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Abstract

Tasmanian devils (Sarcophilus harrisii) are evolving in response to a unique transmissible
cancer, devil facial tumour disease (DFTD), first described in 1996. Persistence of wild
populations and the recent emergence of a second independently evolved transmissible cancer
suggest that transmissible cancers may be a recurrent feature in devils. Here we compared
signatures of selection across temporal scales to determine whether genes or gene pathways
under contemporary selection (6-8 generations) have also been subject to historical selection
(65-85 million years), and test for recurrent selection in devils. First, we used a targeted
sequencing approach, RAD-capture, to identify genomic regions subject to rapid evolution in
approximately 2,500 devils in six populations as DFTD spread across the species range. We
documented genome-wide contemporary evolution, including 186 candidate genes related to
cell cycling and immune response. Then we used a molecular evolution approach to identify
historical positive selection in devils compared to other marsupials and found evidence of
selection in 1,773 genes. However, we found limited overlap across time scales, with historical
selection detected in only 16 contemporary candidate genes, and no overlap in enriched
functional gene sets. Our results are consistent with a novel, multi-locus evolutionary response
of devils to DFTD. Our results can inform management actions to conserve adaptive potential of
devils by identifying high priority targets for genetic monitoring and maintenance of functional
diversity in managed populations.

Keywords: Rapid evolution, molecular evolution, transmissible cancer, wildlife disease,
conservation genomics, RAD capture
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Introduction

Species are subject to selection by pathogens throughout their evolutionary history, shaping
lineage diversification and leading to complex cellular and molecular defensive mechanisms (1).
Still, emerging infectious diseases (EIDs) can cause mass mortality and, given sufficient
reproduction and genetic variation, initiate rapid adaptive evolution in a naive host population
(2). Although the prevalence and severity of EIDs in wildlife populations is now well-recognized
(3-6), we are just beginning to understand the evolutionary impacts of disease in wildlife. We
have a relatively short recorded history of infectious disease in wildlife, and therefore a limited
ability to predict outcomes or intervene when warranted (7, 8).

High-throughput DNA-sequencing techniques and high-quality annotated reference genomes
have revolutionized our ability to monitor and identify mechanisms of evolutionary responses
to pathogens (8-10). Inter-specific comparisons of non-synonymous and synonymous variation
(dN/dS) within protein-coding regions have long been used to identify positive selection at
immune-related loci (11-13). At the population level, rapid evolution in response to disease can
be detected by tracking changes in allele frequency before, during, and after the outbreak of
disease (14, 15). Intra-specific comparisons across populations can reveal to what extent the
evolutionary response to disease is constrained by limited genetic mechanisms or variation for
adaptation (16). Reduced representation techniques such as restriction-site associated DNA-
sequencing (RADseq) (17) have made the acquisition of genome-wide, time-series genetic data
more accessible in non-model systems (18). By integrating these resources and tests of
selection at differing temporal scales, we can assess whether species that show rapid evolution
in response to contemporary pathogens also show evidence of historical selection to similar
pathogens.

A striking example of an EID acting as an extreme selective force in wildlife is devil facial tumour
disease (DFTD), a transmissible cancer first described in 1996 afflicting wild Tasmanian devils
(Sarcophilus harrisii) (19). Tasmanian devils are the largest extant carnivorous marsupial, with
contemporary wild populations restricted to the Australian island of Tasmania. As a
transmissible cancer, DFTD tumour cells are transmitted between hosts, behaving as a
pathogen (20). Transmission typically occurs as devils bite each other during the mating season
after devils have reached sexual maturity (21, 22). With few notable exceptions documenting
regression (23), DFTD tumors escape recognition, become malignant, and can kill their hosts
within six months (24). Starting from a single Schwann cell origin (25), DFTD has now swept
across nearly the entire species range (Figure 1A). Devil populations have declined species-wide
~80% (26) with local declines in excess of 90% (27). Nonetheless, population genomic studies
have shown that devils are rapidly evolving in response to DFTD (2, 28, 29), and DFTD has been
spontaneously cleared (i.e., regressed) in some individuals (23). Long-term field studies and
simulation modelling have predicted that cyclical co-existence or DFTD extirpation are more
likely scenarios than devil extinction (30). This is particularly alarming because devils have
notoriously low genome-wide diversity, attributed to climate- and anthropogenic-induced
bottlenecks (31-33). Depleted genetic diversity at immune-related loci has likely further
contributed to DFTD vulnerability (34).
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86  Despite transmissible cancers being exceedingly rare across animals, a second independent
87  transmissible cancer in devils, DFT2, was described in 2014 (35, 36). Comparative and functional
88  analyses of DFTD and DFT2 showed similar drivers of cancerous mutations and tissue type of
89  origin (37). Low genetic diversity, chromosomal fragility (38), a reportedly high incidence of
90 non-transmissible neoplasms (39), and injury-prone biting behaviour (40) may contribute to a
91 predisposition to transmissible cancers in devils (41). These findings suggest that transmissible
92  cancers may be a recurring selective force in the Tasmanian devil lineage. If so, this leads to the
93 hypothesis that the genes and genetic pathways associated with the ongoing evolutionary
94  response to DFTD may have experienced recurrent historical selection in the devil lineage from
95  previous transmissible cancers.
96
97  Because of the threat of DFTD and DFT2 to devil populations, there are ongoing conservation
98 efforts, including the establishment of a captive devil insurance meta-population. The insurance
99  population is managed to maintain genome-wide genetic diversity and serve as a source for re-
100 introductions in an effort to increase genetic diversity and size of wild populations (42). To
101 inform conservation efforts, it is important to understand what types of genetic variation in
102  natural populations may allow for evolutionary rescue from disease and maintain adaptive
103  potential for future threats (43). Given evidence for rapid evolution in response to DFTD,
104  monitoring of genetic variation at candidate adaptive loci could help evaluate adaptive
105 potential of wild populations (43, 44). In heavily managed (e.g. captive) populations, loci
106  associated with an adaptive response to disease could be included in genotyping panels for
107  maintaining genetic diversity (45).
108
109 Here we identify targets of selection and signatures of adaptation at both contemporary (6-8
110 generations) and historical (65-85 million years) scales in Tasmanian devils. First we test for
111 evidence of contemporary genomic response to selection by genotyping thousands of
112 individuals sampled at several time points across six populations, using RAD-capture (46) to
113 target nearly 16,000 loci (47). Next we identify signatures of historical selection in the devil
114  lineage by comparing across marsupial species with annotated genomic sequence data. Then,
115  we test for evidence of recurrent selection by examining shared contemporary and historical
116  signatures of selection, in terms of either specific loci, genes or functional genetic pathways.
117
118 If transmissible cancer is a novel selective force acting on Tasmanian devils, we expect that
119 genes under contemporary selection by DFTD will be different from those with a signature of
120 historical positive selection. Alternatively, if transmissible cancer is a recurrent selective force in
121  the devil lineage that targets the same set of genes repeatedly, we may expect a conserved
122  response among populations and an overrepresentation of the same genes or pathways under
123  both contemporary and historical selection. However, if there are multiple genetic pathways
124  that could be involved in a response to recurrent transmissible cancers, we may expect a
125 polygenic response across contemporary populations and little overlap between contemporary
126  and historical timescales. These alternatives can inform conservation efforts to manage genetic
127  diversity for resilience in natural devil populations, and any genes or functional pathways that
128 show both contemporary and historical selection may be relevant to cancer resistance more
129  broadly.
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130

131  Materials and Methods

132  Contemporary Selection

133  We used the RAD-capture method (combining RADseq and sequence capture) (46) to conduct
134  targeted genotyping of single-nucleotide polymorphisms (SNPs) across 2,562 unique individuals
135 from multiple Tasmanian devil populations, sampled both before and after DFTD appeared in
136 each population (Figure 1A, Table 1, Supplemental Table S1) (29, 48). We constructed RAD-
137  capture libraries following Ali et al (2016), using the restriction enzyme Pst/ and a capture array
138 targeting 15,898 RAD loci selected for membership in one of three functional categories: 1)

139 those showing signatures of DFTD-related selection from previous work (2), 2) loci close to

140  genes with known cancer or immune function, and 3) loci widely distributed across the genome
141  (See 29, 47 for more details on the devopment of this array.). See Supplemental Materials S1
142  for multiplexing, read processing, and SNP genotyping details.

143

144 To account for the expected high rates of genetic drift within populations, we used a composite
145  statistic to compare signatures of selection across populations. We identified candidate SNPs as
146  the top 1% of a de-correlated composite of multiple signals score (DCMS) (49), which combined
147  the results of three analyses: change in allele frequency in each population after DFTD (A4af),
148 and two methods that estimate strength of selection from allele frequencies at multiple time
149  points in multiple populations, the method of Mathieson & McVean (14) (mm), which allows
150 the estimated selection coefficient to vary over space; and spatpg (15), which allows the

151 selection coefficient to vary over time and space. Individuals were assigned to generational-
152  cohorts based on their estimated years of birth (Supplemental Table S1). We estimated Aaf for
153 five locations at which we had sampling both before and after DFTD was prevalent, according to
154  DNA collection date and estimated date of birth, combining multiple cohorts when applicable
155 (Table 1; Supplemental Table S1). Both time-series methods (mm and spatpg) incorporate

156 estimates of effective population size, which ranged from 26-37 according to a two-sample

157 temporal method (50, 51) (Supplemental Table S3). DCMS reduces the signal-to-noise ratio by
158 combining p-values from different tests at each SNP while accounting for genome-wide

159 correlation among statistics. We included SNPs with results from at least eleven of the twelve
160 individual tests (daf for five populations, mm for all six populations, and spatpg) and weighted
161 based on the statistics with results at that SNP. To characterize the role of standing genetic

162 variation in rapid evolution (52), we visualized the initial allele frequencies of each population
163 for each analysis of contemporary evolution (Supplemental Figures S2, S9). We evaluated

164  repeatability among populations by comparing population-specific p-values of Aaf and mm with
165 the R package dgconstraint for a similarity index called the C-score, where 0 indicates no

166  similarity between populations (16). See Supplemental Materials S1 for details of each analysis.
167

168  Historical Selection

169 We combined existing genomic resources for the South American grey-tailed opossum

170  (Monodelphis domestica) (53) and tammar wallaby (Notamacropus eugenii) (54) from the

171 Ensembl database (55) and the recently published transcriptome assembly of the koala

172  (Phascolarctos cinereus) (56) to identify genome-wide signatures of positive selection in devils,
173 relative to these other species using the branch-site test of PAML (Phylogenetic Analysis by
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174  Maximum Likelihood) (57, 58). We compiled alignments of orthologous genes and reduced the
175 marsupial time-calibrated phylogeny of Mitchell et al. (59) to those species for which annotated
176  full genomes are available (Figure 1B). The branch-site test compares likelihood scores for two
177  models which estimate dN/dS among site classes of a multi-sequence alignment, allowing

178  dN/dS to exceed 1 (positive selection) in a proportion of sites along a single branch in the

179 alternative model. We reduced the potential for false positives by filtering any putative

180 orthologs with extreme sequence divergence (S > 2), measured as the sum of synonymous

181 mutations per gene (S), and ensuring alignments of nucleotides were longer than 100 bp (60,
182 61). We identified historical candidates with the likelihood-ratio test, comparing the likelihoods
183  of the alternative and neutral models with one degree of freedom and an a = 0.05. Historical
184  candidates were those with estimates of dN/dS > 1 along the devil branch and FDR > 0.05 after
185 correcting for multiple testing (62). See Supplemental Materials S1 for details regarding

186 orthology identification and PAML implementation.

187

188  Recurrent Selection

189  We refer to genes under both contemporary and historical selection as candidates for recurrent
190 selection. To test whether genes under contemporary selection differed from genes under
191 historical selection, we first tested for significant overlap with Fisher’s one-tailed test. To test
192 for differences in the strength of selection, we compared the distributions of dN/dS and the
193  proportion of sites per gene found under positive selection among candidates for recurrent
194  selection to all other historical candidates from the genome-wide background using

195 nonparametric tests of equality, the Kolmogorov-Smirnov test (63), which is more sensitive to
196 the centre of the distributions, and the Anderson-Darling test (64), which is more sensitive to
197  extreme values of the distribution and often has more power. To identify and compare key
198 mechanisms of adaptation among candidate genes from each set, we used gene ontology (GO)
199 term enrichment analysis using the SNP2GO package (65), the PANTHER web-interface (66),
200 andin gene sets of the molecular signatures database (MsigDB), using the subset of genes

201 tested for each test as the respective background set (67). We capitalized on the wealth of
202  ongoing research in devils and DFTD by comparing our contemporary and historical candidates
203 to those previously identified using different datasets and analytical approaches (2, 28, 29, 47,
204  68). See Supplemental Materials S1 for details of these comparisons.

205

206  Results

207  Genomic Data

208 To test for contemporary selection, we sampled a total of 2,562 individuals across six localities
209 of Tasmania before and after DFTD prevalence (Table 1; Supplemental Table S1; Figure 1A),
210  with a RAD-capture array (47). After filtering, we mapped a total of 517.7 million reads against
211 targeted loci. The mean final coverage of targeted loci was 14.8x, with 76.6% of all samples
212  having coverage of at least 5x (Supplemental Figure S1). After filtering, we retained 14,585 —
213 22,878 SNPs for downstream analysis, depending on the sampled time point and population.
214

215  Evidence for contemporary selection

216  Among each elementary test for selection signatures, 161 — 232 SNPs (depending on

217  population) were in the top 1% of allele shifts following disease (Aaf), 209 — 217 were in the top
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218 1% of mm scores, and 213 were in the top 1% of spatpg scores (Supplemental Table S4, Figures
219  S7-8). Across populations and elementary tests for contemporary selection (Aaf, mm, spatpg),
220  p-values were not correlated (Pearson’s r < 0.155 for all tests; Supplemental Figure S10). The
221  computed repeatability indexes for population-specific responses Aaf and mm were Caqr= 4.86
222  (p 1le-04) and C,m=3.72 (p = 1e-04), which implies a low, but significant level of repeatability
223  (16). In the top 1% of DCMS scores (= 1.167), we identified 144 candidate SNPs for

224 contemporary selection by DFTD; of these, 79 had annotated genes (186 total) within 100 kb
225  (Figure 2; Supplemental Table S5). The initial frequencies for candidate SNPs were not skewed
226  toward intermediate frequencies (Supplemental Figure S9).

227

228 Comparing our contemporary candidates and those previously identified in devils with selection
229 and genome-wide association analyses (28, 29, 47, 68), we found many overlapping genes

230 (discussed below). Notably, we found significant enrichment of candidates previously

231  associated with DFTD-related phenotypes in females (14 genes, p = 4.2e-08, Odds ratio=7.3)
232  (47). Gene ontology enrichment analysis found middle ear morphogenesis (GO:0042474)

233  significantly enriched among contemporary candidate SNPs (FDR < 0.05). Five candidate SNPs
234  were within the 100 kb window of two genes associated with this term: EYA1 and PRKRA. Both
235 EYA1 and PRKRA are involved in cell proliferation and migration and implicated in tumour

236  suppression and angiogenesis (69-71).

237

238  Evidence for historical selection

239 Ofthe 18,788 genes annotated in the devil reference genome, 6,193 had 1-to-1 orthologs in at
240 least three of the four marsupial genomes and an appropriate sequence divergence (5<2). Using
241  the branch-site test for positive selection in PAML, we found a total of 1,773 genes to be

242  candidates for historical positive selection (Supplementary Table S6). Estimates of dN/dS

243  spanned the full range of possible values, from 1.05 — 999 and proportion of sites with

244 substitutions per gene ranged from 0.01 —0.78 (Fig. 3). The majority of genes were classified as
245  having a molecular function of binding (GO:0005488) or catalytic activity (GO:0003824); a

246  plurality involved in cellular processes (GO:0009987) or biological regulation (GO:0065007); and
247  a plurality as participating in the Wnt signalling pathway (P00057). None of these pathway

248 classifications were significantly enriched.

249

250  Recurrent selection

251 Of the 186 contemporary candidate genes, 68 had 1-to-1 orthologs among the four marsupials
252  and were tested for historical selection. Sixteen genes showed evidence of historical selection
253  and are thus candidates for recurrent selection (dN/dS > 1, FDR < 0.05; Supplemental Table S6).
254  Contemporary candidates were not enriched for historical selection according to Fisher’s test
255  (Odds ratio = 0.0, p = 1). Among the 16 recurrent candidates, dN/dS estimates spanned 15.7 —
256 999 and proportion of sites per gene 0.01 — 0.25 (Fig. 3). According to the Anderson-Darling and
257  Kolmogorov-Smirnov tests of equality, neither distributions of dN/dS estimates (Fig. 3a; A.D.p =
258 0.86; K.S. p =0.58), nor proportion of sites (Fig. 3b; A.D. p =0.49; K.S. p = 0.48) differed

259  between candidates for recurrent selection (in black) and historical candidates (in red).

260
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261  After correcting gene set enrichment for multiple testing (FDR < 0.05) and requiring at least 10
262 genesin the background set, we did not find functional enrichment of any MSigDB gene sets
263 among recurrent candidates or shared between both contemporary and historical sets.

264  Importantly, the permutation test of shared gene sets found fewer shared between historical
265 and contemporary selection than expected by chance (p < 0.001, Supplemental Figure S11).
266

267  Discussion

268  Contemporary Responses to DFTD

269  Using a targeted set of nearly 16,000 loci, we detected widespread evidence of a response to
270 selection by DFTD across the Tasmanian devil genome. Our results extend previous work that
271 has shown genomic evidence of a response to DFTD in wild populations (2, 28, 29, 72). Here we
272  greatly increased the sample size of individuals and genetically independent populations for
273  greater power, resulting in strong evidence of a response to selection widely distributed across
274  the genome. We found greater similarity across populations within analytical approaches than
275 among methods within populations and relatively low, but significant repeatability across

276  populations. This result is consistent with rapid, polygenic evolution facilitated by selection for
277  standing variation within populations that was present prior to disease arrival. This timescale (3
278 - 8 generations) would likely be too short for new mutations or migration to play a substantial
279 role in DFTD response, and genetic variation is shared across the species range, despite

280 geographic population structure (29, 73).

281 Inline with previous population genomic studies (2, 28, 29, 47, 68), our analysis of

282  contemporary evolution detected a putatively adaptive response related to the immune

283  system, cell adhesion, and cell-cycle regulation (Supplemental Table S5). Our GO enrichment
284  result for middle ear development (GO:0042474) among contemporary candidates may

285 highlight selection for interactions with the peripheral nervous system and cell proliferation.
286  Genes annotated with nervous system associations may indicate selection for behavioural

287  changes (28), or highlight importance and vulnerability of peripheral nerve repair by Schwann
288 cellsin devils, given the prevalence of biting and Schwann cell origin of DFT (41). Significant
289 overlap for genes associated with devil infection status (case-control), age, and survival (47)
290 among our contemporary candidates is a strong indicator that these contemporary candidates
291 likely confer relevant phenotypic change. We also confirmed five (CRBN,

292  ENSSHAGO00000007088, THY1, USP2, CLQTNF5) of seven candidates identified previously (2) in
293  agenome scan for loci under selection from DFTD in three of the same populations (Freycinet,
294  Narawntapu, and West Pencil Pine). In contrast, we identified those five and only two more
295 (TRNT1 and FSHB) of 148 candidates from a re-analysis of that same dataset which studied
296 population-specific responses (28).

297

298 Among genes that have been associated with host variation responsible for tumour regression
299  ondevils (68, 74), we found only JAKMIP3, a Janus kinase and microtubule binding protein (74),
300 inour list of contemporary candidates. However, we found devil regression candidates TL11,
301 NGFR, and PAX3, which encodes a transcription factor associated with angiogenesis (75); as
302  wellas GAD2, MYO3A, and unannotated ENSSHAG00000009195 (74), among population-

303 specific candidates for allele frequency change (Aaf), possibly reflecting differences in test
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304  sensitivities. Overall, the paucity of candidates shared between our contemporary analysis and
305 regression studies suggests that regression may not be the dominant form of phenotypic

306 response to DFTD; to date tumour regression has only been detected in a few populations (74)
307 not represented in our study.

308

309  Historical selection in the devil lineage

310  With our genome-wide molecular evolution approach (57), we found widespread historical
311 positive selection across the devil genome in about 28% of all 6,249 orthologs tested

312  (Supplemental Table S6). The branch-site test is known to be less conservative than related
313 models, particularly when divergence among species is large (76), but the rates of historical
314  selection we found in devils are similar to those described in other taxa; e.g. 23% of genome-
315 wide orthologs among 39 avian species using a similar approach (13).

316

317 Wedid not find preferential positive selection for immunity-related genes, as has been shown
318 in primates (1), eutherian mammals more generally (77), and birds (13). Instead, we found the
319 highest proportion of pathways under historical selection to be functionally classified within the
320  Wnt pathway, a signalling cascade regulating cell adhesion and implicated in carcinogenesis
321 (78). As genomic resources grow and improve in marsupials (10), interspecific analyses for

322  positive selection at finer scales may reveal more recent and specific selection targets in

323  Tasmanian devils. Our ability to detect historical selection due to transmissible cancer in devils
324  could be improved by genome assembly efforts among more closely-related Dasyuridae, as well
325 as complementary annotation.

326

327  Comparing Contemporary and Historical Timescales

328 Remarkably few transmissible cancers have been discovered in nature (79, 80), and yet two of
329 those independent clonally-transmitted cancers have been discovered in Tasmanian devils in
330 lessthan 20 years. This and the observed rapid evolutionary response to disease suggest that
331 transmissible cancers may be a recurrent event in devils. We found no significant overlap of
332 historical and contemporary selection at either individual genes or functional gene sets. This
333  does not rule out the possibility of prior transmissible cancers in devils; but it suggests that if
334  transmissible cancers have been a recurrent feature of devil evolution prior to DFTD, they did
335 not generally impose selection on the same set of genes or genetic pathways that show a

336 contemporary response to DFTD. Nonetheless, the 16 candidate genes showing both historical
337 and contemporary evidence for selection (Supplemental Table S7) raise interesting targets for
338 understanding adaptively important variation in devils.

339

340 The 16 candidate genes for recurrent selection (Supplemental Table S7) are generally related to
341 three main themes: transcription regulation, the nervous system, and the centrosome. Four of
342 these candidates for recurrent selection were previously associated with disease-related

343  phenotypes (47). We additionally found 82 historical candidates previously identified in the top
344 1% of SNPs associated with disease-related phenotypes with three represented in the top 0.1%
345  associated with large-effect sizes for female case-control and survival (47). This overlap lends
346  support to the hypothesis of recurrent selection by transmissible cancers, but was not

347  significant (p = 1, odds ratio= 0). Both our contemporary selection analysis and the genome-
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348  wide association study (GWAS) approach used by Margres and colleagues (47) are statistically
349 limited by small populations, sample size, and the time scale over which DFTD-related selection
350 has occurred. By considering the complement of these results together, the overlapping

351 historical, GWAS, and contemporary candidates may still be targets of recurrent selection along
352 similar functional axes, potentially including transmissible cancer.

353

354  The low prevalence of candidates for recurrent selection and lack of shared functional gene set
355 enrichment between both contemporary and historical signatures of selection suggest a novel
356 response to DFTD compared to historic selection in the devil lineage. However, there are

357 alternative hypotheses. For example, there could be redundancy in genetic mechanisms

358 underlying resistance to transmissible cancers, potentially as a result of repeated selection for
359 resistance, allowing selection to act across many loci (81). That is, the low genetic diversity

360 observed in devils could be the result of widespread historical purifying selection resulting from
361 transmissible cancers or other diseases (82), or historical bottlenecks due to climate change and
362 habitat loss (31-33), that prevent a response to selection under DFTD at loci that are still

363  associated with disease phenotypes.

364

365 The widespread contemporary evolution we found in devils reflects the recent prediction (83)
366 that response to an emergent disease is most likely controlled by many genes conferring

367 quantitative resistance (84), for example by reducing the within-host growth rate of tumors.
368 DFTDis predicted to become less virulent in the short-term (30, 85). If DFTD persists long-term
369 in the devil population with ongoing coevolution, it may lead to diversifying selection for

370  specific, qualitative host resistance mechanisms (83). Indeed, phylodynamic analysis of DFTD as
371 it spread across Tasmania supports the hypothesis that devils may be mounting a response;
372  transmission rates have decayed such that DFTD appears to be shifting from emergence to

373  endemism (85). Although host-genomic variation was not jointly considered in that study, the
374  combined evidence of multiple studies demonstrating rapid evolutionary response of devils to
375  DFTD, including this one, support these interpretations.

376

377  Conservation Implications

378 Calls have been made to consider the historical context of adaptation when proposing

379  conservation management solutions based on genomic results (86). Our analysis of historical
380 selection largely supports the hypothesis that DFTD is a newly emerging and novel selective
381 force, distinctly shaping today’s remaining wild devils. The targets of novel selection that we
382 identified (Fig. 2, Supp Table S4) and their functional roles should be considered for

383  prioritization of monitoring and conservation in light of DFTD. At the same time, the wide

384 distribution of contemporary candidates across the genome also highlights the importance of
385 standing genetic variation to continue to respond to unique selective forces, including local

386 environmental factors (29). Genomic monitoring could be useful for maintaining both

387  functional diversity at candidate loci and genome-wide variation in captive populations (45, 87,
388 88) and in the wild. Multiple genomic tools are available for targeted monitoring of large sets of
389 loci(e.g. 89, 90) and could be used to track adaptive evolution and potential in the form of

390 genetic diversity (43). However, before management decisions are made for specific genes,
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391 further work would need to identify favoured alleles and fitness effects for the genes we
392 identified (Supplemental Table S5) .

393 DFTD has yet to reach devils in the far west (Fig. 1a) and continues to circulate throughout the
394 island. To maintain long-term adaptive capacity in the face of similar recurrent selective forces
395 including DFT2 and potential future transmissible cancers, our results warrant (1) the

396 monitoring of genetic variation in broad functional groups and (2) management strategies to
397  maintain genetic diversity across those broad groups. Although these populations were not
398  subject to DFT2 at the time of writing, an important and interesting future direction should
399 examine the evolutionary response to DFT2 and could compare loci under selection by the two
400 independent transmissible cancers. This study could provide a list of candidate loci for

401 development of a genotyping panel for either purpose, with flexibility to target many or fewer
402  loci. At the same time, given urgent and unpredictable present-day threats including not just
403 emerging diseases but environmental change and population fragmentation, it is important
404  that monitoring and population management also focus on maintaining genetic variation across
405 the genome.

406

407  Conclusion

408  Our results suggest that the contemporary evolutionary response to DFTD is mostly novel

409 compared to the genome-wide signature of historical selection. Comparing the degree of

410 overlap and distributions among contemporary and historical candidates did not support

411  recurrent selection on a common set of genes in response to transmissible cancer. Our work
412  contributes to mounting evidence of possible mechanisms by which devil populations are

413  persisting and rapidly evolving in the face of DFTD despite overall low genetic diversity and
414  population bottlenecks (2, 23, 47, 72, 91). Broadly, this type of approach can be applied to

415 analyses of novel threats in wildlife populations in the current era of anthropogenic global

416 change to guide monitoring and management actions focused on genetic adaptive potential.
417

418

419  Data and Script Accessibility

420 Demultiplexed sequence data has been deposited at NCBI under Bio-Project PRINA306495
421  (http://www.ncbi.nlm.nih.gov/bioproject/?term=PRINA306495) and BioProject PRINA634071
422  (http://www.ncbi.nlm.nih.gov/bioproject/?term=PRINA634071). Code and tabular results are
423  available at https://github.com/Astahlke/contemporary_historical_sel_devils and on Dryad.
424
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444  Tables and Figures
445  Table 1. Number of adults sampled before and after the year of first detection of DFTD at each
446  site. See Supplemental Table S1 for sample size for each year at each locality.

Year of First Samples Samples
Location Detection Before After Total
wukalina/Mt. William 1996 0 155 155
Freycinet 2001 300 382 682
Forestier 2004 131 552 683
Fentonbury 2005 99 169 268
West Pencil Pine 2006 52 348 400
Narawntapu 2007 224 150 374
Total 806 1756 2562

447
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448  Figure 1. A) Map of the six contemporary sampling locations relative to disease prevalance over
449  time (red lines) with the year of first detection labled at each site. B) Reduced, unrooted time-
450 calibrated phylogeny (59) of marsupials used to estimate genome-wide historical selection on
451  the devil lineage with estimated divergence times (Ma) indicted along edges. Devil cartoon by
452  David Hamilton. Wallaby, koala, and opossum digital images retrieved from

453  http://www.shutterstock.com/amplicon. From top to bottom: The tammar wallaby

454  (Notamacropus eugenii), koala (Phascolarctos cinereus), Tasmanian devil (Sarcophilus harrisii),
455  and South American grey-tailed opossum (Monodelphis domestica).
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459  Figure 2. Results of each elementary test of contemporary selection across populations and the
460 composite scores for final candidate (filled points) and noncandidate (opaque grey points)

461 SNPs, ordered by chromosome and colored by population when applicable. From top to

462  bottom: Change in allele frequency (4af), Mathieson and McVean (mm) (14), spatpg (15), de-
463  correlated composite of multiple signals (DCMS) (49).
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Figure 3. A) Estimates of dN/dS and B) the proportion of sites under positive selection (57) for
historical candidates across the genome-wide background (red; N=1,982) and candidates for
recurrent selection (genes with significant results for both historical and contemporary
selection; black). Each point represents the respective result for a single gene. C) Distribution of
-log(FDR) for historical selection across all 6,193 genes tested (gray squares, non-significant at
both scales; black squares, significant contemporary and non-significant historical; red circles,
non-significant contemporary and significant historical; black circles, significant at both scales).
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714  Supplementary materials S1

715  Methods

716  Rapture Sequencing for Contemporary Selection

717  We multiplexed 672-868 individuals per lane of lllumina NextSeq, obtaining 2.4 billion 150 base
718  pair (bp) paired-end reads. We later re-sequenced 2,379 individuals from those Rapture

719 libraries on an lllumina HiSeq 4000 to increase coverage and confidence in genotype inference.
720  Finally, we also incorporated data from standard RAD sequencing libraries on four additional
721  individuals from two of the six populations, West Pencil Pine and Fentonbury (see 1, 2 for

722  details.).

723

724  For each individual, we merged all available reads from across sequencing efforts. Then reads
725  were de-multiplexed and low-quality reads were removed using process_radtags in Stacks using
726  the --bestrad’ option which checks for the single restriction enzyme cut site on either read; this
727  step also removed any reads without recognizable barcodes or cut sites (3). The Stacks

728 clonefilter program was used to remove potential PCR duplicates (4). Using bowtie2 (5), reads
729  were aligned to the S. harrisii reference genome Devil_ref v7.0 (6), downloaded from Ensembl
730 inJune 2014. Population allele frequencies can often be estimated with greater accuracy and
731  reduced bias than individual genotypes (7). To do this, we used ANGSD v0.910 (8). For each set
732  of individuals, we calculated genotype likelihoods and estimated allele frequencies within

733  regions using the settings in Supplemental Table S2. Regions on the X chromosome were

734  excluded.

735

736  Spatial and temporal analysis of contemporary selection

737  First, we calculated allele frequency change after DFTD infection. Within the five locations for
738  which we had sampling both before and after DFTD appearance, we estimated the magnitude
739  and direction of allele frequency change at SNPs with data from at least 10 individuals at both
740  time points and a minor allele frequency (MAF) > 0.05 and a likelihood-ratio test p-value (for
741  presence of a SNP from ANGSD) < 107° in at least one of the time points. For this analysis,
742  individuals were assigned to “before” or “after” time points based on the date of DNA

743  collection. Table 1 presents the first year of DFTD detection in each population and samples
744  collected from individuals after those years were considered “after.” DFTD could have been
745  present at very low frequency prior to detection in some of these populations, but we believe
746  using these dates of detection still provides a good estimate of pre-DFTD allele frequencies. We
747  performed an arcsine (Fisher’s angular) transformation on the estimated allele frequencies to
748  reduce bias induced by the allele frequency spectrum (9). The SNPs were ranked by the

749  magnitude of change, and the fractional rank was used as a pseudo- p-value for the composite
750  statistic (described in the Main Text).

751

752  Then, we identified SNPs with estimates of strong selection using two time-series approaches
753  which account for a population structure: the method of Mathieson & McVean (10) (hereafter
754  mm), which allows the estimated selection coefficient to vary over space; and spatpg, which
755 allows the selection coefficient to vary over time as well as space (11). Individuals were divided
756  into two-year cohorts based on their year of birth, starting with 1997 and ending with 2012
757  (Supplemental Table S1). Only SNPs with MAF = 0.05, minor allele count = 3, and p-value from
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758  ANGSD < 107%in at least five population / cohort combinations were tested. For mm, we

759 assumed the same effective population sizes as Epstein et al. (2016), and otherwise assumed
760 similar effective population sizes where previous estimates did not exist (Supplemental Table
761  S3). For spatpg, variance effective population sizes were estimated within the program with a
762  bounded prior between 25 and 40. We created input allele count files for both spatpg and mm
763 by multiplying allele frequencies estimated in ANGSD and the number of individuals and

764  rounded to the nearest whole number. Due to computational limits, the dataset was randomly
765 divided into 18 separate spatpg runs. Following spatpg recommendations in the manual (11),
766  we calculated a support value for each SNP by taking the proportion of the posterior

767  distribution (i.e. proportion of MCMC steps) for which the regression coefficient 5, was non-
768 zero (0 < B or0 > B, whichever was smaller), where 8 describes the association between
769 allele change and presence/absence of DFTD within a population. We multiplied these support
770  values by two and treated them as pseudo- p-values when calculating a genomic inflation factor
771  and the composite statistic.

772

773  Following the recommendations in Francois and colleagues (12), we adjusted the p-values of
774  each test to reduce false positives. If the distribution of p-values was not uniform, we divided
775  the Z-scores by the inflation factor. The inflation factor was calculated as the ratio between the
776  median Z-scores and the expected median Z-scores for a y? distribution with one degree of
777  freedom. The genomic inflation factor varied from 0.25 — 0.58 for mm analyses of each

778  population. For spatpg, we found an inflation factor of 0.44.

779

780  Using the adjusted p-values and pseudo p-values from the individual analyses, we calculated
781  the DCMS statistic (13). This statistic combines the p-values from different tests at each SNP
782  while accounting for genome-wide correlation among statistics. For each SNP, we used a weight
783  based on only the statistics with results at that SNP, and we only included SNPs with results
784  from at least eleven of the twelve individual tests (Aaf for five populations, mm for all six

785  populations, and spatpg).

786

787  We then divided DCMS by the number of defined tests to get a mean composite score and

788  ranked SNPs by this mean score. Because DCMS is not defined when one of the p-values is one
789  orzero, we replaced p-values of one with 0.99999, and values of zero (only occurred for

790  spatpg) with 0.00005 before performing the calculation. In accordance with previous linkage
791  disequilibrium estimates (2), we identified candidate genes within 100 kb of top SNPs, using
792  bedtools (version 2.26.0) (14); and supplemented annotations of novel genes with the Ensembl
793  Compara gene family pipeline (15).

794

795  Historical Selection

796  To test for historical selection we used the branch-site test of PAML (Phylogenetic Analysis by
797  Maximum Likelihood; 16, 17), implemented in the Bio.Phylo toolkit (18) of BioPython (19). The
798  branch-site test estimates the ratio of nonsynonymous-synonymous mutation rates (dN/dS)
799 among aligned codons using a phylogenetic tree to allow for the appropriate evolutionary

800 model to be employed. In the neutral model, all site classes and branches are constrained to
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801 dN/dS < 1. In the alternative model, dN/dS of Site Class 2 is allowed to exceed 1 for only the
802 foreground branch, while constraining the background branches to dN/dS < 1.

803

804  The devil, wallaby, and opossum orthologous genes and respective sequences were mined from
805 the Ensembl database with BioMart (20, 21). For the koala, we used the orthologs identified
806  with blastx version 2.2.27+ (22) supplied by Johnson and colleagues (23). If splicing variants
807  were available, only the first (most common) variant was retained for downstream data

808  preparation. Only 1-to-1 orthologs were retained (i.e., paralogs were excluded). Orthologous
809 gene tables were then reduced to genes with at least three of four possible sequences present
810 and the respective species were pruned from the greater phylogeny. For the koala, we used an
811 open reading frame finder, getorf from EMBOSS, (24) to generate amino acid sequences. The
812 peptide sequence alignments were generated with MUSCLE version 3.8.31 (25, 26), then used
813  to guide alignments of nucleotides with tranalign.

814

815  Functional Enrichment of Genes Under Selection

816  For contemporary candidate SNPs, we used the SNP2GO package (27) in the R environment
817  (version 3.4.3). We filtered the most recent Gene Transfer File

818  (Sarcophilus_harrisii.DEVIL7.0.100 ) and Ensembl gene ID GO term associations downloaded
819 from Ensembl May 7, 2020 to include only genes which were within 100 kb of targeted loci and
820 account for the biased subset of targeted genes. We limited enrichment analysis to GO terms
821  with a minimum of one association in the reference set and allowed an extension window of
822 100 kb from a candidate SNP. For GO term enrichment analysis of historical selection, we used
823  the PANTHER web-interface with HUGO gene names (28) and the reference set defined as all
824  genes that were tested in PAML (29).

825

826  We only compared the distributions among genes for which dN/dS > 1 and were statistically
827  significant according to the likelihood ratio test. To account for the bias induced by targeted
828 sequencing among contemporary candidates, we defined the reference set as all genes that
829  could have been detected in both tests for a given overlapping or enrichment analysis

830

831 We capitalized on the wealth of ongoing research in devils and DFTD by comparing our

832 contemporary and historical candidates to those previously identified using different datasets
833 and analytical approaches (2, 30-33) using Fisher’s Exact Test implemented in the R package
834  GeneOverlap (34). We then tested for overrepresentation of contemporary and historical

835 candidates in gene sets of the molecular signatures database (MsigDB) (35). MSigDB contains
836  several libraries of gene sets which allowed us to gain further insight to pathways that may be
837  under selection in devils. We compared our contemporary and historical candidate gene lists to
838  gene sets from the MsigDB Hallmark, Curated, Computational, Oncogenic Signatures, and

839 Immunologic Signatures (36, 37). We built 2x2 contingency tables for each set of genes under
840 positive selection and in each of the tested gene sets of MsigDB. Despite limitations, this

841 overrepresentation method is straight-forward and flexible for non-model organisms and

842 targeted sequencing. To identify intersecting gene sets, we first converted all Ensembl gene IDs
843 of interest to HUGO annotations with Biomart. Second, we created appropriate background
844  sets (of length N) by intersecting each MsigDB gene set with the respective list of all genes that
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845  were tested for selection. Lastly, from these contingency tables we computed overlaps, using
846  the hypergeometric distribution (dhyper(c(0:x), m, n, x, log = FALSE), where c¢(0:x) is a vector of
847  quantiles representing the number of genes both under selection and found in an MsigDB gene
848  set; mis the number of genes in the candidate gene list, n is the number of genes in the

849 candidate gene list but not in the MSigDB gene set, and x is the number of candidate genes in
850 the MsigDB gene set list. After accounting for multiple testing with the Benjamini-Hochberg
851 correction (38), we considered the overrepresentation result statistically significant with

852  adjusted p-values < 0.05 and background gene sets greater than or equal to ten genes. Finally,
853 we performed a permutation test to establish a null expectation for the rate of shared gene
854  sets between contemporary and historical selection and compared the resultant empirical null
855  to our observed proportion of shared gene sets. To do this, we randomly selected the same
856 number of candidate genes with HUGO annotations (112) from the list of all HUGO annotated
857 contemporary candidates (3,920) 1,000 times, with replacement, and performed gene set

858 overlap analysis as above with only the known gene sets significantly overlapping with the

859 historical candidates.
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860 Figures

861 Supplemental Figure S1. Mean coverage of individuals across populations at targeted loci

862

863  Figure S2. Thefolded allele frequency spectrafor each population before DFTD became

864  prevalent. wuaklina/Mt. William is not presented because it was first sampled in 2004, eight
865 yearsafter DFTD wasfirst described at that locality.

866

867  Figure S3. Un-adjusted p-values for all SNPs of each population analysed with mm (10).

868

869  Figure S4. Adjusted p-values (12) for all SNPs of each population analysed with mm (10).

870

871  Figure S5. Un-adjusted p-values for all SNPs of each populations analysed with spatpg (11).
872

873  Figure S6. Adjusted p-values (12) for all SNPs of each population analysed with spatpg (10, 11).
874

875  Figure S7. Allele frequency change (Aaf) for each population separately. SNPs in the top 1% are
876 indicated by more opaque points. The threshold line for the top 1% within each population is
877 indicated by a dashed line.

878

879  Figure S8. Signatures of selection as detected by mm for each population separately. SNPs in
880 thetop 1% are indicated by more opaque points. The threshold line for the top 1% within each
881 population is indicated by a dashed line.

882

883  Figure S9. Binned initial allele frequency distributions for DCMS candidates and non-candidates
884  across all populations with samples before DFTD became prevalent.

885

886  Supplemental Figure S10. Correlations among elementary statistics: afchange = allele frequency
887 change; mm = Mathieson and McVean (10), spatpg (11). Correlations are clustered by similarity
888  along the x-axis.

889

890  Figure S11. Histogram of shared MSigDB (35) gene set overlaps between contemporary and
891 historical candidates, i.e. the signature of ongoing selection, in a permutation test of 1000

892  draws with replacement. We observed no shared gene set overlaps between contemporary and
893 historical candidates. Of the 1000 permutations, 100% had fewer overlapping sets than

894  observed.

895

896 Tables

897  Supplemental Table S1. Number and year of sampling across seven localities.

898

899  Supplemental Table S2. ANGSD (8) genotype calling settings.

900

901 Supplemental Table S3. Estimates of effective population size.

902
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903  Supplemental Table S4. Number of shared genes within 10000 bp of the top 1% of SNPs for the
904 DCMS list of contemporary candidates and each intermediate test. The total number of genes
905 in each list is found in the diagonal. Populations are abbreviated as follows: FEN = Fentonbury,
906 FOR = Forestier, FREY = Freycinet, wuk = wukalina/Mt. William, NAR= Narawntapu, and WPP =
907  West Pencil Pine.

908

909 Supplemental Table S5. Annotated Tasmanian devil gene IDs of within 1000 bp of SNPs in the

910 top 1% of DCMS scores; i.e. candidates for contemporary selection. Also provided at:
911 https://github.com/Astahlke/contemporary_historical_sel_devilg/blob/master/contemporary/angsd_2019-01-

912 18/next/composite_stat/2019-2-22/resultsannotation_topl.0/composite.snps.everything.top.genes.100000bp.txt.

913

914  Supplemental Table S6. Also provided at:

915  nhttps//github.com/Astahlke/contemporary_historical_sel_devils/blob/historical/ sig_paml_results 21-1-13.csv . All
916 PAML (16, 17) branch site test results for the 1,773 genes with inferred historical positive

917  selection. Columns indicate: ensemble_gene_id = Ensembl gene ID for Tasmanian devils;

918 likelihood = likelihood of the three-ratio model; pO = proportion of sites belonging to site class
919 0, fO= dN/dS estimates for devil branch in site class 0 ; pl= proportion of sites in site class 1; f1=
920  dN/dS estimates for devil branch in site class 0; p2 = proportion of sites belonging to site class
921  2a; f2 =dN/dS estimates for devil branch in site class 2a; p3 = proportion of sites belonging to
922  site class 2b; dN/dS estimates for devil branch in site class 2b; f3 = dN/dS estimates for devil
923  branch in site class 2b FDR = likelihood-ratio test p-values adjusted for multiple testing (38);
924  p2a_2b = proportion of sites belonging to either cite class 2a or 2b

925  Site Class 0 = Background: O< dN/dS<1; Foreground: O< dN/dS<1

926  Site Class 1 = Background: dN/dS=1; Foreground: dN/dS=1

927  Site Class 2a = Background: dN/dS<1; Foreground: dN/dS>1

928  Site Class 2b = Background: dN/dS=1; Foreground: dN/dS>1

929

930 Supplemental Table S7. Sixteen candidate genes for both historical positive selection (p < 0.05
931 in PAML branch-site test) and a response to contemporary selection from DFTD (top 1% DCMS
932  scores). Novel genes are annotated here by the Ensembl Compara gene family pipeline (15). *
933  denotes genes previously associated with disease-related phenotypes in many of the same
934  devils (32).
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935 Figure S1. Mean coverage of individuals across populations at targeted loci.
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939 Figure S2. Thefolded allele frequency spectra for each population before DFTD became
940 prevalent. wuakling/Mt. William is not presented because it was first sampled in 2004, eight
941 yearsafter DFTD wasfirst described at that locality.
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943  Figure S3. Un-adjusted p-values for all SNPs of each population analysed with mm (10).
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945  Figure S4. Adjusted p-values (12) for all SNPs of each population analysed with mm (10).
adjusted mm p-values

1500
@
1000 4 g
o
=3
g
500 3
0 -
1500
1000 1 g
(o]
2
500 2
0 |
1500 -
1000+ 3
=
9
2
500 Q.
S od
[o]
© 1500
1000 £
1 1
=
500 1 g
o ————r et el
1500 -
z
1000 4 3
=
3
500 4 I g
=
0 -
1500 =
@
o,
1000 LS
[}
=
o
5004 I =
pl
-t
(]
0 i T T T T T
0.00 0.25 0.50 0.75 1.00
946 sdip

31


https://doi.org/10.1101/2020.08.07.241885
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.07.241885; this version posted March 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

949  Figure S5. Un-adjusted p-values for all SNPs across all populations analysed with spatpg (11).
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952  Figure S6. Adjusted p-values (12) for all SNPs across all populations analysed with spatpg (10,
953 11).
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955  Figure S7. Allele frequency change (Aaf) for each population separately. SNPs in the top 1% are
956 indicated by more opaque points. The threshold line for the top 1% within each population is
957 indicated by a dashed line.
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960 Figure S8. Signatures of selection as detected by mm for each population separately. SNPs in
961 thetop 1% are indicated by more opaque points. The threshold line for the top 1% within each

962 population is indicated by a dashed line.
20-

Ainquojus 4

A [] . bt
[N ] - hd -

. 8 . ot . - 5 LI = e » . -

5-..‘_ I P oy ., TS J_._"..‘!'.u-"-_-ofo-fj—-‘ Y, !-o!'-ﬂ.-n-u.-"yi: -4-*-.-'.:-;9..._ - !h_--“:\- q_.G.JM

o o8

Janselo

20-
15-
10-
5 . . e

- > - ] C ) ., .« *%a a* -~ '
O PRI T - ST O SRR -1 I & S T CPRPPI RSN LI I SR I TIPS [ S A Sy
g e P e 1 T B s P A A D R D A T Oy

Jouinhal

-log10(adjp)

— - P
o oo o
1 [ 1

(T P SR L - (Y MO W v VU W XY L WHL T Wy S N N Y Y R R S s L W

0 - ot 24 .

20-

15-

10- . § L . 5 5
.. ® LI e Y. .g e W o ® ol o8 T

5'5&?_._'._-;'h . a%_Su vg 2 Bt —weade® L ar ., PRl & G PR Pyt VOt | _.._-_'_J:"-'_q_.:l_'.-l-_‘_ﬁ-_-ll:.

0

Welim I

ndejume.ieN

20- L]
15- o o . . .

10- " m o i . T P R ;

-
. - - - - ’ . L - . » & . - o -
S-ae ta o8 _ 2% '__‘.: Lo _.‘:..- LS T L S S _‘_'.;.!_ 28 PP .h:..-'. !‘..‘_'.L".:-’t:!. Tk’
0 ut i

Id [1ouad ise

1 2 3 4 5 6

963 aap

35


https://doi.org/10.1101/2020.08.07.241885
http://creativecommons.org/licenses/by/4.0/

964
965

966

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.07.241885; this version posted March 9, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

Figure S9. Binned initial allele frequency distributions for DCMS candidates and
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967  Figure S10. Correlations among elementary statistics: afchange = Allele frequency change (Aaf);
968 mm = Mathieson & McVean. Correlations are clustered by similarity along the x-axis.
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970  Figure S11. Histogram of shared MSigDB (35) gene set overlaps between contemporary and
971 historical candidates, i.e. the signature of ongoing selection, in a permutation test of 1000

972  draws with replacement. We observed no shared gene set overlaps between contemporary and
973 historical candidates. Of the 1000 permutations, 100% had more overlapping sets than

974  observed.
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976  Supplemental Table S1. Number and year of sampling across six localities.

Population Year Number of
individuals

wukalina/Mt. William 2004 11
wukalina/Mt. William 2005 28
wukalina/Mt. William 2006 20
wukalina/Mt. William 2007 21
wukalina/Mt. William 2008 17
wukalina/Mt. William 2009 14
wukalina/Mt. William 2010 8
wukalina/Mt. William 2011 15
wukalina/Mt. William 2012 4
wukalina/Mt. William 2013 10
wukalina/Mt. William 2014 8
Freycinet 1999 107
Freycinet 2000 122
Freycinet 2001 71
Freycinet 2002 65
Freycinet 2003 38
Freycinet 2004 60
Freycinet 2005 54
Freycinet 2006 27
Freycinet 2007 32
Freycinet 2008 21
Freycinet 2009 7
Freycinet 2010 10
Freycinet 2011 10
Freycinet 2012 18
Freycinet 2013 12
Freycinet 2014 26
Forestier 2004 131
Forestier 2005 46
Forestier 2006 168
Forestier 2007 98
Forestier 2008 93
Forestier 2009 107
Forestier 2010 13
Forestier 2012 26
Forestier 2013 1
Fentonbury 2004 47
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Fentonbury 2005 52
Fentonbury 2006 58
Fentonbury 2007 63
Fentonbury 2008 37
Fentonbury 2009 11
West Pencil Pine 2006 52
West Pencil Pine 2007 71
West Pencil Pine 2008 33
West Pencil Pine 2009 57
West Pencil Pine 2010 33
West Pencil Pine 2011 84
West Pencil Pine 2012 62
West Pencil Pine 2013 43
West Pencil Pine 2014 13
Narawntapu 1999 33
Narawntapu 2003 9
Narawntapu 2004 46
Narawntapu 2005 27
Narawntapu 2006 64
Narawntapu 2007 45
Narawntapu 2008 63
Narawntapu 2009 30
Narawntapu 2010 27
Narawntapu 2011 15
Narawntapu 2012 22

977
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978 Supplemental Table S2. ANGSD genotype calling settings

979
Option Setting Description
-minMapQ 40 Minimum read mapping quality
-minQ 25 Minimum base Phred score
-baq 2 Perform extended base quality adjustment around indels (Li 2010)
-GL 2 Use the (old) GATK genotype likelihood model
-doMaf 2 Estimate allele frequencies assuming one known allele
-doMajorMinor 4 Use the reference allele as the known allele
980
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981 Supplemental Table S3. Estimates of effective population size.

982
Population Ne estim8@3
Fentonbury 35 984
Forestier 35 985
Freycinet 34 ggg
Narawntapu 37 088
West Pencil Pine 26 989

990
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991
992
993
994

Supplemental Table S4. Number of shared genes within 10000 bp of the top 1% of SNPs for the DCMS list of contemporary
candidates and each intermediate test. The total number of genes in each list is found in the diagonal. Populations are abbreviated
as follows: FEN = Fentonbury, FOR = Forestier, FREY = Freycinet, wuk = wukalina/Mt. William, NAR= Narwantapu, and WPP = West
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995  Supplemental Table S5. Annotated Tasmanian devil gene IDs of within 1000 bp of the top 1% of

996 composite SNPs; i.e., candidates for contemporary selection. Also provided at:

997 https://github.com/Astahlke/contemporary_historical_sel_devilg/blob/master/contemporary/angsd_2019-01-
998 18/next/composite_stat/2019-2-22/resultsannotation_topl.0/composite.snps.everything.top.genes.100000bp.txt
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