receptors within

the KIR family, and it has previously been speculated

that marsupials may rely predominantly on this family

as NK receptors (van der Kraan et al. 2013). In addition

Table 3 Amplicon SNP summary statistics (detailed SNP information is provided in Table 4)

Gene Class N. Length P SNPs C SNPs P non-synonymous SNPs C non-synonymous SNPs

CCLD5/6 Chemokine 69 8209 29 16 1 1

CX3C Chemokine 167 9425 6 3 1 1

TGFB1 Cytokine 93 2649 9 2 1 0

IL-22F1 Interleukin 29 6531 10 2 1 0

IL-22 Interleukin 196 5275 97 18 6 0

IL-17B Interleukin 220 5717 17 20 2 2

DIG12 NK receptor 186 6351 15 16 1 0

DIG24 NK receptor 83 6809 5 1 1 0

Total 50 966 188 78 14 4

N, number of animals genotyped, P, Predicted from resequencing data, C, confirmed in amplicon assays.
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Table 4 SNP marker statistics (sample sizes provided in Table 3)

SNP Genomic position Location in gene HO HE P MAF

CCLD5/6-1 GL857182:18313 Exon 0.313 0.459 2.17 9 10�5* 0.358

CCLD5/6-2 GL857182:19638 Intron 0.311 0.458 1.97 9 10�5* 0.356

CCLD5/6-3 GL857182:19990 Exon 0.811 0.500 8.04 9 10�5* 0.500

CCLD5/6-4 GL857182:19992 Exon 0.906 0.500 1.37 9 10�9* 0.491

CCLD5/6-5 GL857182:20241 Up/downstream 0.321 0.448 0.200 0.339

CCLD5/6-6 GL857182:20819 Up/downstream 0.310 0.414 0.190 0.293

CCLD5/6-7 GL857182:20831 Up/downstream 0.000 0.071 0.019* 0.037

CCLD5/6-8 GL857182:21677 Up/downstream 0.290 0.467 0.051 0.371

CCLD5/6-9 GL857182:22160 Up/downstream 0.000 0.083 0.022* 0.043

CCLD5/6-10 GL857182:24020 Up/downstream 0.000 0.059 0.015* 0.030

CCLD5/6-11 GL857182:24073 Up/downstream 0.000 0.069 0.018* 0.036

CCLD5/6-12 GL857182:24534 Exon 0.063 0.061 1.000 0.031

CCLD5/6-13 GL857182:24573 Exon 0.061 0.059 1.000 0.030

CCLD5/6-14 GL857182:24632 Intron 0.029 0.084 0.045* 0.044

CCLD5/6-15 GL857182:24648 Intron 0.000 0.062 0.016* 0.032

CCLD5/6-16§ GL857182:25136 Exon 0.286 0.245 1.000 0.143

CX3C-1 GL834650:1670393 Intron 0.095 0.090 1.000 0.047

CX3C-2 GL834650:1671527 Intron 0.394 0.468 0.048* 0.374

CX3C-3§ GL834650:1679470 Exon 0.101 0.213 2.19 9 10�8* 0.121

TGFB1-1 GL849759:218979 Downstream 0.424 0.436 0.812 0.321

TGFB1-2 GL849759:220632 Intron 0.065 0.063 1.000 0.033

IL-22F1-1 GL834513:1087266 Upstream 0.000 0.067 0.018* 0.034

IL-22F1-2 GL834513:1088712 Upstream 0.107 0.101 1.000 0.054

IL-22-1 GL861826:55229 Intron 0.559 0.445 0.005* 0.335

IL-22-2 GL861826:56392 Downstream 0.163 0.300 4.95 9 10�5* 0.184

IL-22-3 GL861826:56394 Downstream 0.784 0.497 8.63 9 10�11* 0.464

IL-22-4 GL861826:56460 Downstream 0.556 0.499 0.7375 0.472

IL-22-5 GL861826:56483 Downstream 0.065 0.063 1 0.033

IL-22-6 GL861826:56832 Downstream 0.012 0.068 1.48 9 10�8* 0.035

IL-22-7 GL861826:57529 Downstream 0.012 0.130 6.79 9 10�16* 0.070

IL-22-8 GL861826:57560 Downstream 0.064 0.174 4.06 9 10�10* 0.096

IL-22-9 GL861826:57793 Downstream 0.262 0.354 0.001* 0.230

IL-22-10 GL861826:57962 Downstream 0.731 0.473 2.95 9 10�14* 0.383

IL-22-11 GL861826:58006 Downstream 0.712 0.459 7.79 9 10�16* 0.356

IL-22-12 GL861826:58060 Downstream 0.688 0.459 2.23 9 10�12* 0.356

IL-22-13 GL861826:58085 Downstream 0.692 0.459 9.54 9 10�13* 0.358

IL-22-14 GL861826:58120 Downstream 0.731 0.473 2.95 9 10�14* 0.383

IL-22-15 GL861826:58220 Downstream 0.655 0.448 1.20 9 10�10* 0.339

IL-22-16 GL861826:58226 Downstream 0.696 0.461 8.15 9 10�13* 0.360

IL-22-17 GL861826:58229 Downstream 0.696 0.461 8.15 9 10�13* 0.360

IL-22-18 GL861826:58425 Downstream 0.426 0.335 0.003* 0.213

IL-17B-1 GL834622:505431 Intron 0.183 0.183 1.000 0.102

IL-17B-2 GL834622:505749 Intron 0.183 0.183 1.000 0.102

IL-17B-3 GL834622:505871 Intron 0.187 0.187 1.000 0.104

IL-17B-4 GL834622:506399 Intron 0.185 0.185 1.000 0.103

IL-17B-5 GL834622:506405 Intron 0.185 0.185 1.000 0.103

IL-17B-6 GL834622:506477 Intron 0.186 0.186 1.000 0.104

IL-17B-7§ GL834622:506759 Exon 0.187 0.187 1.000 0.104

IL-17B-8§ GL834622:506769 Exon 0.187 0.187 1.000 0.104

IL-17B-9 GL834622:507289 Intron 0.187 0.187 1.000 0.104

IL-17B-10 GL834622:507488 Intron 0.187 0.187 1.000 0.104

IL-17B-11 GL834622:508357 Intron 0.172 0.192 0.236 0.108

IL-17B-12 GL834622:508358 Intron 0.177 0.188 0.428 0.105

IL-17B-13 GL834622:508460 Intron 0.186 0.186 1.000 0.104

IL-17B-14 GL834622:509409 Downstream 0.186 0.177 1.000 0.098

IL-17B-15 GL834622:509694 Downstream 0.187 0.178 1.000 0.099
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to having a large expansion of these genes, six of the 17

genes investigated in this family had putative nonsyn-

onymous SNPs, suggesting that these genes may be

under diversifying selection. Such selection is most

likely pathogen-mediated as NK receptors are key com-

ponents of the innate immune response and may evolve

rapidly in response to viral pathogens (Kelley et al.

2005). A large number of genes with nonsynonymous

SNPs were also seen in the extended LRC.

Several genes containing putative SNPs within the

devil have been showed to be associated with disease

resistance or susceptibility in other species. For exam-

ple, a nonsynonymous variant in IL-1A has been associ-

ated with susceptibility to ovarian cancer (Charbonneau

et al. 2014) and H1N1 influenza (Liu et al. 2013). In

cattle, a SNP upstream of the IL-8 was associated with

resistance to mastitis (Chen et al. 2015). Two SNP

variants in IL-33 were associated with lower risk of

Behcet’s disease (Koca et al. 2015), while SNPs in the

UTR of IL-10 conferred resistance to psoriasis in

humans (Al-Balbeesi et al. 2015). Also in humans, a

nonsynonymous SNP in FASLG has been associated

Table 4 Continued

SNP Genomic position Location in gene HO HE P MAF

IL-17B-16 GL834622:510102 Downstream 0.186 0.186 1.000 0.104

IL-17B-17 GL834622:510358 Downstream 0.182 0.183 1.000 0.102

IL-17B-18 GL834622:510694 Downstream 0.185 0.185 1.000 0.103

IL-17B-19 GL834622:510709 Downstream 0.186 0.186 1.000 0.104

IL-17B-20 GL834622:510754 Downstream 0.187 0.187 1.000 0.104

DIG12-1 GL850167:29387 Upstream 0.189 0.200 0.443 0.112

DIG12-2 GL850167:29390 Upstream 0.180 0.210 0.069 0.119

DIG12-3 GL850167:29403 Upstream 0.227 0.236 0.535 0.136

DIG12-4 GL850167:29463 Upstream 0.230 0.246 0.366 0.143

DIG12-5 GL850167:29553 Upstream 0.225 0.233 0.539 0.135

DIG12-6 GL850167:29827 Upstream 0.233 0.239 0.754 0.139

DIG12-7 GL850167:30779 Upstream 0.233 0.239 0.754 0.139

DIG12-8 GL850167:30840 Upstream 0.233 0.239 0.754 0.139

DIG12-9 GL850167:30965 Upstream 0.232 0.238 0.753 0.138

DIG12-10 GL850167:31097 Upstream 0.232 0.238 0.753 0.138

DIG12-11 GL850167:31458 Upstream 0.233 0.239 0.754 0.139

DIG12-12 GL850167:31848 Upstream 0.232 0.238 0.753 0.138

DIG12-13 GL850167:32283 Exon 0.227 0.236 0.535 0.136

DIG12-14 GL850167:33128 Intron 0.229 0.236 0.749 0.137

DIG12-15 GL850167:33597 Exon 0.232 0.239 0.750 0.138

DIG12-16 GL850167:35520 Downstream 0.246 0.248 0.770 0.145

DIG24-1 GL849546:132660 Upstream 0.310 0.459 0.004* 0.357

HO, observed heterozygosity HE, expected heterozygosity, §Nonsynonymous SNP, *P value for significant deviation from HWE

heterozygosity deficiency, MAF, minimum allele frequency.

Table 5 Diversity statistics for genes
n SNPs p h hd k Tajima’s D Z statistic

CCLD5 40 3 13.4 4 0.153 0.114 �1.342 �0.924

CCLD6 69 3 14 7 0.747 1.451 2.818 ** �0.992

CX3C 167 1 0.6 2 0.215 0.215 0.35 1.012

TGFB1 93 0 0 1 — — — —
IL-22F1 29 0 0 1 — — — —

IL-22 196 0 0 1 — — — —
IL-17B 186 2 12.2 2 0.201 0.401 0.389 1.321

DIG12 186 2 2.7 3 0.268 0.531 0.902 �0.987

DIG24 83 0 0 1 — — — —

n, number of individuals; p, nucleotide diversity (9104); h, number of inferred haplo-

types; hd =haplotype diversity; k, average number of nucleotide differences;

**P < 0.01.
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with autoimmune lymphoproliferative syndrome (Bi

et al. 2007) and SNPs in the intron of FASLG have been

associated with increased risk of cutaneous malignant

melanoma (Li et al. 2006) and HIV progression (Nasi

et al. 2005). A SNP in a NK receptor gene NKG2D was

associated with lower risk of recurrent miscarriages in

women (Hizem et al. 2014). These studies demonstrate

that SNPs within these genes can have an adaptive role

in other mammals; therefore, these SNPs in the devil

may also have adaptive potential.

Amplicon SNPs

Eight amplicons covering nine genes that contained

putative nonsynonymous SNPs were designed and

amplified in 29 to 220 devils per amplicon. Four non-

synonymous SNPs were found in IL-17B and two

chemokines, CX3C and CCLD5. Polymorphism in these

genes has not been studied in other wild species to our

knowledge. Within the eight amplicons, 188 SNPs were

predicted based on sequencing data in ten devils, but

only 78 SNPs were confirmed experimentally. The num-

ber of SNPs within the amplicons was less than pre-

dicted from resequencing data, despite the greater

sample numbers in the amplicon assays.

There are several potential reasons for the discrep-

ancy between the number of predicted SNPs and the

SNPs confirmed in amplicon sequencing. Most likely

the discrepancy lies with the difference in filtering and

error rate between the two methods; the predicted SNP

rate may be elevated due to errors in the resequencing

data. Some regions of the genome had lower read cov-

erage from the resequencing data than others, particu-

larly in regions where the genome assembly is highly

fragmented. Although we attempted to place the ampli-

cons in areas that had high-quality read coverage, these

markers were selected based on high SNP density and

the presence of nonsynonymous SNPs. One amplicon in

particular, IL-22, was the source of the largest discrep-

ancy between predicted SNPs and those confirmed

through amplicon sequencing. This amplicon may have

been placed in a region with higher frequency of errors.

Additionally, the amplicon data are filtered, removing

SNPs that occur at a frequency of <3%, as these are

more likely to be the results of errors. It is possible that

this removes rare alleles, which were detected in the

resequencing data, although this is unlikely to be a

major factor because only ten individuals were included

in the initial panel, while up to 220 devils were

included in the amplicon sequencing. Thus, the ampli-

con sequencing data are more likely to reflect true SNP

diversity due to the larger sample size and filtering.

Another possible explanation for differences between

predicted and observed SNP diversity is ascertainment

bias; the samples used to predict SNPs were primarily

from a single population in northwestern Tasmania,

and these samples were not included in the amplicon

phase of the study, while samples for the amplicon

assays were sourced from diverse locations. Higher

SNP diversity may be present in the samples from the

resequenced population accounting for some of the dif-

ference in SNPs between the two approaches.

Amplicon diversity and selection

Evidence that selection is occurring was found for one

of the amplicons, the CCLD5/6 amplicon, which con-

tained both the CCLD5 and CCLD6 genes. These two

genes are part of a group of genes which appear to

have recently duplicated within the devil lineage (K. M.

Morris, Y. Cheng, W. Warren, A. T. Papenfuss, K.

Belov, Submitted), suggesting that there may be diversi-

fying selection acting on these genes. The CCLD6 gene

showed deviation from neutrality using the Tajima’s D

test, with a highly significant positive Tajima D value,

which is a signature of balancing selection. While signif-

icant values in the Tajima’s D test can also indicate

demographic effects, demographic effects are expected

to act upon genetic diversity at all loci (Beaumont &

Balding 2004) which was not seen in this study. This

indicates that balancing selection is acting on this locus.

Additionally, CCLD6 also had the highest diversity of

any of the genes as estimated by nucleotide diversity,

haplotype diversity and average number of nucleotide

differences. This high diversity is consistent with the

presence of diversifying selection. Apart from CCLD6,

no other locus showed significant deviation from neu-

trality using Tajima’s D or the Z-test.

IL-22 also had a large number of SNPs deviating from

HWE with 16 of the 18 SNPs deviating, mostly with a

heterozygote excess. The SNPs showing a heterozygote

excess were concentrated at one end of the IL-22 ampli-

con. This may indicate that selection is occurring in one

of these SNPs, or at variation linked to these SNPs;

however, no significant deviation from neutrality was

seen in the Tajima’s D test. Additionally, the nonsyn-

onymous SNP within the CX3C gene showed deviation

from HWE (heterozygote deficit). Genes that showed

the highest diversity based on the nucleotide diversity

and mean nucleotide diversity were CCLD6, CCLD5

and IL-17B, while the genes with the lowest diversity

were TGFB1, IL-22, IL-22F1 and DIG24 which had no

SNPs within their coding sequence.

Low SNP diversity across immune genes

Overall, the number of SNPs identified across the

immune genes studied was low compared with other
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wild populations. Few studies have looked at SNP

variation in wild populations in genes outside the MHC

and TLR families. Where comparisons can be made,

devils show lower or no diversity at genes that are

polymorphic in other species.

In a study of field vole (Microtus agrestis) cytokines,

Turner et al. (2011) found polymorphisms in seven of

ten studied genes across twelve voles (totalling 15

SNPs). In comparison, the same ten cytokines in devil

(comprising 13 devil sequences in total due to duplica-

tion of the IL-18 locus) showed only a single putative

SNP (in TGFB1). This SNP was not confirmed by ampli-

con sequencing and therefore may be the result of

sequencing error. In a subsequent study, Turner et al.

(2012) reported an average p of 15.1 (SD 7.9) in nine

field vole cytokines, higher than observations in devils

in the same cytokines (where average p = 8.7; SD 6.2).

Average haplotype diversity was also lower in devils

(0.32; SD 0.24) than in the field voles (0.50; SD 0.24).

Overall therefore, the comparison between these two

species highlights the severe lack of genetic diversity

across Tasmanian devil immune genes.

Considering other gene families, in a study of MIC

gene polymorphisms in primates, 18 alleles were

observed in MICA/B in chimpanzee (N = 63), 4 alleles in

gorilla MICA (N = 18) and 10–13 alleles at each in three

macaque MIC genes (N = 72) (Meyer et al. 2014). In con-

trast, the two devil MIC genes were monomorphic across

the 10 genomes we examined. In a study of IL-8 in the

large yellow croaker (Larimichthys crocea), five SNPs were

observed across 20 individuals (Li & Yao 2013); we

found no SNPs in the same regions for devil. Similarly,

seven SNPs were identified in the large yellow croaker

MSTN gene (N = 48) (Xue et al. 2008), but we found no

variation in the orthologous region of devils. High diver-

sity and an association with disease resistance were

found in Atlantic Sea bass IL-1B (Chistiakov et al. 2008,

2010); again, no diversity was found in this gene in

devils. The only possible exception to the general pattern

of low diversity in devils is at LGP2 where a study of

grass carp observed 1 synonymous and 1 nonsynony-

mous SNP (N = 20) (Wan et al. 2013), similar to our

observations for this gene in devils. Nevertheless, a gen-

eral pattern of low devil immunogenetic diversity, com-

pared to other wild populations, is striking.

The Tasmanian devil is an extremely vulnerable spe-

cies due to its lack of genetic diversity. Low genetic

diversity has previously been demonstrated in MHC

loci (Siddle et al. 2007a,b; Cheng et al. 2012) and at TLR

loci (Cui et al. 2015), and it has now been demonstrated

that this lack of genetic diversity extends to a large

number of immune genes. The history of the Tasmanian

devils over the last 10 000 years has been one of

population contractions, population crashes and local

extinctions (Guiler 1992; Brown 2006). Studies have sug-

gested that devil genetic diversity has been low since at

least the mid-Holocene (Morris et al. 2012; Br€uniche-

Olsen et al. 2014). The lack of diversity exhibited across

immune genes in the devil may represent loss of adap-

tive potential, explaining their historic population

decline. As polymorphisms of diverse immune genes

play a critical role in disease susceptibility, a lack of

diversity across the genes of the immune system may

have made the devil population extremely vulnerable

to disease epidemics due to introduced diseases. Dis-

eases may have been introduced by the arrival of abo-

riginal humans, dingos or European humans, events

which correlate with devil population declines (Guiler

1970, 1992; Brown 2006; Br€uniche-Olsen et al. 2014).

Reports of a distemper-like disease in the devil popula-

tion coincided with a population crash in the 19th cen-

tury (Guiler 1970). Furthermore, the devil’s lack of

genetic diversity may have contributed to the ability of

DFTD to spread between unrelated individuals. In par-

ticular, the lack of diversity in NK receptor genes may

be involved in the ability of the disease to avoid a NK

cell-mediated response. The role of these cells in DFTD

should be investigated in further detail in the future.

This demonstrates how critical immune gene diversity

is for wild populations, and suggests that a lack of such

diversity can result in rapid population collapse.

Conclusion

In this study, we have, for the first time, examined

immune gene diversity broadly in a wild species. By

utilizing genome sequencing data of ten devils, we have

examined SNP diversity in 167 devil immune genes

from a range of key immune families. Furthermore, we

have developed an assay to examine diversity at multi-

ple immune genes that allows for high-throughput anal-

ysis of sample sets. This is a highly novel approach for

studying functional genetic diversity in a nonmodel

species. This approach allowed us to examine diversity

of nine immune genes in greater depth in a very large

sample set of 221 devils.

Immune genes are some of the most polymorphic

genes within the genome, and variation at many may

be crucial for population-level disease resistance in the

devil. In this study, both the SNP predictions based on

resequencing data, and the data from amplicon

sequencing confirm the extreme paucity of variation

within the devil genome, even within key functional

loci that may be important for disease resistance. SNPs

that resulted in changes to the coding sequence were

particularly rare.

While genetic diversity at functional loci in the devil

appears to be critically low, some diversity remains at

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.

LACK OF IMMUNE GENE DIVERSITY IN THE DEVIL 3869



MHC, TLR and at a range of genes identified in this

study. SNP variation, including SNPs within possible

regulatory regions, introns, exons and several nonsyn-

onymous SNPs were identified in this study. Four non-

synonymous SNPs were confirmed by amplicon

sequencing. Furthermore, signatures of selection were

detected in one gene, suggesting that it may have adap-

tive potential. Maintaining any remaining functional

diversity in the devil insurance population will be

essential for maintaining the adaptive potential of this

species and for maintenance of the species in the wild

long term.

Over the next 5 years, the insurance population will

provide source animals for localized site re-introduc-

tions, and is an insurance resource to repopulate Tas-

mania should complete extinction in the wild occur.

Loss of functional variation at immune genes in the

insurance population devils would further increase the

devils susceptibility to disease outbreaks. Issues such as

disproportionate contribution from founder devils to

the insurance population, genetic drift and relaxed

selection in captivity due to lower parasite and disease

loads could lead to changes in allele frequencies and

potential loss of remaining polymorphisms within the

immune genes of devils. Therefore, the amplicon mark-

ers developed in this study, in combination with MHC

typing and use of neutral markers, should be used in

the insurance population to monitor genetic diversity

across generations, to ensure that genetic diversity, and

most critically variation at functional loci, is not lost

from the insurance population. These markers also pro-

vide a resource for examining functional genetic diver-

sity between wild populations and for examining

changes over time. Additionally, these assays could be

used to examine the relationship between genetic vari-

ants in key genes in the immune system, and resistance

to disease, including, but not limited to, DFTD. This

resource may be vital for the long-term conservation of

this iconic Australian species.

This study has greatly expanded the scope of

immune gene diversity investigation in wild popula-

tions. While MHC diversity has been the focus of the

majority of previous studies examining functional

diversity in wild species, diversity in hundreds of

immune genes that comprise the immunome, which

account for a large proportion of the variability

underlying disease resistance, have been largely over-

looked. By examining diversity in a large number of

diverse immune genes in wild species, we can gain a

greater understanding of the role of immune gene

diversity in disease resistance, population fitness and

selective processes, and such an approach may play a

key role in the management of threatened species in

the future.
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