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Abstract: To investigate genetic signatures of adaptation to the mink host, we characterized
the rate heterogeneity in mink-associated SARS-CoV-2. In 2020, the first detected
anthropozoonotic spillover event of SARS-CoV-2 occurred in mink farms throughout Europe
and North America. Both spill-back of mink-associated lineages into the human population
and spread into surrounding wildlife was reported, highlighting the potential formation of a
zoonotic reservoir. Our findings suggest the evolutionary rate of SARS-CoV-2 underwent an
episodic increase upon introduction to the mink host before returning to the normal range.
Furthermore, SARS-CoV-2 lineages could have circulated in the mink population for a
month before detection, and during this period, evolutionary rate estimates of 6.57 x 1073
could yield an 8-fold increase of mutations compared to the evolutionary rate of SARS-CoV-
2 in humans. We suggest that SARS-CoV-2 undergoes a brief, but significant, increase in
evolutionary rate in response to greater selective pressures during species jumps, emphasizing
the necessity of monitoring zoonotic SARS-CoV-2 infections.

One-Sentence Summary: In 2020, SARS-CoV-2 outbreaks were reported in mink farms.
During this period of adaptation, the evolutionary rate of SARS-CoV-2 increased for a short
interval.



Main Text:

Coronaviruses (CoV) are zoonotic viruses associated with mammals and avian hosts
(/) that are known for easily jumping species barriers, due to high mutation rates, a large
RNA genome (2, 3) and interaction with multiple ACE2 receptors (4, 5).In recent decades,
there have been 3 major outbreaks of CoV in the human population, causing epidemics:
Severe acute respiratory syndrome (SARS), Middle East respiratory syndrome (MERS), and
COVID-19. SARS-CoV and MERS-CoV are thought to have originated in bats before
spreading to the human population, through an intermediate host (6). SARS-CoV-2 likely has
zoonotic origins, hypothesised to initially spread from the Huanan seafood market in Wuhan,
China (7-9). CoV that circulate in the Chinese horseshoe bats (Rhinolophus affinis and
Rhinolophus malayanus) are the closest known relatives to SARS-CoV-2 (although, with
estimated divergence from SARS-CoV-2 between 1948 and 1982) (/0-12). The Malayan
pangolin (Manis javanica) has been cautiously suggested to be an intermediate host (/3),
with much debate (8, /4). Minks are one of many animals (Table 1) that are susceptible to
SARS-CoV-2 infection (15, 16).

In all zoonotic SARS-CoV-2 cases, human contact is likely the origin of transmission
(17). Although many sporadic spillover cases have occurred (Table 1), the first detected
anthropozoonotic spillover event of SARS-CoV-2 occurred in mink farms (Fig 1), with
human-to-mink, mink-to-mink, and mink-to-human transmission networks established (/8).
The first report of SARS-CoV-2 in mink farms occurred late April 2020, in the Netherlands,
followed by farms in Denmark during May, and in both countries the outbreaks were
sequenced comprehensively (17, 19-21). Further outbreaks were seen across Europe
(Denmark, France, Poland, Lithuania, Spain, Italy, Sweden and Greece) and North America
(USA and Canada) (https://www.oie.int/en/what-we-offer/emergency-and-resilience/covid-
19/, Accessed Oct 18). All mink SARS-CoV-2 outbreaks originated from human infections
(18), with multiple introductions of the virus into the mink population (/7), along with
potential spread between farms (/8). Mink-associated SARS-CoV-2 forms distinct clades,
and the evolutionary rate of the virus is anticipated to increase in mink zoonotic transmission
compared to human infections, due to adaptive pressure (18, 20).

Mink-associated SARS-CoV-2 has continued to spread, both into surrounding wildlife
(22) and in “spill-back” cases from infected minks into the human population (/8). Spill-
back events present certain risks to public health — such as the spill-back of mink-associated
lineages that acquired mutations in the spike protein receptor binding domain (which can lead
to structural and/or functional changes in host receptor binding) (20, 23-26). The mink-
associated “Cluster 5” lineage in Denmark, which had several mutations in the spike protein,
spread widely in the human population surrounding the farms, causing 40% of COVID-19
cases in the region, prompting governments to cull all farmed mink (/4, 15, 27). The escape
of mink-associated SARS-CoV-2 into surrounding wildlife is also a major concern (22),
particularly as many farms border habitats that have high wild mustelid populations (28). An
example of a high-risk host for a wildlife reservoir of SARS-CoV-2 is deer mice (Peromyscus
maniculatus), which have no clinical symptoms but have high SARS-CoV-2 replication
levels (29). The establishment of a viral reservoir creates issues with controlling pathogens,
which has been observed before, with the rabies virus forming a reservoir in wild-living
raccoons and skunks (30).

Recent debate concerning the origin of the first observed Omicron lineage (BA.1 and
BA.2) has also emphasized the possibility of zoonotic spill-back events (37-33). Although
increased mutational rate is observed during persistent infections in immunocompromised
patients receiving antiviral therapy (34, 35), the mutations in Omicron were unlikely to have



arisen during evolution in the human host (13, 31, 32). Specifically, 45 point mutations
distinct to its nearest observed predecessor, lineage (B.1.1), have evolutionary signatures
similar to mouse-adapted lineages - particularly in the spike protein sequence, where many
mutations overlap with mutations arising from chronic SARS-CoV-2 infection in mice (33)
that increase binding affinity to mouse ACE2 (36).

The spread of zoonotic SARS-CoV-2 to mink farms has highlighted the threat of
spill-back events, particularly lineages that have undergone adaptation in animal populations,
including the evolution of the virus in unmonitored reservoirs in wildlife populations (75,
18). Therefore, to explore the genetic signatures of adaptation to the mink host, we have
estimated the evolutionary rate of mink-associated SARS-CoV-2 in comparison to the
evolutionary rate observed within the broader SARS-CoV-2 phylogeny. The “evolutionary
rate” we are referring to is the combination of substitutions and instantaneous mutations that
are occurring in the genome over time, defined as the “evolutionary substitution rate” (37).
We utilised a range of molecular clock models that have been used to study the pattern of
evolutionary rate variation during SARS-CoV-2 variant of concern (VOC) emergence. Based
on evidence that, during SARS-CoV-2 VOC emergence, there is an episodic increase of the
evolutionary rate (38), we expect to see a similar pattern in mink-associated SARS-CoV-2.

Distinguishing mink-associated clades within the SARS-CoV-2 phylogeny

We compiled a dataset of complete genomes with 269 taxa (n=200 from human
isolates, n=69 from mink isolates, Table S3) and was 29,839 bp in length. We estimated a
maximum likelihood tree (Fig 2a), which revealed two distinct monophyletic mink-associated
clades, as observed previously (/9). A pattern of increased genetic distance was observed in
the Netherlands mink-associated SARS-CoV-2 sequences in a root-to-tip regression (Fig 2b) .

An increased rate of evolution observed in stem branches

We used six molecular clock models in a Bayesian framework explore the
evolutionary rate heterogeneity within mink-associated SARS-CoV-2 clades (Table 2). The
strict clock (SC) assumes that all branches have the same evolutionary rate and is thus a null
model. The uncorrelated lognormal clock (UCLC) assumes that branch rates were drawn
from a lognormal distribution and is the most liberal of all models compared here. The four
fixed local clock (FLC) models represent hypotheses of branch rate variation and separate
branch rates as belonging to two categories: ‘foreground’ and ‘background’ (38, 39).
Foreground branches are those assigned a different rate to the rest of the tree. The remaining
branches in the tree, the background branches, represent the overall evolutionary dynamics of
SARS-CoV-2 and serve as a comparison for the evolutionary rates estimated for the mink-
associated clades, termed after their geographical origin, the Netherlands and Denmark.

The FLC stem model considers “foreground branches” as those along the stems
leading up to mink lineages (either Netherlands or Denmark) and is consistent with an
episodic change in the evolutionary rate (visualised in Fig S1). In the FLC clade & stem
model the “foreground branches” includes both the stem branch leading up to mink lineages,
and all branches within each independent mink clades, such that any changes in the
evolutionary rate are maintained in the mink population (Fig S1). We also specified
alternative parameterisation of these two models, but where the rate is shared amongst all
mink clades, as in FLC (shared, stem) and FLC (shared, clade & stem).



The mean evolutionary rates for the strict, FLC (clade), FLC (stem) and FLC (clade &
stem), and all shared FLC models sit within previous estimates of SARS-CoV-2 evolutionary
rates (Table 2, Fig 3a) ranging between 7 X 10™* and 1.1 x 1073 subs/site/year (40, 41). In
both the FLC (shared, stem) and FLC (stem) models, the mean background evolutionary rate
estimates were respectively 4.86 X 10™* (95% HPD: 4.34 x 107*, 5.2 x 107*) and 4.83
X 107%* (95% HPD: 4.45 x 1074, 5.27 x 10~*). For the mink-associated clades, there was a
much faster rate of evolution estimated for FLC (stem) (Table 2, Fig 3b,c) and in the FLC
(shared, stem) model, albeit with uncertainties that spanned several orders of magnitude,
particularly for the Netherlands clade(Fig 4b). Strikingly the stem only estimates for the
mink-associated clades were approximately 20-fold higher in both the FLC (stem), with 12
X 1072 (95% HPD: 8.22 x 1073, 3.58 x 1071) and 4.92 x 1072 (95% HPD: 2.04 x 107>, 2
X 1072) for the Netherlands and Denmark clades respectively, and 11.5 x 1072 (95% HPD:
7.26 x 1073, 3.47 x 1071) in FLC (shared, stem). This pattern is also observed to a lesser
extent in FLC (stem & clade) estimates for the Netherlands, however, the Denmark FLC
(stem & clade) evolutionary rate was slower than average (Fig 3bc). The evolutionary rate
observed in the mink samples in FLC (stem & clade, shared) appeared slightly faster than
mean evolutionary rates (Fig 4b).

We also ran FLC models for independent and shared clades, FLC (clade) and FLC
(clade, shared) (Supplementary Table 1) where estimates for the evolutionary rate within
mink clades appear to have either a similar or slightly slower evolutionary rates when
compared to the mean evolutionary rates (Fig 3bc).

Uncertainty in FLC (stems) model estimates

To explore the uncertainty observed in the mink-associated evolutionary rate
estimates in the FLC (stems) model, we conducted prior sensitivity analysis on the clock rates
in all FLC models, that matches recent estimates of the evolutionary rate of the virus and
penalises very high rate values (Supplementary Table 2). We distinguished these FLC models
as FLC(stem*), FLC(clade*), FLC(stem & clade*), FLC(shared, stem*), FLC(shared,
clade*), and FLC(shared, stem & clade*). There was still an observable increase in the
evolutionary rate in mink-associated clades in FLC (stem*) and FLC (shared, stem*)
although to a lesser degree than initial estimates (Table 3, Fig 5). In all shared models, the
Bayes factor (which is a calculation of posterior odds divided by prior odds, as a measure of
statistical support in favour of hypothesis, Table 4) was > 17, with a value of >3.2
representing substantial evidence (42). Although in all models tested, the Bayes factor
calculated for the Netherlands clade was > 10, this was not the case for the Denmark clade
(Table 4).

Divergence of mink-associated clades

In all models, the time to most recent common ancestor (tMRCA) for the whole
phylogeny is approximately mid-2019. The Netherlands clade tMRCA estimates ranged from
the last few days of 2019 until mid-March 2020, and the Denmark clades following a similar
pattern except for the UCLC tMRCA estimate falling much later, in May 2020.

Positive selection during host-adaptation in SARS-CoV-2

It was anticipated that upon introduction to the mink host, SARS-CoV-2 would
undergo adaptive evolution, as seen before in SARS-CoV during adaptation to the human



host after jumping from palm civets (Paradoxurus hermaphroditus) (43). A substantial
change in the evolutionary rate (an approximate 8-fold increase of mutations accumulated per
month in comparison to previous estimates) was observed along the stem branch leading to
the mink-associated clades. We hypothesise that the observed change in the evolutionary rate
along the stem branches leading to the mink clades is evidence of positive selection occurring
during the strong selective adaptation of SARS-CoV-2 to the mink host. Importantly, this
adaptive phase is episodic, as this pattern of increased evolution does not appear to continue
within the mink clades when not crossing a species barrier (Fig 3, Fig 4). A similar
phenomenon was observed in SARS-CoV-2 variants of concern (VOC), where positive
selection was observed along the stem branches (particularly in the case of the Alpha lineage)
but not within the VOC clades (38).

We suggest that this increased rate of evolution along the stem branch could lead to a
dramatic shift in the mutations accumulated in the lineages circulating amongst the farmed
mink populations. The estimates produced under the FLC (shared, stem) model (Fig 4b)
suggest the evolutionary rate was much more rapid in the mink clades, a trend which
continued to be observed even with a more conservative prior in the FLC (shared, stem™)
model (Fig 5¢), with estimates of the evolutionary rate averaging 6.57 x 1073
substitutions/site/year (95% HPD: 3.18 x 1073, 1.06 x 10~2, Bayes Factor = ). Based on
these estimates, the virus could accumulate roughly 16 mutations per month, which is a
dramatic increase from the mean evolutionary rate of SARS-CoV-2 (approximately 2
mutations per month). However, we note that it is unexpected that the Denmark clade does
not appear to have a strong signal for adaptive selection in comparison to the Netherlands
clade (Table 4). There are many underlying factors within the mink farm outbreaks that could
contribute to such a difference in results, for example, we do not know how many times
SARS-CoV-2 spilled over into the mink population, or for how long it was circulating in the
population before detection.

Signatures of animal-adaptation in zoonotic SARS-CoV-2

The broad zoonotic potential (Table 1) and generalist nature of SARS-CoV-2 has
been emphasized (44), with minimal adaptation required for zoonotic spillovers in novel
hosts. In mink populations, identical mutations have arisen independently in the virus (45). In
SARS-CoV-2 isolates from both mink and white-tailed deer populations, there have been six
mutations predicted to be associated with animal-adaptation (44) and 23 recurrent mutations
(including 3 nonsynonymous mutations in the receptor-binding domain of the spike protein)
have arisen at least 4 times in mink-associated SARS-CoV-2 but are rarely seen in human
samples (45). This is a substantial number of mutations to have accumulated in such a short
period, with previous estimates of the evolutionary rate of SARS-CoV-2 (40, 41) requiring a
year to accumulate 23 mutations. Similarly, under previous evolutionary rate estimates, the
18 mutations observed along the stem branch leading to the Netherlands mink clade would
have taken approximately a year to accrue, however, when accounting for a rate increase
along the stem branch it is reduced to months, which is more accurate for the timeline of
SARS-CoV-2 outbreaks in mink farms.

We assume that this increased rate of evolution would not be unique to the
introduction of SARS-CoV-2 in the mink host, and that this phenomenon may be seen in
other novel hosts where inter-host transmission is possible. For example, an additional
anthropozoonotic spillover event (and potential reservoir of concern) is the wild and captive
white-tailed deer (Odocoileus virginianus) population in North America (46, 47). A third of
deer tested in Iowa, and 34 out of 36 deer tested positive at a captive cervid facility in Texas



were positive for SARS-CoV-2 RNA, with evidence of deer-to-deer transmission (46), (47).
Furthermore, the adaption of SARS-CoV-2 to the rodent host, and subsequent spill-back into
the human population, could explain the emergence of divergent Omicron lineage in late
2021 (33, 36). It has been suggested that, while adapting within a rodent host, SARS-CoV-2
accumulated mutations for approximately 12 months before re-entering the human population
as the Omicron lineage (33) with increased infectivity (48), and higher level of “vaccine-
breakthrough” (49).

Detection and surveillance of zoonotic SARS-CoV-2

Estimates of divergence for the Netherlands and Denmark clades suggest that they
emerged in the first few months of 2020 (Table 2). The outbreaks were first detected in the
Netherlands and Denmark during late April and early May respectively, however our
estimates suggest that SARS-CoV-2 was circulating in the mink population a month before
detection, or perhaps, the ancestral lineages that were present in the “stem branch” period
were under-sampled. We note that it is likely that the lack of full diversity of mink-associated
SARS-CoV-2 in our dataset means that the tMRCA estimated here is a lower bound.

Due to the magnitude of farmed mink populations (in both population size and
geographical reach), in addition with the established transmission pathways (Fig 1) along
with the ability of SARS-CoV-2 to accumulate potentially harmful mutations rapidly,
zoonotic viral transmission poses a significant threat to global public health (17, 18, 50).
Furthermore, the formation of a permanent reservoir of SARS-CoV-2 in wildlife populations
could lead to spill-back events of animal-adapted lineages of the virus into the human
population, and other susceptible animals (57, 52). Our work emphasises the necessity of
surveillance: to track any zoonotic spread of SARS-CoV-2, identify outbreaks in novel hosts
rapidly, and monitor ongoing spread of SARS-CoV-2 after host-switching to prevent the
establishment of a viral reservoir. In particular, monitoring “at-risk” animal groups is
essential, including farmed and wild-living populations of minks and white-tailed deer,
animals that regularly come into contact with humans (33, 53), and species that host
coronaviruses closely related to SARS-CoV-2 (such as members of the genus Rhinolophus)
(54). This surveillance system relies greatly on whole genome sequencing, which has played
a key role in monitoring the emergence and evolution of other variants (38, 55, 56). In this
study we highlight the power of the plentiful whole genome sequencing of SARS-CoV-2
isolates collected during the 2020 outbreaks in mink farms and recommend that this remains
a high priority for future zoonotic spillover events of SARS-CoV-2 so that we can continue to
monitor the evolutionary dynamics of zoonotic SARS-CoV-2.
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Fig 1. Illustration of the anthropozoonotic dynamics of mink-associated SARS-CoV-2, including human-to-mink, mink-to-mink, and
mink-to-human transmission networks. To highlight the risk of viral reservoirs, we have shown a potential scenario of spill-back of mink-
adapted lineages into the human population from infected wildlife.
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Fig 2. Phylogenetic analysis of mink-associated SARS-CoV-2 genomes, focusing on two geographical outbreaks from the Netherlands
and Denmark. (A) Maximum likelihood tree of SARS-CoV-2 sequences (n=269). The two mink associated clades are colored: the Netherlands
clade (n=29) is highlighted in green and Denmark clade (n=40) in purple, with remaining human isolates in black (n=200). The tree is rooted
with SARS-CoV-2 reference sequence Wuhan/I[VDC-HB-04/EPI _ISL 402120. Bootstrap replicates (n=1000) >70% are marked with an



asterisk. The scale bar represents substitutions per site (subs/site). (B) A root-to-tip regression plot of the genetic distance vs time (in decimal
years) of the 269 SARS-CoV-2 genomes used in this analysis. Sequences in the Netherlands group (n=29) are represented by green dots, and
Denmark sequences (n=40) are represented by purple dots, with remaining human isolates represented by black diamonds (n=200).
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Fig 3. Violin plots of posterior statistics for the evolutionary rates (substitutions/site/year) estimated during model testing. (A) The mean
evolutionary rates from the strict clock (grey), uncorrelated relaxed clock (brown), and FLC models: clade only (orange), stem only (dark green)
and stem and clade (light green). Evolutionary rates estimated for the Netherlands clade (B) and Denmark clade (C) using FLC models: clade
only (orange), stem only (dark green) and stem and clade (light green). Dashed lines represent the mean evolutionary rate (and 95% HPD
intervals) from the strict clock.
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Fig 4. Violin plots of posterior statistics for the shared evolutionary rates (substitutions/site/year) estimated during model testing. (A)
The evolutionary rates from FLC models using a shared rate for all background clades: clade only (orange), stem only (dark green) and stem and
clade (light green). (B) Evolutionary rates from FLC models using a shared rate for all mink clades: clade only (orange), stem only (dark green)
and stem and clade (light green). Dashed lines represent the mean evolutionary rate (and 95% HPD intervals) from the strict clock.
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Fig 5. Violin plots of posterior statistics for the evolutionary rates (substitutions/site/year) estimated from FLC models using a prior on
clock rate (termed FLC(stem*), FLC(clade*), FLC(stem & clade*), FLC(shared, stem*), FLC(shared, clade*), and FLC(shared, stem &
clade*®)). (A) The evolutionary rates from individual analysis of the Netherlands clade estimated from FLC clade only (orange), stem only (dark
green) and stem and clade (light green). (B) The evolutionary rates from individual analysis of the Denmark clade estimated from FLC clade
only (orange), stem only (dark green) and stem and clade (light green). (C) Evolutionary rates from shared analysis of mink clades estimated
from FLC models clade only (orange), stem only (dark green) and stem and clade (light green). Dashed lines represent the mean evolutionary
rate (and 95% HPD intervals) from the strict clock.



Table 1. Common and species names of animals susceptible to SARS-CoV-2 infection.

Common name (scientific name) Reference
Mink (Neovision vision) (15, 16)
Rhesus macaques (Macaca mulatta) (57, 58)
Cynomolgus macaques (Macaca fascicularis) 39
African green monkeys (Chlorocebus aethiops) (60)
Common marmosets (Callithrix jacchus) (61
Domestic cats (Felis catus) (62-64)
Domestic ferrets (Mustela putoruis) (65, 66)
Golden Syrian hamsters (Mesocricetus auratus) (67-69)
Domestic rabbits (Oryctolagus cuniculus domesticus) (70)
Deer mice (Peromyscus spp.) (29, 71)
Domestic dogs (Canis lupis familiaris) (64, 72)
Malayan tiger (Panthera tigris jacksoni) (73)
African lion (Panthera leo leo) (74)
Tree shrews (Tupaia belangeris) (75)
White tailed deer (Odocoileus virginianus) (46, 47)
Fruit bats (Rousettus aegyptiacus) (64, 66)




Table 2. Estimates generated from each molecular clock model (SC = strict clock, UCLC = uncorrelated lognormal clock, FLC = fixed
local clock). Estimates include time to most common recent ancestor (tMRCA) of the whole phylogeny, tMCRA of the Netherlands and

Denmark clades, and the evolutionary rates (substitution/site/year) estimated for the whole phylogeny, and the Netherlands and Denmark clades.
The 95% HPD interval is shown in brackets.

Model

tMRCA

Netherlands tMRCA

Denmark tMRCA

Estimated evolutionary
rate (mean)

Netherlands evolutionary

rate

Denmark evolutionary
rate

SC

17-07-2019 [02-07-
2019, 01-10-2019]

03-03-2020 [13-02-2020,
21-03-2020]

24-02-2020 [04-01-
2020, 12-04-2020]

4.66 X 107*
[4.25 X 107%,5.07 X
1074

UCLC

28-06-2019 [22-03-
2019, 09-10-2019]*

24-12-2019 [13-09-2019,
06-03-2020]

04-05-2020 [28-03-
2020, 06-06-2020]

7.1 x 1074
[6.35 X 1074, 7.87 X
1074

FLC (stem)

20-07-2019 [02-07-
2019, 18-08-2019]

17-02-2020 [26-01-2020,
06-03-20207*

17-02-2020 [28-12-
2019, 08-04-2020]

477 x 107
[4.34 X 107%,5.2 X
10747*

1.2 x 1071 [8.22 X
103,358 x 107 1]

4.85 x 1073 [2.04 x
1073,2x 1072]

FLC (stem &
clade)

17-07-2019 [02-07-
2019, 17-09-2019]

14-03-2020 [24-02-2020,
28-03-2020]

01-01-2020 [10-11-
2019, 13-02-20207*

4.5 X 107% [4.08 x
107%,4.91x 1074]*

1.86 X 1073 [1.3 X
103,245 x 1073]

2.37x 1074 [1.67 X
1074,3.1 X 1074

FLC (shared,
stem)

24-07-2019 [02-07-
2019, 22-08-2019]

17-02-2020 [30-01-2020,
06-03-20207*

28-02-2020 [15-01-
2020, 16-04-2020]

4.86 X 1074 [4.45 X
1074, 5.27 X 10747*

115 %X 1071 [7.26 X 1073,3.47 x 1071

FLC (shared,
stem & clade)

17-07-2019 [02-07-
2019, 20-09-2019]

17-03-2020 [28-02-2020,
01-04-2020]

21-02-2020 [01-01-
2020, 05-04-2020]

4.74 X 1074 [4.35 X
107%,5.14 X 1074]

1.91 X 1073 [1.33 X 1073,2.5 x 1073]

* ESS <200




Table 3. Estimates generated from local clock (FLC) models with a gamma prior on the
clock rate. Estimates include the evolutionary rates (substitution/site/year) estimated for the

whole phylogeny, and the Netherlands and Denmark clades. The 95% HPD interval is shown
in brackets.

Model Estimated evolutionary Netherlands evolutionary Denmark evolutionary
rate (mean) rate rate
FLC (stem*) 4.67 x 1074 [4.35 x 6.59 x 1073 [2.96 X 3.16 x 1073 [4.77 x
107%,5.17 x 107*]* 1073, 1.06 x 1072] 1075, 1.14 x 107?]
FLC (shared, 473 x 107* [4.33 X 6.57 x 1073 [3.18 X 1073, 1.06 x 1072]
stem*) 1074, 5.14 X 1074]*

* ESS <200




Table 4. Bayes factor for each molecular clock model used in this study.

Model Bayes factor
Netherlands Denmark
FLC(stem) ) 4.8

FLC(stem & clade) o0 1

FLC(clade) 10.2 1

FLC(stem*) ) 8

FLC(stem & clade*) 00 1

FLC(clade*) 10.6 1
FLC(shared, stem) 00
FLC(shared, stem & clade) )

FLC(shared, clade) 17.24

FLC(shared, stem*) o0
FLC(shared, stem & clade*) )

FLC(shared, clade*) 18.41
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Materials and Methods

Data collection
We downloaded a subset of SARS-CoV-2 isolates that were collected from minks (n=100)

and along with a subset (n=200) of the Nextstrain backbone diversity (Tay et al., 2021)
collected from GISAID (Table S3) (76, 77). We generated an alignment in MAFFT v7 (78,
79) and a maximum likelihood phylogenetic tree using IQ-TREE2 (80). From this tree, we
only retained mink genomes that clustered in large monophyletic clades (>20 sequences,
>99% bootstrap support) and that did not contain any human isolates (n=69). Specifically, the
mink sequences retained were defined into two geographically distinct clades, from the
Netherlands (n=29) and Denmark (n=40). We used TempEst (87) to explore the temporal
signal of the dataset.

Molecular clock model testing
We used a range of Bayesian molecular clock models (Table S4) to examine the patterns the
evolutionary rate variation between the mink and human clades. The models range in

describing the evolutionary rate along specific branches within phylogenetic trees
(Supplementary Figure 1). We set up these models in BEAST 1.10 (82) using a Markov chain
Monte Carlo of length 5 X 10° and sampling every 5000 steps.

Of the models tested, the strict and relaxed (uncorrelated lognormal distribution) clock
models range respectively from the simplest model (parameter n=1) to the most complex
(parameter n= number of branches+2). The other models we applied, fixed local clock (FLC)
models, enable evolutionary hypotheses as they require the definition of which branches will
share an evolutionary rate a priori. This definition is usually based on a biological
assumption, for example, a variant of concern (VOC) lineage of SARS-CoV-2 to have a
higher evolutionary rate than other lineages (38). We used six FLC models which have been
described in detail in Tay et al. The first allows the evolutionary rate to vary within the mink
clades, FLC (clade), or clades and along the stem, FLC (clade & stem), or only along the
stem, FLC (stem). Additionally, these configurations were repeated where these rates could
be shared with all mink clades, as in FLC (shared, stem), FLC (shared, clade) and FLC
(shared, clade & stem). The biological theory behind models restricted to rate variability
along the stem branches of mink clades is that the evolutionary rate is likely to increase over
a short period of time during adaptation to a new host, then returns to the background rate, as
in FLC (stem). The rate could also vary along the stem and within the clade of a new host,
such as the FLC (clade & stem) model, or only within the clade, as in FLC (clade). In all
models, we included a priori knowledge that the tMRCA of SARS-CoV-2 is estimated to be
November 2019 (40, 41), with a prior distribution on the age of the root (Table S5).

To assess prior sensitivity of the FLC models, we specified a more informative rate prior for
the mink-associated clades (Table S5). We used a gamma distribution with shape=1 and
scale=10"? such that the 95% percentile range was 2.5 X 1075 to 3.7 X 1073, and thereby
imposing a stronger penalty on high rates than the default prior in BEAST1.10 (82). This was
used to determine if the increased evolutionary rate observed in mink clades was not an
artefact of the relatively wide distribution of the initial clock rate prior (discussed in Tay et al.
2022). To estimate the marginal likelihood of each model, we randomly subsampled the total
dataset (n=169) and used path sampling. We also calculated the Bayes factor for each model



by dividing the prior odds (the average of how much the rate of the clade of interest was
greater than the clock rate) by the posterior odds.

Strict clock (SC) Relaxed uncorrelated FLC clades FLC stems+clades
A A A A
B l B B B
FLC stems FLC shared stems FLC shared clades FLC shared clades+stems
A A A A
B B B B
Fig. S1. Visualization of the molecular model testing methodology. Methods have been modified from Tay et

al. (2022), with eight molecular clock models applied in hypothetical trees with 4 clades of interest (A, B, C and
D). Figure adapted from Tay et al. (2022).




Table S1. Results of model selection of clade only individual and shared FLC models including estimates
tMRCA of phylogeny, tMCRA of the Netherlands and Denmark clades, and the evolutionary rates for the whole
phylogeny, and the Netherlands and Denmark clades. The 95% HPD interval is shown in brackets.

Model tMRCA Netherlands Denmark Estimated Netherlands Denmark
tMRCA tMRCA evolutionary evolutionary evolutionary
rate (mean) rate rate
20-07- 14-03-2020 28-12-2019 4.54 x 107* 6.06 x 10~* 23x107*
FLC 2019 [02- [17-02-2020, [10-11- [4.13x107%, [412x107%  [1.65%x 1074,
(clade) 07-2019, 25-03-2020]  2019,13-02- 491 x 107*]*  8.23 x 1073] 3x1074]
24-09- 2020]*
2019]
20-07- 06-03-2020 24-02-2020 477 x107*  6.33 x 107* [4.28 x 1074, 8.45
FLC 2019 [02- [17-02-2020, [01-01- [4.36 X 1074, x 1074]
(shared, 07-2019, 25-03-202] 2020, 08- 5.17x 1074]*
clade) 15-08- 04-2020]
2019]

* ESS <200




Table S2. Estimates generated from FLC clock models with a gamma prior on the clock rate. Estimates
include the evolutionary rates (substitution/site/year) estimated for the whole phylogeny, and the Netherlands
and Denmark clades. The 95% HPD interval is shown in brackets.

Model Estimated evolutionary Netherlands Denmark evolutionary
rate (mean) evolutionary rate rate
4.75 x 107* 6.08 X 10* [4.08 x 2.36 x 107* [1.69 X
FLC (clade*) [4.32 x 107%,5.15 % 1074, 8.2 x 107%] 107%,3.1 x 107%]
1074]*
4.64 x 107* [4.26 X 1.81 x 1073 [1.29 X 2.38x 107 [1.7 x
FLC (stem & clade*) 1074, 5.06x 1074]* 1073,2.38 x 1073] 107%,3.12 x 107%]

FLC (shared, clade*)

4.76 x 10~* [4.4 x
1074, 5.17 x 1074]*

6.37 x107*[4.4 X 107%, 8.53 X 107*]

FLC (shared, stem &
clade*®)

4.71 x 1074 [4.33 x
1074, 5.09 x 1074]

1.83 x 1073 [1.29 x 1073, 2.4 x 1073]

* ESS <200
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Table S3. SARS-CoV-2 sequences used in this study.

GISAID Accession ID
EPI ISL 1001001
EPI _ISL 1001002
EPI _ISL 849377
EPI ISL 430818
EPI _ISL 856766
EPI ISL 1139148
EPI ISL 1139151
EPI ISL 1013818
EPI _ISL 522686
EPI ISL 678316
EPI ISL 1121039
EPI ISL 812423
EPI _ISL 854745
EPI ISL 885139
EPI _ISL 806729
EPI _ISL 794718
EPI _ISL 667780
EPI _ISL 944741
EPI _ISL 654807
EPI _ISL 467989
EPI _ISL 516550
EPI _ISL 740874
EPI _ISL 767859
EPI _ISL 849747
EPI _ISL 854748
EPI _ISL 693297
EPI ISL 812436
EPI ISL 451613
EPI _ISL 530231
EPI ISL 414414
EPI ISL 755571
EPI ISL 513911
EPI _ISL 544964
EPI ISL 577607
EPI _ISL 592769
EPI _ISL 596712
EPI _ISL 854247
EPI _ISL 437942
EPI _ISL 636973
EPI ISL 681308
EPI ISL 483623
EPI _ISL 977658
EPI _ISL 722930
EPI _ISL 837553
EPI _ISL 955142
EPI ISL 1016884
EPI ISL 1181405
EPI _ISL 1240642
EPI _ISL 480298
EPI ISL 918371
EPI _ISL 845548
EPI ISL 1258234
EPI _ISL 1272402
EPI ISL 1167761




EPI_ISL_746644
EPI_ISL 1168770
EPI_ISL 591278
EPI ISL_402120
EPI_ISL 434534
EPI_ISL_1220065
EPI_ISL 956289
EPI_ISL_770029
EPI_ISL 1272023
EPI_ISL 1232316
EPI_ISL 1014556
EPI_ISL 817398
EPI_ISL 877555
EPI ISL 481245
EPI_ISL 907112
EPI_ISL 1138530
EPI_ISL 995915
EPI_ISL 887175
EPI_ISL_788934
EPI_ISL_1197071
EPI_ISL_860184
EPI_ISL 1283938
EPI_ISL_862039
EPI_ISL_568689
EPI_ISL_582030
EPI_ISL 1254794
EPI_ISL 895035
EPI_ISL 686924
EPI_ISL 568746
EPI_ISL 1039223
EPI_ISL 968815
EPI_ISL 968827
EPI_ISL 1027645
EPI_ISL 1027652
EPI_ISL_1005230
EPI_ISL 904957
EPI_ISL 1191600
EPI_ISL_424667
EPI_ISL_1060683
EPI_ISL_979330
EPI_ISL_1040605
EPI_ISL 913984
EPI_ISL 1279462
EPI_ISL 516936
EPI_ISL 516931
EPI_ISL_768840
EPI_ISL 1159697
EPI_ISL 887472
EPI_ISL 964945
EPI_ISL 833041
EPI_ISL 461267
EPI_ISL 1210475
EPI_ISL_728656
EPI_ISL_579068
EPI_ISL 1016861
EPI_ISL_582022
EPI_ISL 794622
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EPL ISL_755622
EPI ISL 843198
EPI ISL_1250712
EPI ISL_ 755631
EPI ISL_456327
EPI _ISL 456301
EPI _ISL_456168
EPI ISL_456193
EPI ISL_548059
EPL ISL_730010
EPI ISL_825714
EPL ISL_1013453
EPI ISL_944786
EPI_ISL 954301
EPI ISL 635116
EPI ISL 493358
EPI_ISL 493351
EPI_ISL_666593
EPI_ISL_417444
EPI ISL_548942
EPI ISL_596543
EPI ISL 873165
EPI ISL_1225364
EPI ISL_496772
EPI ISL_693478
EPI ISL_693479
EPI ISL_693480
EPI_ISL_729891
EPI ISL 1111176
EPI ISL_536510
EPI ISL_536489
EPI ISL_1093165
EPI_ISL 833336
EPI ISL_941340
EPI ISL_1138775
EPI_ISL_960670
EPI ISL 912388
EPI_ISL 815391
EPI ISL_738343
EPI ISL_807154
EPI ISL_925905
EPI ISL_751217
EPI ISL_678072
EPI ISL_678158
EPI ISL_1167139
EPI ISL_1167161
EPI ISL_1167135
EPL ISL_754100
EPI ISL_875532
EPI_ISL_1063695
EPI ISL 831245
EPI ISL_517662
EPI_ISL_510868
EPI ISL_934389
EPI ISL_1199586
EPI ISL_648160
EPI ISL 594152
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EPI_ISL 693840
EPI_ISL 796181
EPI_ISL 738065
EPI_ISL 534336
EPI_ISL_1010730
EPI_ISL_1074019
EPI_ISL_707707
EPI_ISL 717697
EPI_ISL_717700
EPI_ISL 1118884
EPI_ISL_707700
EPI_ISL 803120
EPI_ISL_ 1073806
EPI_ISL_1096069
EPI_ISL 954297
EPI_ISL 1112329
EPI_ISL_859932
EPI_ISL_407071
EPI_ISL_1009808
EPI_ISL 1017213
EPI_ISL_1159050
EPI_ISL 1171100
EPI_ISL 1220967
EPI_ISL 1234033
EPI_ISL 873201
EPI_ISL 876142
EPI_ISL 983856
EPI_ISL 979505
EPI_ISL 873262
EPI_ISL_527660
EPI_ISL 812342
EPI_ISL 812672
EPI_ISL 626344
EPI_ISL 626349
EPI_ISL 641501
EPI_ISL 641409
EPI_ISL 641514
EPI_ISL 683012
EPI_ISL_683020
EPI_ISL 683026
EPI_ISL_683036
EPI_ISL_683055
EPI_ISL_683069
EPI_ISL 641415
EPI_ISL_683079
EPI_ISL 683088
EPI_ISL 683098
EPI_ISL 683114
EPI_ISL 683126
EPI_ISL 683139
EPI_ISL 683147
EPI_ISL 683159
EPI_ISL 683169
EPI_ISL 683179
EPI_ISL 641428
EPI_ISL 683189
EPI ISL 683193

Submitted Manuscript: Confidential
Template revised February 2021

11



EPI_ISL 641437
EPI_ISL 683208
EPI_ISL 683224
EPI_ISL 683246
EPI_ISL 683261
EPI_ISL 683269
EPI_ISL_683286
EPI_ISL 683294
EPI_ISL 683299
EPI_ISL 683310
EPI_ISL 683322
EPI_ISL 641453
EPI_ISL 641471
EPI_ISL 641479
EPI_ISL 641488
EPI_ISL 523012
EPI_ISL 523055
EPI_ISL 523058
EPI_ISL 577778
EPI_ISL_577780
EPI_ISL 577788
EPI_ISL_577807
EPI_ISL_ 577808
EPI_ISL 577810
EPI_ISL 577815
EPI_ISL 577819
EPI_ISL 577821
EPI_ISL 577822
EPI_ISL 577825
EPI_ISL 577828
EPI_ISL 632452
EPI_ISL 632380
EPI_ISL 632457
EPI_ISL 632458
EPI_ISL 632459
EPI_ISL 632436
EPI_ISL 632334
EPI_ISL 632489
EPI_ISL 722414
EPI_ISL 722416
EPI_ISL 722418
EPI_ISL 447628
EPI_ISL_447630
EPI _ISL 447633

Submitted Manuscript: Confidential
Template revised February 2021

12



Submitted Manuscript: Confidential
Template revised February 2021

Table S4. Molecular clock models used in model testing.

Clock model Abbreviation Parameters
Strict clock | SC Clock rate (n=1)
Relaxed clock | UCLN Total branch number, mean, sd
(n=269+1+1)
Fixed local clock (clades) | FLC (clade) Background rate, clade number
(1+3)
Fixed local clock (stems) | FLC (stem) Background rate, stem number (1+3)
Fixed local clock (clades & stems) | FLC (stem & clade)  Background rate, clade/stem number

Fixed local clock (shared clades)
Fixed local clock (shared stems)
Fixed local clock (shared clades &

stems)

FLC (shared, clade)
FLC (shared, stem)
FLC (shared, stem &

clade)

13

(1+3)
Background rate, clade rate (1+1)
Background rate, stem rate (1+1)
Background rate, clade/stem rate
(1+1)
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Table SS. Specific priors used in molecular clock models.

Models with prior

Parameters

All models

FLC(stem*), FLC(clade*), FLC(stem & clade®), FLC(shared,
stem™), FLC(shared, clade*®), FLC(shared, stem & clade*)

10

15

20

14

Uniform distribution on
age(root) (2019.5, 2020)
CTMC gamma distribution for
clock.rate (shape =1, scale =
0.001)



