bioRxiv preprint doi: https://doi.org/10.1101/2022.06.02.494559; this version posted September 23, 2022. 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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

0O ~NO O, WN -~

A D DD OWOWWWWWWWWWNDNDNDNDNNDNDNDNDNMNDN=_2=22-2 O A A A A
WN 2000 NODAOPRRWN_LODOONOOPR,RWN-_A0O0O0O0ONOODOGPDWN-~OO

available under aCC-BY-NC 4.0 International license.

Zooanthroponotic transmission of SARS-CoV-2 and host-specific viral mutations revealed
by genome-wide phylogenetic analysis

Sana Naderi', Peter E. Chen'?, Carmen Lia Murall'®, Raphael Poujol*, Susanne Kraemer®,
Bradley S. Pickering®®’, Selena M. Sagan'®’, B. Jesse Shapiro™®

Department of Microbiology & Immunology, McGill University, Montreal, QC, Canada

Département de sciences biologiques, Université de Montréal, Montreal, QC, Canada

Public Health Agency of Canada, Winnipeg, MB, Canada

Research Centre, Montreal Heart Institute, Montreal, QC, Canada

National Centre for Foreign Animal Disease, Canadian Food Inspection Agency,

Winnipeg, MB, Canada

6. Department of Veterinary Microbiology and Preventative Medicine, College of Veterinary
Medicine, lowa State University, Ames, lowa, USA

7. Department of Medical Microbiology and Infectious Diseases, University of Manitoba,
Winnipeg

8. Department of Biochemistry, McGill University, Montreal, QC, Canada

9. McGill Genome Centre, Montreal, QC, Canada

akrwd-~

*for correspondence: selena.sagan@mcgill.ca; jesse.shapiro@mcgill.ca

Abstract

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a generalist virus,
infecting and evolving in numerous mammals, including captive and companion animals, free-
ranging wildlife, and humans. Transmission among non-human species poses a risk for the
establishment of SARS-CoV-2 reservoirs, makes eradication difficult, and provides the virus
with opportunities for new evolutionary trajectories, including selection of adaptive mutations
and emergence of new variant lineages. Here we use publicly available viral genome
sequences and phylogenetic analysis to systematically investigate transmission of SARS-CoV-2
between human and non-human species and to identify mutations associated with each
species. We found the highest frequency of animal-to-human transmission from mink, compared
with negligible transmission from other sampled species (cat, dog, and deer). Although inferred
transmission events could be limited by sampling biases, our results provide a useful baseline
for further studies. Using genome-wide association studies, no single nucleotide variants
(SNVs) were significantly associated with cats and dogs, potentially due to small sample sizes.
However, we identified three SNVs statistically associated with mink and 26 with deer. Of these
SNVs, ~% were plausibly introduced into these animal species from local human populations,
while the remaining ~Vs were more likely derived in animal populations and are thus top
candidates for experimental studies of species-specific adaptation. Together, our results
highlight the importance of studying animal-associated SARS-CoV-2 mutations to assess their
potential impact on human and animal health.
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Importance. SARS-CoV-2, the causative agent of COVID-19, can infect many animal species,
making eradication difficult because it can be reseeded from different reservoirs. When viruses
replicate in different species, they may be faced with different evolutionary pressures and acquire
new mutations, with unknown consequences for transmission and virulence in humans. Here we
analyzed SARS-CoV-2 genome sequences from cats, dogs, deer, and mink to estimate
transmission between each of these species and humans. We found several transmission events
from humans to each animal, but very few detectable transmissions from animals back to humans,
with the exception of mink. We also identified three mutations more likely to be found in mink than
humans, and 26 in deer. These mutations could help the virus adapt to life in these different
species. Ongoing surveillance of SARS-CoV-2 from animals will be important to understand their
potential impacts on both human and animal health.
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Introduction

Coronaviruses can have broad animal host ranges, and severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) is no exception. Although the animal reservoir of ancestral SARS-
CoV-2 remains unknown, SARS-CoV-2 has close relatives in bats and an ancestral variant likely
spilled over into humans via an intermediate animal host in a seafood market in Wuhan, China
(Worobey et al. 2022). Although SARS-CoV-2-related coronaviruses from animals in the Wuhan
market were not sampled, there have been several subsequent reports of SARS-CoV-2
transmission (“spillback”) from humans to animals including in farmed mink (Oude Munnink et al.
2021) and wild white-tailed deer (Odocoileus virginianus) (Kuchipudi et al. 2022; Kotwa et al.
2022). Consequently, transmission among potential animal reservoirs is a key feature of the past
and future evolution of coronaviruses. In addition to making SARS-CoV-2 elimination highly
unlikely, evolution in animal reservoirs could transiently increase evolutionary rates (Porter et al.
2022) and potentially select for novel mutations with effects on transmission and virulence in
humans (Otto et al. 2021). Viral adaptation to one host species might result in the tradeoff of
reduced transmission in other species. Alternatively, it could permit significant genetic drift,
opening up new peaks in the human-adaptive fithess landscape. For example, it is speculated
that the SARS-CoV-2 Omicron variant of concern (VOC) might have evolved in a non-human
animal (possibly rodent) before transmitting widely among humans (Wei et al. 2021). Although
this scenario remains hypothetical and is not exclusive of other hypotheses involving evolution in
unsampled human populations or a chronically infected individual, it illustrates the potential
dramatic consequences of evolution in animal reservoirs. Ongoing transmission among humans
and non-human animals and its implications for viral evolution and host adaptation thus deserves

further study.

There have been several reports of SARS-CoV-2 transmission from humans to individual species
of animals, and in some cases back to humans. In addition to farmed mink (Oude Munnink et al.
2021), there have also been reports of transmission from pet hamsters (Yen et al. 2022) and
possible transmission events from white-tailed deer to humans in North America (Pickering et al.
2022). Evidence suggests that certain mutations may improve replication fithess of SARS-CoV-2
in animal hosts. For instance, experimental infections of mink (Neovison vison) and ferret (Mustela
furo) identified mutations within the viral spike (S) protein that increase binding to the ACE2
receptor in these animals, while decreasing infection of human airway cells (Zhou et al. 2022).
One of these mutations (S:N501T) was also found to be prevalent in infected mink sampled in the
United States (Cai and Cai 2021; Eckstrand et al. 2021).
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89
90 While such case studies have been valuable in highlighting patterns of transmission and
91  adaptation across individual animal species since the beginning of the pandemic, a standardized,
92 global analysis of the available data is lacking. In this study, we comprehensively compared
93 SARS-CoV-2 sequences derived from animal hosts using a broad dataset. Using phylogenetic
94  methods, we inferred transmission events between humans and four other frequently infected
95 animals and quantified their relative frequencies. Our analysis revealed a relatively high number
96  of mink-to-human transmission events, while instances of animal-to-human transmission from
97  cats (Felis catus domesticus), dogs (Canis lupus familaris), or deer (Odocoileus virginianus) were
98 rare. Using genome-wide association studies (GWAS), we also identified mutations associated
99  with specific animal species. We recovered the S:N501T mutation previously associated with
100  mink, along with two other amino acid changes in other SARS-CoV-2 genes. We also identified
101  several novel mutations associated with deer, including both synonymous and nonsynonymous
102  substitutions. Together, our work provides a quantitative framework for tracking SARS-CoV-2
103  transmission across animals from available genomic sequences and points to several candidate
104  animal-adaptive mutations for experimental follow-up.
105
106 Results
107  Although secondary spillover events of SARS-CoV-2 transmission from animals back to humans
108 have been reported, their frequency has yet to be quantified and compared across animal
109 species. To this end, we retrieved all available SARS-CoV-2 genome sequences sampled from
110  non-human animals from GISAID (Supplementary Table S1). After applying sequence quality
111 filters (Supplementary Table S2) and considering only animals with 30 or more sequences, we
112 were left with four species: cat, dog, mink and deer. Our filters excluded common experimental
113  animals such as mice and ferrets. For each of the four animal species, we extracted a similar
114 number of closely-related human-derived sequences (Methods). If these closely-related animal-
115  human pairs represent recent transmission chains, we would expect them to come from the same
116  geographic region. Consistent with this expectation, we found that 95.4% of deer-derived
117  sequences share the same sampling location as their close human-derived relatives, and this
118  percentage is slightly lower for cat (85.6%), dog (89%), and mink (91.7%). The high percentage
119  for deer could be due to higher sampling effort in North America, the origin of all deer sequences.
120  More generally, the variation in these percentages could be explained by other sampling biases.
121 For example, cats and dogs might be undersampled relative to mink and deer.
122
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123  To investigate potential animal-to-human transmission events in greater detail, including the
124  direction of transmission, we used ancestral state reconstruction on viral phylogenetic trees. We
125  are aware that such ancestral state reconstruction can be biased by differential sampling across
126  species. Our goal is, therefore, not to infer absolute rates of cross-species transmission, but rather
127  to provide a consistent comparative framework for interspecies transmission. For each candidate

128  species, the animal-derived sequences, and their closest relative human-derived sequence were

129  combined with ten random sub-samplings of human-derived sequences (n = 50 per subtree per

130  month of the pandemic), from which we inferred ten replicate phylogenies per species, providing
131  an assessment of phylogenetic uncertainty. Using ancestral state reconstruction as previously
132  described (Murall et al. 2021), we counted the most basal animal-to-human (Figure 1a-d) and
133  human-to-animal transitions on each tree (Supplementary Table S3). Representative detailed
134  trees are available in Supplementary Figures S1-S4. To determine a lower bound for the
135 transmission counts, we excluded transition branches with <75% bootstrap support (Methods).
136  As further validation, we performed a permutation test to determine whether the estimated
137  transmission counts converged on a non-random value. We performed the same ancestral state
138  reconstruction on 1000 permutations of each of the 40 phylogenies whose tip labels (animal or
139  human) were shuffled randomly, and the number of transmissions in both directions were
140 recorded. This permutation test revealed that in both directions (animal-to-human and human-to-
141  animal) the observed transmission counts in mink, deer, and cat falls within a narrow range
142  (standard deviations of 27.74, 1.29, and 0.52 respectively) compared to the permutations (266.06,
143  2.84, and 1.87) while the observed counts in dog (standard deviation of 1.10) is similar to the
144  permutations (0.91). In the human-to-animal direction, the observed standard deviations in
145  transmission counts are 0.48, 0.73, 2.17, and 2.17 for cat, dog, mink and deer, respectively,
146  compared to permuted values of 6.66, 1.70, 186.05, and 16.46. These results show that, in
147  general, our inference of transmission events converges on a non-random value but that the
148  estimate for dog-to-human transmission might be less reliable.

149

150 Based on the bootstrap-filtered counts, we inferred less than one transmission event from animals
151 back to humans on average from cats, dogs, and deer (Figure 1e, Table 1). In contrast, there
152  were an average of 12 or more transmission events inferred from mink to human. The upper
153  bound (bootstrap unfiltered) estimates are higher, but the pattern of much higher transmission
154  from mink is retained. The inferred number of transmissions in the opposite direction, from human-

155 to-animal, was generally higher and much more uniform across species (Figure 1f, Table 1), with
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156  lower bounds in the range of 4.6 to 12.8 events. However, the higher sampling of human-derived
157  compared with animal-derived sequences may have inflated the human-to-animal events relative
158 tothe animal-to-human events. Mink are also better sampled than the other animal species (Table
159 1), and further sampling of other animals could identify more transmission events. Despite these
160 caveats, it is notable that human-to-animal transmission events are relatively constant across
161 animal species, while mink-to-human transmission is much higher (or at least more frequently
162  detected) compared with other animals.

163
164  Table 1: Average inferred transmission events between humans and animals.
165

Average inferred number

of transitions Mink Deer Cat Dog
(filtered — unfiltered) (n=1038) (n=134) (n=78) (n=39)
Animal-to-human 12.5-108.3 0.3-11 0-44 01-1.6
Human-to-animal 12.8-654 11.6 —59.5 8.5-68.3 46-35.0

166
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168 Figure 1. Transmission events inferred between humans and animals. Panels a-d display a
169 representative tree for every species with animal to human transmissions marked on the tree. More detailed
170  versions of these trees are in Supplementary Figures S1-S4. Trees are rooted with the Wuhan reference
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171 genome. Panels e and f display the distribution (violin plots alongside points plotted with jitter to avoid
172  overlap) of inferred transmission counts (across 10 replicate trees) in each animal species, in both
173  bootstrap-filtered and unfiltered trees.

174

175

176  Next, we sought to identify mutations associated with particular animal species compared to
177 humans. These mutations could be candidates for species-specific adaptations. To do so, we
178  conducted GWAS using POUTINE, a method which implicitly controls for population structure and
179 linkage (non-independence) between mutations by considering only homoplasic mutations that
180  are identical by state, but not identical by descent, and that have occurred independently multiple
181  times in the phylogeny (Chen and Shapiro 2021). We performed a separate GWAS to identify
182  mutations associated with each species, and replicated the GWAS on each of the ten replicate
183  trees described above.

184

185 We identified numerous single nucleotide variants (SNVs) with high statistical significance
186  associated with mink and deer, but none in cats or dogs (Figure 2). In all cases, we used a
187  significance cutoff of a family-wise p < 0.05 to correct for multiple hypothesis testing. The mink
188  GWAS revealed three unique SNVs (Table 2). One of these hits appears in all ten replicates and
189 the remaining two appear in at least half of the replicates. All three of these mutations are non-
190  synonymous, including S:N501T which was previously associated with a mink outbreak in the
191  United States (Cai and Cai 2021). Inspecting the distributions of these GWAS hits across the tree
192  reveals several independent origins (Figure S3). For example, S:N501T occurred independently
193 in The Netherlands, Denmark, Latvia, Lithuania, Spain, France, and the USA (Figure S3),
194  explaining the strong association detected by POUTINE. The deer GWAS revealed a total of 26
195 unique statistically significant SNVs, of which seven appear in all ten replicates, and five in at
196 least half the runs (Table 3). Out of these 26 hits, five are intergenic (within the 5’ and 3' UTRs)
197 and 12 are synonymous mutations. Notably, 21 of the hits are C>U transition mutations. The
198 seven hits found in all ten replicates clearly occur multiple times independently in different
199  branches of the tree; for example, ORF1ab:N4899I (which affects amino acid 507 of the mature
200 RNA-dependent RNA polymerase protein, nsp12) occurs at least twice independently in both the
201  states of New York and lowa (Figure S4).

202

203  We next asked whether mutations identified by GWAS plausibly occurred in an animal host or if
204  they were more likely circulating in a local human population before being transmitted to a different

205 animal host. While both these categories of mutations are statistically associated with a particular
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206 animal species, the former are particularly good candidates for animal-specific adaptations. To
207 address this question, we obtained the global frequency of the minor allele of each significant
208 GWAS hit in Cov-Spectrum (C. Chen et al. 2021) — a significantly larger database than our
209 downsampled trees used for GWAS. The minor alleles were generally rare (<1% frequency;
210 Supplementary Tables S4 & S5), as expected for animal-associated mutations in a large
211  database dominated by human sequences. To test the hypothesis that animal-associated
212  mutations arose not in animals but in a local human population that then transmitted to animals
213 in the same region, for each GWAS hit we first defined the “in” region in which the animals
214  containing the mutation were sampled and the “out” regions including all other regions. We then
215  performed a Fisher’s exact test to determine if human-derived sequences containing the animal-
216  associated mutation were enriched in the “in” region, resulting in an odds ratio (OR) significantly
217  higher than 1 (Methods). For mink, two GWAS hits had OR significantly greater than 1 (P <
218 0.0001, Table 2). Only the S:N501T mutation had OR significantly less than 1, making it the best
219  candidate for having arisen in a mink host, rather than in a human who later transmitted the mutant
220  virus to a mink. For deer, the majority of GWAS hits (18/26) could be explained by transmission
221  from the local human population (OR > 1) while the remaining eight could not (OR < 1 or not
222  significantly different than 1, Table 3).
223
224
225 Table 2. Single-nucleotide variants associated with mink by GWAS. “Pos” refers to the nucleotide
226  position in the reference genome. Homoplasy counts in focal animals (cases), humans (controls), and P-
227  values are averaged across replicates in which the site’'s family-wise P-values was < 0.05. Where
228 applicable, amino acid positions refer to the polyprotein with mature protein positions in parenthesis. The
229 ‘local transmission odds ratio’ is the result of a Fisher's exact test of the likelihood that the alternate base
230 (animal-associated minor allele) was enriched in the local human population where the mink sequences
231 bearing the alternate base were sampled (Methods). n.s., not significant. Odds ratio P-values: * < 0.05, **
232 <0.01, *** < 0.001.
233
Pos. | Ref. | Alt. | Amino Gene Homoplasy | Homoplasy | P-value P-value | Significant Local
countin_ | countin | (Pointuise) | (amiywiso) | nN_ | transmission
focal animal humans
26047 U G | L219v | ORF3a 6 0 0.0014 0.0365 10 3.93
12795 | G A | G4177E | ORF1ab/pp1 6 0 0.0015 0.0368 6 7.53%
(nsp9 | ab/nsp9/repli
G37E) case
23064 | A C | N501T | Spike/S1/RB 6.4 0 0.0010 0.0258 5 0.48*+
D/binds
ACE2
234
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237 Figure 2: Manhattan plots summarizing GWAS hits in each animal species. In every panel, the x-axis
238  represents the nucleotide position in the SARS-CoV-2 reference genome and the y-axis represents the -
239  log10 of the pointwise p-values averaged over replicates. ORFs are shown as alternating blue and pink
240 horizontal bars along the x-axis. Statistically significant hits with family-wise corrected p-values of lower
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than 0.05 are shown in red (non-synonymous) or blue (synonymous), while non-statistically significant p-
values are in black.

Table 3. Single-nucleotide variants associated with deer by GWAS. “Pos” refers to the nucleotide
position in the reference genome. Homoplasy counts in focal animals (cases), humans (controls), and P-
values are averaged across replicates in which the site’s family-wise P-values was < 0.05. Where
applicable, amino acid positions refer to the polyprotein with mature protein positions in parenthesis. 1G,
Intergenic. The ‘local transmission odds ratio’ is the result of a Fisher’s exact test of the likelihood that the
alternate base (animal-associated minor allele) was enriched in the local human population where the deer

sequences bearing the alternate base were sampled (Methods). n.s., not significant. Odds ratio P-values:
*<0.05, **<0.01, *** < 0.001.
Ref. . Homoplasy Homoplasy P-value Significant Local
Alt. | Amino A . (pointwise) | P-value inN transmission
Pos. | bas base I?md Gene count.ln focal |countin humans (familywise) | replicates odds ratio
e change animal
c | u | 12346l 17.8 1.2 251
7303 (nsp3 | ORF1aibp1ab 9.99E-06 |9.99E-06 |10
1524) PP P
c | u | 13085l 15.2 6.2 2.20"*
9430 (nsp4 | ORE1a/ppiab 9.99E-06 |9.99E-06 |10
12921) PP P
1u95 | A | U | N48991 |ORF1abippia 7.8 0.1 0
5 (nsp12 | binsp12/RdR 9.99E-06 |1.09E-05 |10
N5071) D
c | u | FeeesF 48 0.1 ns.
502 (nspi5 | ORF1abippta 339E-05 |0.0013 10
F213F) P
g0 C | U FarF ORF8 4 0 7.50E-05 | 0.0061 10 6.09
c | u | D3g3eD 52 1.1 ns.
30 (nsp7 | ORF1aibp1ab 429E-05 |0.0025 10
De7D) | /PP P
gor| ¢ | v IG 3UTR 5 1.8 8.50E-05 | 0.0055 10 317
c | u | Pie4oL 46 16 2617
5184 (nsp3 | ORF1aibp1ab 0.0002 0.0115 8
pa22L) | ‘PP P
g c | v IG 3UTRIS2M 5 26 0.0002 0.0103 7 312
c | u | F2351F 4 03 3.80"**
7318 (nsp3 | ORF1aibp1ab 0.0001 0.0114 6
F1533F) | /PP1a/nsp
c | u | PsaoiL 5 1 4,09
1646 ORF1ab/pp1a
(nsp13 4.99E-05 |0.0019 5
6 P77L) b/nsp13/Hel
c | u | F2334F 44 0.8 279"
7267 (nsp3 | ORE1a/pp1ab 9.39E-05 |0.0079 5
F1516F) | /PP1a/NSP
210 | 6 | Y IG 5'UTR/SL5a 4 05 0.0001 0.0136 4 3.98
c | u | N2155N 4 0.75 1.81%
6730 (nsp3 | ORE1a/pp1ab 0.0002 0.0168 4
N1337N) | PP P
g3 C | U | 1120 ORF7a 4 0.75 0.0002 0.0169 4 4.03
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254
255 Discussion
256

257  SARS-CoV-2 transmission between humans and animals has typically been studied in individual
258  species in isolation, and using heterogeneous methods and datasets. Similarly, viral mutations
259  associated with particular species have been reported, but largely in experimental studies or
260 region-specific sampling efforts that are difficult to generalize. Our goal in this study was to apply
261 standardized methods to identify animal-to-human transmission events and to discover animal-
262  associated mutations using viral genomic data readily available to date. The results are
263  necessarily biased by sampling effort. Specifically, oversampling of human-derived sequences
264 could bias the ancestral state reconstruction toward human-to-animal rather than animal-to-
265 human transmission. In the future, such biases could be avoided using a Bayesian structured
266  coalescent approximation (De Maio et al. 2015). Our approach nevertheless provides a ‘level
267  playing field’ upon which to assess the results of previous animal-specific studies. Our study also
268 provides a pipeline for researchers to assess the transmission and evolution of SARS-CoV-2
269  within animals and between animals and humans.

270
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271  Consistent with previous reports (Oude Munnink et al. 2021), mink had the largest number of
272 inferred transmission events to humans. This could be because mink have more opportunities to
273  interact with humans on mink farms, whereas contact between deer and humans is more limited
274  and potentially seasonal (Kuchipudi et al. 2022). However, mink outbreaks could be more
275  frequently reported due to higher surveillance of mink farms and noticeable symptomatic disease
276 in these animals (Oreshkova et al. 2020). As for cats and dogs, we inferred much lower
277  transmission to humans, suggesting that they might be “dead-ends” for the virus. This does not
278  mean that SARS-CoV-2 transmission from dogs or cats to humans is not possible, and it may be
279  more readily detected with deeper sampling or in prospective household transmission studies.
280  Nonetheless, transmission from humans to animals was remarkably uniform across species and
281  small differences across species may be explained by sampling effort. Overall, our results support
282  the previous reports of relatively high rates of mink to human transmission, and only rare or
283  anecdotal transmission from other animals, such as deer (Pickering et al. 2022).

284

285 Despite the large sample size of mink-derived viral sequences, we only detected three mink-
286  associated SNVs using GWAS, including the previously identified S:N501T mutation. This is
287  consistent with relatively little time for SARS-CoV-2 to adapt to mink between transmission cycles
288 in humans. In contrast, we detected many more SNVs associated with deer despite a smaller
289 sample size. Even if we only consider the eight SNVs less likely to have arisen in human
290 population before transmitting to deer, or the seven SNVs detected in all replicate GWAS runs,
291  there are still more than twice as many deer-associated than mink-associated GWAS hits. This
292  could suggest a greater number of deer-adapted SNVs compared to mink-adapted SNVs,
293  perhaps due to multiple uninterrupted cycles of deer-deer transmission. Sustained deer-deer
294  transmission is also supported by previous studies (Kuchipudi et al. 2022), including the
295  observation of relatively divergent SARS-CoV-2 genomes (Pickering et al. 2022). Asymptomatic
296  or mild disease in deer relative to mink (Oreshkova et al. 2020) might also allow more opportunity
297  for evolution and transmission during prolonged infections. Despite pruning out highly divergent
298 branches, including several of the Canadian sequences involved in a potential deer-to-human
299 transmission event (Pickering et al. 2022), some relatively long deer-associated branches are
300 notable in our study (Figure 1d). Together, these results point to deer as an important reservoir
301  of novel SARS-CoV-2 mutations. Ongoing monitoring of deer-to-human transmission events is
302 therefore warranted.

303
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304  Several viral mutations have been previously associated with cat and dog (Elaswad et al. 2020),
305 but we found no statistically significant mutations associated with either of these species. This
306  could be due to limited viral adaptation, which would be expected if cats and dogs are effectively
307  dead-end hosts for the virus, with little time for cycles of intra-species transmission. Alternatively,
308 the limited sample size for these species could have limited GWAS power to identify adaptive
309 mutations. Given the higher viral load and shedding in cats compared to dogs (Bosco-Lauth et al.
310  2020; Shi et al. 2020), we expect greater adaptation and transmission in cats; however, further
311 data will be needed to test this expectation.

312

313  We identified three statistically significant mutations associated with mink. The substitution
314  ORF3a:L219V, which appears in all ten GWAS replicates, has been previously detected as a
315  substitution associated with mink, in the ORF3a accessory gene (Elaswad et al. 2020). However,
316  the previous detection was not statistically tested for significance. Similarly, the ORF1ab:G4177E
317  (nsp9:G37E) mutation has been identified previously in mink-derived sequences (Eckstrand et al.
318  2021). The S:N501T substitution has also been previously associated with mink (Lu et al. 2021;
319  Elaswad et al. 2020) and ferret (Zhou et al. 2022), and the same site, has also been reported to
320 be adaptive in mice, with an S:N501Y amino acid substitution. The mink-associated S:N501T
321  substitution has been associated with increased binding to human ACE2 (Starr et al. 2020). The
322  S:N501Y substitution has been detected in several human SARS-CoV-2 VOCs with higher
323  transmissibility, such as the Alpha variant (Y. Liu et al. 2021; Véhringer et al. 2021). Certain other
324  mutations that have been previously associated with mink, including S:Y453F (Zhou et al. 2022;
325 Luetal. 2021; Elaswad et al. 2020) and S:L260F (Adney et al. 2022) that were suggested to arise
326  as aresult of rapid adaptation, do not appear to be statistically significant mutations based on our
327 GWAS. While such mutations could be truly animal-associated and were not picked up in GWAS
328  due to limited power or sampling, others may be anecdotal reports that do not survive the scrutiny
329  of rigorous statistical testing, or associations identified in laboratory conditions that are not
330  currently observed in nature.

331

332  Many of the deer-associated mutations are synonymous and occur broadly across the genome
333 outside of the relatively well-studied spike (S) protein (Figure 2). These are primarily transition
334  mutations, which are typically generated at a higher frequency than transversions. The deer-
335  associated synonymous mutations showed no particular bias toward codons that are preferred in
336  deer relative to humans; therefore selection for codon usage optimization does not easily explain

337 these associations (data not shown). Nonetheless, the vast majority of mutations were C>U
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338 transitions, which may be a reflection of APOBEC1-mediated RNA editing, which results in
339  deamination of cytosine to uracil in single-stranded RNA (Harris and Dudley 2015; Salter and
340  Smith 2018). Consistent with this hypothesis, C>U transitions in deer contained the consensus
341  sequence [U/A][U/A]C[A/U][A/U], which resembles that observed for human APOBEC1-mediated
342  deamination [AU]C[AU]; however, it remains to be seen whether the deer APOBEC1 isoform has
343 the same substrate specificity or whether there is increased APOBEC expression or activity in
344  deertissue (Di Giorgio et al. 2020; Rosenberg et al. 2011)). Alternatively, the C>U transitions may
345  be related to RNA secondary structure or nucleotide composition biases required for genome

346  condensation during viral replication, organelle biogenesis, or virion assembly in the deer host.

347  Our GWAS revealed several mutations in deer that localized to distinct RNA secondary structures
348 inthe 5" and 3" UTRs of the viral RNA. Specifically, in the 5" UTR, both mutations (C203U and
349  G210U) localized to stem loop 5a (SL5a), a highly conserved stem-loop structure previously
350 implicated in virion assembly in related coronaviruses (Yang and Leibowitz 2015; Morales Lucia
351 etal. 2013; Miao et al. 2021). Similarly, in the 3" UTR, all the mutations localized to the 3" terminal
352  stem-loop structure, with two specifically localized to the S2M region (C29738A and C29750U)
353  (Yang and Leibowitz 2015; Gilbert and Tengs 2021; Wacker et al. 2020). Interestingly, while the
354 3’ terminal stem-loop structure is known to be hypervariable, the S2M region is highly conserved
355 in sequence and structure across a wide range of RNA viruses, including members of the
356  Astroviridae, Caliciviridae, Picornaviridae, and Coronaviridae families (Tengs et al. 2013; Gilbert
357 and Tengs 2021). While the role of this S2M region is poorly understood, its strict conservation
358 across a range of positive-strand RNA viruses suggests that it may play an important role in the
359 viral life cycle. Notably, both the mutations identified by GWAS are predicted to maintain the
360 overall S2M consensus fold, so these may reflect differences in species-specific interactions

361 between S2M and host proteins or RNA molecules.

362  The deer GWAS also revealed a few nonsynonymous mutations in viral proteins important in RNA
363 binding and host antiviral responses. Specifically, ORF1ab:N4899| (nsp12:N507I) lies in the
364  nsp12 RNA-dependent RNA polymerase, within the highly conserved motif G which is important
365 in positioning the 5 template strand during viral RNA synthesis (Sheahan et al. 2020). While N507
366 is known to make contact with the +2 nucleotide of the template strand, experimental
367  investigations will be needed to understand how the N5071 mutation impacts the active site
368  structure and/or viral RNA synthesis (Hillen et al. 2020). The ORF1ab:P5401L (nsp13:P77L)
369  mutation in the nsp13 helicase is predicted to be a solvent-exposed residue within the N-terminal

370  Zinc-binding domain (Newman et al. 2021). However, given that this is distant from the helicase
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371  active site, we predict that it is unlikely to affect helicase enzymatic activity. Finally, we identified
372  two mutations that may have implications for host adaptation as they are identified in proteins
373  known to interact with the host antiviral response. Specifically, ORF1a:P1640L (nsp3:P822L) in
374  the nsp3 protease localizes to the deubiquitinating site in the PLpro domain which overlaps with
375  the ISG15 binding site, suggesting it may modulate host antiviral responses (Yang and Leibowitz
376  2015; Shin et al. 2020; G. Liu et al. 2021). Interestingly, the deer GWAS also revealed the
377  ORF7a:T120l mutation within the ORF7a accessory protein. This residue is adjacent to K119,
378  which is implicated in the inhibition of the antiviral response in human cells (Redondo et al. 2021;
379 Cao et al. 2021). Specifically, K119 polyubiquitination has been shown to block STAT2
380  phosphorylation, leading to inhibition of type | IFN. Thus, it is possible that the ORF7a:T120I
381 mutation modulates ubiquitination at the K119 residue; however, this will require experimental
382  validation.

383  Upon finalization of this manuscript, another analysis of SARS-CoV-2 transmission and potential
384  host adaptation was published, using a similar dataset from GISAID (Tan et al. 2022). Notably,
385  this work focused only on transmission from humans to other animals, while we also considered
386 the animal-to-human direction. The approach used to identify animal-associated mutations was
387  conceptually similar to ours — focusing on homoplasic mutations and a set of reasonable but
388  arbitrary filters for allele frequencies and effect sizes — whereas we took a more formal statistical
389  GWAS approach. Our three mink GWAS hits are a subset of the four identified in the other study,
390 and neither study identified any deer-associated mutations in Spike (Tan et al. 2022). Our study
391 identified more significantly deer-associated mutations (including the single hit reported by Tan et
392  al. in nsp3, ORF1a:L1853F (nsp3:L1035F), which could be due to different data filtering and
393  significance testing approaches. Overall, the two studies are complementary, and pave the way

394  for future studies on larger datasets.

395 In conclusion, while the dynamics of anthroponosis and zooanthroponosis for SARS-CoV-2 are
396  still unclear, cross-species transmission events are likely to continue to occur given continued
397  geographically widespread infections, high transmission rates, and the emergence of new
398 variants. We identified several statistically significant animal-associated substitutions in mink and
399 deer, suggestive of sustained animal-to-animal transmission and perhaps reflective of host
400 adaptation. This suggests that continuous molecular surveillance of SARS-CoV-2 animal isolates
401 s likely to reveal new insights into SARS-CoV-2 host range and adaptation, and may contribute
402  to our understanding of risk for spillback of new variants. This also highlights the need to monitor

403 for similar patterns of susceptibility to infection and sustained intra-species transmission in related
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404  species. Our study draws attention to several specific, statistically significant nucleotide and
405 amino acid substitutions that may play a role in host adaptation, pathogenesis, and/or

406 transmission and are candidates for experimental study.

407

408 Methods

409

410 Data: On February 28, 2022, we downloaded from GISAID all SARS-CoV-2 consensus genome
411  sequences derived from non-human animals. These host species include several mammalian
412  species such as whitetail deer, mink, cats, dogs, lions, and monkeys among others. The raw non-
413  human dataset obtained from GISAID was filtered for low-quality sequences, sequences with a
414  length of less than 29k base pairs, and an ambiguous nucleotide (N) count above 500. Sequences
415  with incomplete dates recorded in the metadata were discarded and excluded from the study.
416  This study focuses on species with at least 30 sequences in the dataset, namely mink (n=1038),
417  deer (n=134), cat (n=78), and dog (n=39).

418

419  From the 7.6 million human-derived viral sequences present in GISAID's human alignment dated
420 February 28, 2022, a set of closely related sequences for every animal species was extracted. To
421  do so, we used Nextstrain (Hadfield et al. 2018) to calculate a proximity matrix based on pairwise
422  substitutions between every animal-derived sequence and all ~8 million human-derived
423  sequences. The query alignment was generated using MAFFT (Katoh and Standley 2013) in
424  which animal sequences were aligned to the gapped version of the Wuhan Iv04 reference
425 sequence present in GISAID’s human-host alignment dated February 28, 2022, with the
426  “keeplength” option of the software enabled to maintain the length of context alignment in the
427  query alignment.

428

429  Using this matrix and noting that some sequences from a given species might share a number of
430 close relatives, we extracted the closest human-derived sequences for every sequence of a given
431 species such that the unique set of best-hit human-host sequences for a particular species would
432  have roughly the same count as the sequences from that animal species. To provide greater and
433 more representative phylogenetic context, 500 human-derived sequences were subsampled
434  randomly from every month of the pandemic, from January 2020 to February 2022, resulting in
435 13,000 human-derived sequences, distributed uniformly over time. Here again, the same quality

436 filtering criteria were applied and the sample was drawn from sequences that were at least 29000
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437  base pairs long and had fewer than 500 ambiguous nucleotides (“N” characters). The GISAID
438 identifiers for all sequences used in this study are reported in Supplementary Table S1.

439

440  Alignment: All the above sequences, that is, the animal-host sequences along with their closely
441 related human host sequences and the context random human subsample, and the Wuhan V04
442  reference sequence were aligned using MAFFT (version 7.471). We used the NW-NS-2 setting,
443  which is a speed-oriented, progressive method without FFT approximation. The alignment was
444  done in two steps; first, a preliminary alignment was done and problematic sequences causing
445  almost invariant insertions due to stretches of ambiguous nucleotides (N’s) were removed from
446 the dataset, and the remaining sequences were aligned again with the exact same algorithm,
447  resulting in the final alignment, including a total of 14787 sequences, comprised of 1038 mink
448  sequences, 134 deer sequences, 39 dog sequences, and 78 cat sequences. As for the closely
449 related human-host sequences, this dataset included 852 close relatives for mink, 61 for cat, 31
450 for dog, and 123 for deer. The remaining sequences were human-host sequences randomly
451 subsampled.

452

453  Phylogeny: Ten replicate trees for each candidate species were generated, each of which
454  included the focal species’ sequences, its closely related human-host sequences, and one-tenth
455  of the randomly subsampled human-host sequences which were again split uniformly over time
456 to ensure temporal heterogeneity, resulting in an overall count of 40 trees. Maximum-likelihood
457  divergence trees were inferred using IQ-TREE (Nguyen et al. 2015) with a general time-reversible
458  model and with 1000 bootstrap iterations. The resulting trees were pruned for branches that are
459 unreasonably divergent, and tips whose lengths were considered outliers according to the
460 interquartile criterion and were longer than q,,5 + 1.5IQR were pruned. q, 5 in the above term
461 refers to the third quartile, and IQR refers to the difference between the first and the third quartiles.
462  This criterion discarded a maximum of 5 deer sequences out of 134, a maximum of 2 mink sequences
463  out of 1038, and a maximum of 1 dog sequence out of 39, while no cat sequences were pruned.

464

465 Ancestral state reconstruction: Discrete ancestral state reconstruction was performed on all 40
466 trees in the study, with states set as “human” and “animal”. The reconstruction was done using
467 the maximum likelihood method “ace” implemented in the “ape” R package (Paradis and Schliep
468  2019). Ancestral state reconstruction was done using the “equal rates model” which allows for an
469  equal probability of transition in both directions of “animal to human” and “human to animal” on
470  the tree.
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471

472  Estimating transmission events: Once the states were labeled, the set of all branches along
473  which a transition from an “animal’ node state to a “human” node state has occurred was
474  identified, and the human end of the branch, namely the most recent common ancestor of the
475  introduced human clade or the human tip in case of singletons, was marked as a transition node.
476 In order to identify an independent set of transitions and to avoid the redundancy of reporting
477 nested spilled-back clades as separate events, the most basal of these transition nodes were
478 identified. In order to provide a well-rounded record of spillovers, the same analysis was done in
479  the human to animal direction as well. For setting a lower bound to the transmission counts, in
480 another set of analyses, all transitions in the desired direction were identified, then the branches
481  whose parent side had a bootstrap support of lower than 75% were discarded, and subsequently,
482  the most basal transitions were identified. To validate the ancestral state reconstruction and the
483 transmission counts, a permutation test was done in which the tips of every 10 trees for all
484 candidate species were randomly shuffled in 1000 permutations, and the same algorithm for
485  ancestral state reconstruction and subsequently counting transitions in both directions (animal to
486 human and human to animal) was applied to find the most basal transitions, unfiltered counts on
487  the shuffled trees.

488

489 Genome-wide association studies: We used POUTINE (Chen and Shapiro 2021) to scan the
490 genome for mutations that are statistically associated with each animal species. POUTINE relies
491  on the viral phylogeny to identify homoplasic mutations associated with a phenotype of interest,
492 in this case human vs. animal hosts. By considering only homoplasic mutations at the tips of the
493 tree, POUTINE implicitly accounts for population structure. POUTINE was run on the 40 tree
494  replicates (10 per species) and in each run, animal-host sequences were set as “cases” and
495 human-host sequences as “controls.” We chose to treat animals as cases because the root of the
496 tree is human, and initial transmission events are human-to-animal with more recent and rare
497 animal-to-human events. The dataset is, therefore, better suited to identify animal-associated
498  mutations than human-associated mutations. In each of the ten replicates for every species, any
499  sites with a minor allele familywise p-value of less than 0.05 were recorded as a hit for that run.
500 The unique collective set of hits for every species across all 10 runs was retained and the number
501 of replicates in which each hit appeared was recorded.

502

503 Fisher’s exact test for geographic bias: In order to check for geographical bias we performed

504 a Fisher’s exact test on every SNV identified by POUTINE to compare its frequency in human
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505 hosts inside and outside regions where animal-host sequences bearing these mutations are
506 found. For each SNV, we obtained its geographical distribution of human-host sequence counts
507  broken down by geographical division from CoV-Spectrum. We partitioned global divisions into
508 regions that animal-host sequences bearing the specific mutation are found in—namely, “in”
509 regions, and regions in which such sequences are not found, or “out” regions. We then created
510 the 2 by 2 contingency table in which rows correspond to wildtype allele and alternate (animal-
511  associated) allele counts, and columns correspond to “in” or “out” region counts. We then
512  calculated the pointwise estimate and confidence interval for the odds ratio, and flagged mutations
513 in which the two frequencies were significantly different. Counts and frequencies for this step are
514  recorded in Supplementary tables S4 and S5.

515

516 Code availability: Scripts wused to perform all analyses are available at
517  https://github.com/Saannah/Animal. SARS-CoV-2.qit

518
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530 Supplementary Figures

531

532 Figure S1. Detailed representative phylogeny of cat- and human-derived SARS-CoV-2
533  sequences. In order to make the tree topology clear, branch lengths are not to scale.

534

535 Figure S2. Detailed representative phylogeny of dog- and human-derived SARS-CoV-2
536  sequences. In order to make the tree topology clear, branch lengths are not to scale.

537

538 Figure S3 Detailed representative phylogeny of mink- and human derived SARS-CoV-2
539 sequences. In order to make the tree topology clear, branch lengths are not to scale. The coloured
540 boxes to the right of the tree show the allelic state of the three mink-associated GWAS hits in
541  each terminal branch of the phylogeny.

542

543 Figure S4. Detailed representative phylogeny of deer- and human derived SARS-CoV-2
544  sequences. In order to make the tree topology clear, branch lengths are not to scale. The coloured
545  boxes to the right of the tree show the allelic state of the seven deer-associated GWAS hits that
546  appeared in all ten replicate GWAS runs.

547

548

549
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550 Supplementary Tables

551

552  Table S1. GISAID accession numbers of all sequences used in this study.

553

554  Table S2. Number of viral sequences passing quality filters. The counts show the initial number
555  of sequences downloaded from GISAID from each animal species, and the remaining number
556  after each consecutive quality filter. The ‘quality control’ count shows the number of sequences
557  after removing those with incomplete sampling dates and/or >500 ambiguous bases (Ns). The
558  ‘post-alignment pruning’ shows the count after removing sequences shorter than 29,000 bases
559  and/or with an insertion absent in all other sequences (introducing a gap in the alignment). The
560 ‘divergent tree branches’ shows the count after removing sequences that introduce long branches
561 into the phylogeny (Methods). Ranges of counts indicate variation across tree replicates.

562

563

Species Raw downloaded Post-quality Post-alignment = Post-divergent
(N sequences) control/ pruning tree branch
pruning

mink 1339 1046 1038 1036
deer 156 153 134 129-133
cat 120 100 78 78
dog 76 59 39 38-39

564

565

566

567

22


https://doi.org/10.1101/2022.06.02.494559
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.02.494559; this version posted September 23, 2022. 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-NC 4.0 International license.

568 Table S3. Table of transmission counts for all candidate species, in both animal to human and
569 human to animal direction, for both bootstrap-filtered and unfiltered cases.

570
Species | Replicate | Animal to human | Animal to human (Un- | Human to animal | Human to animal (Un-
(Bootstrap-filtered) filtered) (Bootstrap-filtered) filtered)
Mink 1 15 138 21 63
Mink 2 9 111 14 66
Mink 3 6 116 13 69
Mink 4 10 107 9 62
Mink 5 18 40 13 68
Mink 6 9 134 8 65
Mink 7 10 125 10 67
Mink 8 27 105 14 65
Mink 9 10 91 13 65
Mink 10 1 116 13 64
Deer 1 0 0] 10 58
Deer 2 1 1 14 58
Deer 3 0 0 1 59
Deer 4 0 1 10 59
Deer 5 0 0] 13 58
Deer 6 2 2 14 56
Deer 7 0 1 8 63
Deer 8 0 2 10 61
Deer 9 0 0] 14 62
Deer 10 0 4 12 61
Cat 1 0 5 7 69
Cat 2 0 4 1 68
Cat 3 0 5 5 68
Cat 4 0 4 1 69
Cat 5 0 5 5 68
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Cat 6 0 5 7 68
Cat 7 0 4 13 69
Cat 8 0 4 11 68
Cat 9 0 4 11 68
Cat 10 0 4 4 68
Dog 1 0 4 5 35
Dog 2 0 1 8 36
Dog 3 0 1 7 37
Dog 4 0 2 3 37
Dog 5 0 3 4 36
Dog 6 1 3 2 36
Dog 7 0 1 4 35
Dog 8 0 1 3 36
Dog 9 0 1 6 36
Dog 10 0 2 4 35

571

572
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573 Table S4. Human-derived sequence counts bearing each of the significant GWAS hits identified

574 in deer inside and outside regions where deer sequences containing each mutation are
575 found. Odds ratio and the p-values are reported following a Fisher’s exact test. GWAS hits
576 with OR < 1 or not significantly different from 1 are highlighted in green.
577
Position | Alternate | Wildtype | Alternate Wildtype Frequency of alternate Frequency p_value | Conclusion
allele allele llel llel llele in deer regions of alternate
count in count in count count allele
deer deer outside outside outside deer
regions regions deer deer regions
regions regions
7303 433 838982 2226 10804361 0.000516101656531368 | 0.0002 8.6862e- ratio higher
56 in deer
regions
9430 1812 946458 9313 10688419 0.0019145065074203 0.0009 1.2416e- ratio higher
172 in deer
regions
14960 0 268814 266 11376922 0 2.3381e-05 0.0035 ratio lower in
deer regions
20259 21 446625 417 11198939 [4.70193115029387e-05 | 3.7236e-05 0.3171 ratio not
significantly
different
28016 20 213258 176 11432548 9.37831171632483e-05 1.5395e-05 8.6845e- ratio higher
10 in deer
regions
12073 210 321652 7184 11316956 0.000652879509532041 | 0.0006 0.6703 ratio not
significantly
different
29679 180 289240 2231 11354351 0.000622320564237312 | 0.0002 2.80664e- | ratio higher
37 in deer
regions
5184 7012 238828 126835 11273327 0.0293600415361683 0.0112 0 ratio higher
in deer
regions
29750 1442 577400 8856 11058304 0.00249740214755802 0.0008 2.2500e- ratio higher
267 in deer
regions
7318 131 272041 1440 11372390 0.000481545061222389 | 0.0001 9.5330e- ratio higher
35 in deer
regions
16466 316970 860090 864781 9604161 0.368531200223232 0.0900 0 ratio higher
in deer
regions
7267 181 206553 3597 11435671 0.000876288410238534 | 0.0003 2.1368e- ratio higher
31 in deer
regions
210 307476 869584 854780 9614162 0.353589762461131 0.0889 0 ratio higher
in deer
regions
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6730 32 20464 10034 11615472 | 0.00156372165754496 0.0007 0.0018 ratio higher
in deer
regions

27752 306844 870216 842927 9626015 0.35260670913888 0.0876 0 ratio higher
in deer
regions

11152 196 301370 9246 11335190 |0.000650363340743936 | 0.0008 0.0013 ratio lower in
deer regions

5822 7 39079 3456 11603460 | 0.00017912433787968 0.0003 0.2361 ratio not
significantly
different

9711 26 391615 1331 11253030 |[6.63917367822989e-05 |0.0001 0.0020 ratio lower in

deer regions

9679 79 561506 673 11083744 |0.000140693064722372 |6.0719 2.1058e- ratio higher
10 in deer
regions
7029 7 157363 2276 11486356 |4.44831377134396e-05 | 0.0002 4.4009e- ratio lower in
07 deer regions
29738 17 20479 11278 11614228 |0.000830118658137604 | 0.0001 0.6520 ratio not
significantly
different
26767 318642 858418 871184 9597758 0.371196782919277 0.0908 0 ratio higher
in deer
regions
203 726 72179 19565 11553532 |0.0100583272142867 0.0017 6.16135e- | ratio higher
297 in deer
regions
12820 10 20486 1255 11624251 0.00048813824074978 0.0001 0.0001 ratio higher
in deer
regions
4540 322 195956 6718 11443006 |0.00164322603033334 0.0006 7.7575e- ratio higher
55 in deer
regions
29666 1940 513027 27323 11103712 | 0.00378147738812967 0.0025 3.2392e- ratio higher
66 in deer
regions

578

579

580

581

582

583
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584 Table S5. Human-derived sequence counts bearing each of the significant GWAS hits
585 identified in mink inside and outside regions where mink sequences containing each
586 mutation are found. Odds ratio and the p-values are reported following a Fisher’s exact
587 test. GWAS hits with OR < 1 or not significantly different from 1 are highlighted in green.
588
Position | Alternate | Wildtype | Alternate | Wildtype | Frequency | Frequency of alternate p_value Conclusion
allele allele allele allele of allele outside mink
count in | countin count count alternate regions
mink mink outside outside allele in
regions | regions mink mink mink

regions | regions regions

26047 23 239184 279 11406516 | 9.6160e-05 | 2.44597035589132e-05 | 1.11877702252856e- | ratio higher
07 in mink
regions

12795 34 152594 340 11493034 0.0002 2.95831370550196e-05 | 2.75263696173362e- | ratio higher
18 in mink
regions

23064 67 296468 5363 11344104 0.0002 0.000472756596730777 | 1.43477105492256e- | ratio lower
11 in mink
regions

589
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