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ABSTRACT

One of the unique features of SARS-CoV-2 is that it mainly evolved neutrally or under
purifying selection during the early pandemic. This contrasts with the preceding epidemics of
the closely related SARS-CoV and MERS-CoV, both of which evolved adaptively. It is
possible that the SARS-CoV-2 exhibits a unique or adaptive feature which deviates from
other coronaviruses. Alternatively, the virus may have been cryptically circulating in humans
for a sufficient time to have acquired adaptive changes for efficient transmission before the
onset of the current pandemic. In order to test the above scenarios, we analyzed the SARS-
CoV-2 sequences from minks (Neovision vision) and parenteral human strains. In the early
phase of the mink epidemic (April to May 2020), nonsynonymous to synonymous mutation
ratios per site within the spike protein was 2.93, indicating a selection process favoring
adaptive amino acid changes. In addition, mutations within this protein concentrated within
its receptor binding domain and receptor binding motif. Positive selection also left a trace on
linked neutral variation. An excess of high frequency derived variants produced by genetic
hitchhiking was found during middle (June to July 2020) and early late (August to September
2020) phases of the mink epidemic, but quickly diminished in October and November 2020.
Strong positive selection found in SARS-CoV-2 from minks implies that the virus may be not
unique in super-adapting to a wide range of new hosts. The mink study suggests that SARS-
CoV-2 already went through adaptive evolution in humans, and likely been circulating in
humans at least six months before the first case found in Wuhan, China. We also discuss
circumstances under which the virus can be well-adapted to its host but fail to induce an

outbreak.
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INTRODUCTION

The pandemic coronavirus disease 2019 (COVID-19) which was first recorded in the
city of Wuhan, China, is caused by the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) [1]. SARS-CoV-2 is the seventh coronavirus found to infect humans. Among
the other six, SARS-CoV and MERS-CoV can cause severe respiratory illness, whereas
seasonal 229E, HKU1, NL63, and OC43 produce mild symptoms [2]. SARS-CoV-2 exhibits
96% similarity to a coronavirus collected in Yunnan Province, China from a bat, Rhinolophus
affinis. It is, therefore, possible that the virus may have a zoonotic origin from bats [3, 4].

For a cross-species transmitted virus to achieve high infectiousness in the new host,
multiple changes, each of conferring a selective advantage, are necessary [5-7]. For example,
a series of small incremental adaptations appear to underly the emergence of SARS-CoV and
MERS-CoV that infect humans [8, 9]. Both SARS-CoV and SARS-CoV-2 use their spike
protein to mediate entry into host cells. This protein first binds to its host receptor,
angiotensin converting enzyme 2 (ACEZ2), and subsequently mediates the fusion of the viral
and host membranes. This receptor binding is the first and one of the most important steps in
viral infection of host cells. During the short epidemic in 2002-2003, several rounds of
adaptive changes have been documented, especially in the spike protein, in SARS-CoV
genomes [10, 11]. Analysis of MERS-CoV sequences also revealed that genetic variability of
the spike gene was shaped by multiple adaptive changes [12, 13].

Nevertheless, in the first seven months of the current pandemic (December 2019 - June
2020), SARS-CoV-2 has predominantly evolved under neutral or purifying selection [14-16].
The only probably exception is the D614G mutation in the spike protein that increases viral
transmissibility [17, 18]. Although some ORFs such as orf3a and orf8 showed Ka/Ks > 1 in
the early pandemic [15], it was due to co-segregation of both ancestral and derived alleles,
such as G215V (orf3a) and L84S (orf8), at the same time. As these derived alleles finally
went extinct, it is unclear if they were in fact adaptive.

The lack of a positive selection signature in the early SARS-CoV-2 pandemic is in
contrast to its precedents, i.e., SARS-CoV and MERS-CoV. It is possible that the SARS-
CoV-2 exhibits a unique or preadapted feature distinguishing it from other coronaviruses
[19], and enables its efficient cross-transmission to humans and other species without altering
its genome. Alternatively, SARS-CoV-2 may have been cryptically circulating in humans for
some time before being noticed. During that period, the virus may have acquired adaptive
changes to efficiently transmit among humans. After adapting to the new host, most RNA
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viruses exhibit strong negative selection [20]. Therefore, the signature of positive selection
may have become obscured at the time the pandemic took off.

These two scenarios can be tested by examining evolutionary patterns of the virus
causing epidemics in other species. If SARS-CoV-2 is preadapted for cross-species
transmission, positive selection should not be expected. Otherwise, if SARS-CoV-2 has
experienced adaptive evolution to cause the pandemic in humans, signatures of accelerated
adaptation should be revealed when it jumps to other species. The transmission of SARS-
CoV-2 from humans to minks (Neovision vision) thus provides an excellent opportunity to
test these scenarios. In this study, we analyzed the sequences from SARS-CoV-2 viruses that
infected minks. Our results show a strong signature of positive selection during the early
epidemic, with the signal rapidly diminishing later in the outbreak. We also discuss how the
virus can have circulated within human populations without being noticed while

accumulating adaptive changes.

MATERIALS and METHODS
Data Collection

All sequences were downloaded from the Global Initiative on Sharing Avian Influenza
Data (GISAID, https://www.gisaid.org/) on or before 2021/2/5. Only complete and high

coverage genomes were used. All 796 SARS-CoV-2 genomes labeled as Neovision vision
(minks) from Denmark, Netherlands, USA, Poland, and Canada were included. We also
retrieved all human SARS-CoV-2 sequences from the Netherlands (6625), Poland (406), and
Canada (7102). For Denmark and USA, due to the sheer amount of data available, only
sequences collected between dates that are seven days before the first mink sequence and
seven days after the last mink sequence were included. As a result, 27,971 SARS-CoV-2
genomic sequences were used.

For early-stage data, a collection of 1476 complete and high coverage genomic
sequences, with the collection starting from the earliest sequence to February (2019/12/24 ~
2020/02/29), were retrieved.

For B.1.351 (a.k.a. B or South African strain), we downloaded complete and high
coverage sequences that were labeled as lineage B.1.351 of the GH clade and collected
before 2020/12/31 on 2021/4/26. The rest of the 1117 non-B.1.351 sequences from South
Africa, submitted before 2020/12/31, were also downloaded. For B.1.1.7 (a.k.a. a or English)
strain, we downloaded complete and high coverage sequences that were labeled as lineage
B.1.1.7 of the GRY clade and collected before 2020/11/30 on 2021/4/26. The rest of the
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63492 non-B.1.1.7 sequences from England, submitted before 2020/12/31 and collected
between August and November, were also downloaded.
Sequence analyses and phylogenetic reconstruction

All sequences were aligned against the reference genome (EPI_ISL_402125) using the
default settings in ClustalW [21]. Phylogenies were constructed using 1Q-TREE 2.1.2 [22].
Number of honsynonymous changes per nonsynonymous site (Ka) and synonymous changes
per synonymous site (Ks) among genomes were estimated based Li-Wu-Luo’s method [23]
implemented in MEGA-X [24]. Kimura’s two-parameter model was used to estimate genetic
distance between sequences.

For site frequency spectrum (SFS) construction, sequence sets that were immediate
sister groups to target groups, including mink-1, B.1.1.7, and B.1.351, based on the
phylogenies were used to infer directionality of changes. For the early-stage SARS-CoV-2
sequences, we first used RaTG13 as an outgoup to construct the SFS. We also cross-
referenced the directionality of changes based on phylogeny and date of collection. To test
whether the observed SFS deviates from neutral expectation under exponential population
growth, a custom R script was used based on the Durrett theorem [25].

The ancestor sequences of SARS-CoV-2 and RaTG13 were reconstructed using codeml
implemented in PAML 4 [26] under the free ratio model. The sequences used for this
analysis included Rf1 (DQ412042.1), HKU3-1 (DQ022305.2), BM48-31 (NC_014470.1),
ZC45 (MG772933.1), and ZXC21 (MG772934.1). The reconstructed ancestor sequence was
used to infer nucleotide changes after the divergence of SARS-CoV-2 and RaTG13.

Positive selection in SARS-CoV-2

To examine signatures of positive selection in the SARS-CoV-2 isolates derived from
minks, we included all sequences from Netherland. In order to facilitate our analyses, we
only retained sequences derived from humans with less than 99.9% nucleotide identify. For
SARS-CoV-2 from minks, sequences with ambiguous nucleotides were removed. The
resulting dataset contains 92 sequences (32 humans and 60 minks). A maximum likelihood
tree was constructed using MEGA-X.

An array of selection detection methods implemented in HyPhy was applied to detect
whether the lineage leading to minks has experienced adaptive evolution [27]. W used the
fixed effects likelihood (FEL) method [28] to infer amino acid sites under positive selection
within minks. We also searched for evidence of positive selection on specific branches using
the adaptive branch-site random effects likelihood (aBSREL) method [29]. Because identical
or essentially identical sequences do not increase power for codon-based methods to detect
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selection, we set genetic distance of 0.0005 for B.1.351 and 0.001 for B.1.1.7 for the above

analyses.

RESULTS
Adaptive evolution of SARS-CoV-2 from Minks

The phylogeny of SARS-CoV-2 derived from minks and their parenteral human strains
is shown in (Fig. 1a) (Materials and Methods). Human to mink transmission clearly occurred
multiple times, the majority of these events failing to trigger an epidemic. Because selection
has been continuously operating in the human hosts, it is reasonable to expect higher
infectiousness in humans than in minks [5]. Among all inter-species transmission events, we
observed three clusters of infections (mink-1 to 3, all from the Netherlands), suggesting the
emergence of new SARS-CoV-2 strains that can efficiently infect minks (colored clade in
Fig. 1a). One of the clusters (mink-1) lasted for more than six months (Fig. 1b), implying that
the strain may have acquired new mutations to sustain its infection in the new host.

Consistent with the above scenario, strong evidence of positive selection was found in
the mink-1 clade as Ka/Ks at the spike protein locus is 5.33 (Table 1, Table S1). Several
previous studies have demonstrated that data collected over short time scales may yield
biased estimates for Ka/Ks [30-35]. This is either because sufficient time has not passed for
natural selection to purge slightly deleterious mutations from the gene pool or because not
enough mutations have accumulated to correctly compute a Ka/Ks ratio. Consequently,
Ka/Ks ratio should not be used as the sole evidence of positive selection during this short
period of time. Nevertheless, not only a higher number of nonsynonymous than synonymous
mutations was found in the spike protein, but these mutations were also concentrated in the
domains critical for infection. Four of the seven amino acid changes within the spike protein
are in the receptor binding domain (RBD) (p = 0.013; Fisher exact test), and three of these
four mutations are in the receptor binding motif (RBM) (p = 0.004) (Table 2, Table S2).

To further search for evidence of positive selection, we used the fixed effects likelihood
(FEL) [28] and adaptive branch-site random effects likelihood mixed effects models
(aBSREL) [29] implemented in HyPhy [27]. We only used non-redundant high-quality
sequences for these analyses (Fig. S1) (Materials and Methods). The FEL method identified
eight codons putatively under positive selection (p < 0.05) within the mink-1 clade (Fig. 2a).
Based on epidemiological data, the course of this outbreak in minks was divided into early
(April to May), middle (June and July), and late (August to November) phases (Fig. 1b). The
positively selected lineage identified by the aBSREL method is the lineage leading to middle
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and late phases (Fig. 2b). In addition, seven putatively selected sites gradually increased in
frequency from early and were finally fixed in the late phase (Fig. 2b). The above
observations demonstrate that SARS-CoV-2 gradually acquired adaptive changes to
effectively transmit among minks.

When Ka/Ks was calculated separately, the whole genome Ka/Ks was highest in the
early phase (0.75) and gradually decreased to 0.61 and 0.57 at middle and late phases,
respectively (Table 1). Focusing on individual genes, we find that only orfla and spike
protein in the early phase have Ka/Ks > 1. Some short open-reading frames (ORFs)
occasionally have Ka/Ks > 1 but that is because their Ks = 0, thus the evidence of positive
selection on these ORFs is in doubt (Table S1). Within the spike protein, three amino acid
mutations in the early phase are all in the RBD (p < 0.01) and two are in the RBM (p < 0.01)
(Table 2, Table S3). This concentration of mutations within RBD/RBM was not seen in the
middle or late phases.

In addition to mink-1, signatures of positive selection were also found two other
clusters, Mink-2 and -3. The Ka/Ks of the spike protein in mink-2 was 2.37 in Mink-2 and
0.51 in Mink-3 (Table 1 and Table S1). Consistently, both mink-2 and -3 lineages have
mutations concentrated in the RBM of the spike protein (p < 0.01; Table 2 and Table S4). It
is noteworthy that two mutations within the RBM, Y453F and F486L, probably optimize
spike binding affinity to the mink ACE2-receptor (Fig. 2c) [36] and repeatedly occurred on
different mink lineages. The convergence of identical mutations from different lineages
provides strong evidence of positive selection and implies the adaptation of the virus to its

new mink hosts.

Hitchhiking Under Positive Selection

We found a strong signature of positive selection on the mink-1 lineage. When different
phases of the epidemic were analyzed separately, evidence of adaptive evolution was most
prominent during the early phase, but scarce in the middle and late phases (Fig. 2b, Table 1).

Nevertheless, the effect of positive selection can leave a trace on linked neutral
variation, i.e., the linked variation hitchhikes to either low or high frequencies. Although the
frequency distribution of variation can be influenced by several evolutionary processes, an
excess of derived variants at high frequency is a unique pattern produced by genetic
hitchhiking due to positive selection [37]. We thus constructed site frequency spectra (SFSs)
of both synonymous and nonsynonymous changes to look for evidence of positive selection.


https://doi.org/10.1101/2021.09.15.459215
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.15.459215; this version posted September 16, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

SFSs of both synonymous and nonsynonymous changes in mink-1 were skewed toward
high frequency mutations (Fig. 3a). Assuming the SARS-CoV-2 population has grown
exponentially [16, 19], the observed SFSs significantly deviated from neutral expectation
under this population growth model [25] (Materials and Methods), further supporting the idea
that the SARS-CoV-2 that transferred from human to mink hosts experienced strong positive
selection.

Analyzing each phase separately, we find no excess of high frequency mutations at
either nonsynonymous (p = 0.23) or synonymous sites (p = 0.27) (Fig. 3b) in the early phase.
That is because the power to detect genetic hitchhiking is compromised when the frequency
of advantageous mutations is low [38-40]. As shown in Fig. 2b, putative sites under selection
were in low frequency, resulting in a lack of detectable deviation from neutrality.

When advantageous mutations reach high frequency in a population, the SFS reflect a
deviation from neutral expectation [38]. Consequently, it is reasonable to expect the excess of
high frequency mutations in the middle and late phases of the outbreak as shown in Fig. 3c
and d. If we further divide the late phase into late phase I (August and September) and late
phase 11 (October and November), the hitchhiking effect is most prominent in late phase |
(Fig. S2a) but less so in late phase 2 (Fig. S2b), demonstrating a rapid decay in the signature

of positive selection.

Evolution of SARS-CoV-2 during the early epidemic

Weak signs of adaptive evolution during the early phase of the epidemic of SARS-COV-
2 in humans have been observed in many studies [15, 16, 19, 41]. The Ka/Ks in the whole
genome and the spike protein before 2/29/2020 are 0.43 and 0.91 (Table 1), respectively. In
addition, very few mutations occurred in the RBD or RBM of the spike protein (Table 2,
Table S5). It is possible that the virus may have experienced a recent episode of adaptive
evolution before the outbreak. For example, during the short episode of SARS-CoV outbreak
in 2002-2003, the Ka/Ks ratio of its spike gene was highest (1.248) in the early phase, but
reduced to 0.219 during the late phase [8]. Nevertheless, the SFS still showed signs of genetic
hitchhiking due to positive selection (Fig. S3), similar to what we found in the late stage of
mink-1.

As shown in Fig. 4a, SFSs of both synonymous and nonsynonymous changes were
skewed toward high frequency, which may suggest a signature of positive selection.
However, the pattern should be interpreted with caution. The results shown in the Fig 4a were
based on an outgroup comparison. The divergence at synonymous sites between SARS-CoV-
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2 and RaTG13 was 17%, approximately three-fold greater than between humans and rhesus
macaques [42]. Indeed, it has been illustrated that inferring directionality of changes via the
bat outgroup does not appear to be credible [43]. With such high level of divergence, the
possibility of multiple substitutions cannot be ignored [44], especially since substitutions in
coronavirus genomes are strongly biased toward transitions [45, 46].

Among all mutations in Fig. 4a, 32.88% of the changes were C to T transitions (Table
3a), two-fold higher than T to C transitions (15.02%). The bias toward C to T changes was
probably mediated either through selective pressures by a CpG-targeting mechanism
involving the Zinc finger Antiviral Protein (ZAP), C to U hypermutation by APOBEC3
cytidine deaminases, or escape from the host immune system [47-52].

Strikingly, the changes from the common ancestor to SARS-CoV-2 and RaTG-13 were
strongly biased toward T to C, 50% higher than C to T (Table 3b). Contrasting patterns
between divergence and polymorphism imply that many nucleotide sites may have been
changed back and forth during evolution, further increasing the complexity of inferring
directionality of change using outgroups. For example, the earliest available SARS-CoV-2
genome (2019/12/24) has the characteristic motif C:C:T at the nucleotide residues 8 782, 18
060, and 28 144, different from the RaTG13 T:T:C sequence (Table S6). The first mutant
strain carrying the T:C:C motif, with the bold SNVs matching RaTG13, was found on
2019/12/30. At the same time another 20 genome sequences carrying the C:C:T motif were
recovered in Wuhan, China. The first viral strain carrying the T:T:C motif was found in the
USA on 2020/1/19 and Guangdong 2020/1/20. Therefore, the T:T:C motif, although
matching RaTG13, is composed of derived instead of ancestral nucleotides.

To get round the potential problem of multiple mutations, we cross-referenced the
phylogeny and date of sampling [15]. Many T to C changes based on outgroup comparison
were inferred as C to T changes (Table 3a), and all mutations listed as high frequency in Fig.
4a were re-assigned to the other side of the frequency spectra (Fig. 4b). The re-estimated
SFSs now only show an excess of low frequency mutations, consistent with a recent origin of
SARS-CoV-2 and suggesting that population expansion plays the main role during the
evolution of this virus. We did not observe a significant deviation from neutral expectation of
growing populations. Consequently, as shown in many studies, SARS-CoV-2 had mainly

been evolving under constraint during the early pandemic [15, 19].

Test for positive selection within humans
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Contrasting patterns between early human sequences and three mink lineages implies
they are at different stages of host adaptation. However, the lack positive selection signatures
in early human samples does not indicate an absence of adaptive evolution of SARS-CoV-2
in humans. Many studies show evidence of adaptation of the spike protein and other genes,
especially in the lineages emerging during the last quarter of 2020, including lineage B.1.1.7
(o strain) and B.1.351 (P strain) [16, 17, 53, 54].

On the branch leading to the B.1.351 lineage (Fig. 5a), all 12 lineage defining codons
are putatively under positive selection according to the FEL method (p < 0.002).
Additionally, two out of five amino acid changes in the spike protein are within the RBM (p
=0.05). While the B.1.351 was identified in October 2020 [54], many of lineage defining
mutations accumulated step by step during August and September of 2020 (Fig. 5a).
Consequently, like mink-1, the B.1.351 lineage also gradually acquired adaptive changes
during its evolution.

Within B.1.351, Ka/Ks of the spike protein was 1.42, partially due to gene specific Ks
(3.64 x 10*) much smaller than the genome-wide value (5.90 x 10#). The elevated Ka/Ks
ratio was due to co-segregation of D215G and R2461 within the spike protein. Although both
are considered to be lineage-defining mutations, they are mutually exclusive (Fig. 5a). If we
only count sequences carrying 215G, the Ka/Ks of the spike protein is reduced to 1.13, not
significantly greater than one (Table 1, p > 0.05).

Nevertheless, positive selection still left a trace on linked neutral variation within
B.1.351 (Fig. 5b). The SFSs of B.1.351 show an excess of high frequency synonymous (p =
0.004) and nonsynonymous (p = 0.034) mutations. Significant deviation from neutral
expectation in nonsynonymous changes was due to high frequency of the D215G mutation.
When only sequences carrying 215G are considered, the SFS skew was only significant for
synonymous mutations (p = 0.003), demonstrating the effect of genetic hitchhiking under
positive selection (Fig. S4). When each month was analyzed separately, the hitchhiking effect
only persisted until November (Fig. S5).

In contrast to lineage B.1.351 and mink-1, both of which show several steps of
adaptation with each step including a few amino acid changes, the B.1.1.7 carries many more
(13) lineage-specific amino acid changes, all of them putatively under positive selection
according to the FEL method (p < 0.01), prior to the detection of this lineage (Fig. 5c). It is
hypothesized that the putative adaptation of B.1.1.7 may have resulted from virus evolution
within a chronically infected individual [55]. Therefore, this strain seems to be well-adapted
at its appearance, a situation similar to the early epidemic of SARS-COV-2 in humans. The

10
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Ka/Ks ratios of the whole genome on this lineage is 0.57 (Table 1). In addition, the SFSs did

not significantly deviate from neutral expectation of growing populations (Fig. 5d).

DISCUSSION
Cryptically circulating SARS-CoV-2 before the 2019 outbreak

Using several approaches, we identified signs of adaptive evolution in the lineages
leading to mink-1, B.1.351, and B.1.1.7. Although the signature of positive selection
diminished quickly, it still left a trace on linked neutral variation as shown by SFSs in mink-1
and B.1.351. However, as found by many previous studies, we did not detect evidence of
positive selection the early episode of the SARS-CoV-2 pandemic [15, 16, 19]. It is possible
that SARS-CoV-2 has been cryptically circulating within humans for a sometime before
being noticed [56-58]. Alternatively, the virus might have “preadapted” to the human host
prior to its emergence [19, 59].

However, it is one thing for a virus to occasionally spill over to a new host, it is another
for it to cause an epidemic. For example, although animal influenza viruses occasionally
infect humans, many of these zoonoses do not cause subsequent widespread transmission and
stop after infecting a few people [60, 61]. In addition, while many studies documented the
susceptibility of different animal species to SARS-CoV-2, including cats, dogs, tigers, lions,
ferrets, rhesus macaque, and tree shrews [62-68], it only caused outbreaks in minks [69].
Furthermore, as shown in Fig. 1, transmission from humans to minks occurred multiple
times, majority of them failing to trigger an epidemic. The above observations indicate that
many attempts of SARS-CoV-2 to jump cross species boundaries appeared as transient ‘spill-
over’ infections and soon died out.

For a virus to adapt to new hosts and to produce a pandemic, it must gain the ability to
(2) bind and enter host cells, (2) evade host restriction factors and immune responses, and (3)
transmit effectively among hosts. Such adaptation is not likely to have emerged suddenly but,
instead, may have evolved step by step with each step favored by natural selection [5-7, 61,
70, 71]. The binding of the spike protein to the host ACE2 receptor is the first and one of the
most important steps in SARS-CoV-2 infection of host cells. While the history of early
adaptation is unknown, the RBD of the SARS-CoV-2 spike protein appears to be highly
specialized to human ACE2 [72]. Substitution of eight SARS-CoV-2 RBD residues proximal
to the ACE2-binding surface with those found in RaTG13 is almost universally detrimental to
human ACE2 receptor usage [73]. Both SARS-CoV-2 and RaTG13 bind poorly to R. sinicus
ACE?2 [74]. These observations indicate that SARS-CoV-2 is well adapted to humans. We
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observe in this study a strong signature of positive selection in the viral strains that
successfully established continuous infections among minks. By analogy, it appears unlikely
that a nonhuman progenitor of SARS-CoV-2 would require little or no novel adaptation to
successfully infect humans.

We instead hypothesize that SARS-CoV-2 has been cryptically circulating among
humans before the current outbreak. During the period of unawareness, the virus had
gradually accumulated adaptive changes that enabled it to effectively infect humans and
finally cause the pandemic. After adapting to the new host, most RNA viruses exhibit strong
negative selection [20]. As we see in the mink-1 and B.1.351 lineages, it takes four to six
months after the emergence of adaptive substitutions for the effect of genetic hitchhiking to
dissipate. It is therefore reasonable to expect that the signature of adaptive evolution to have
quickly diminished after the early SARS-CoV-2 adaption to humans.

Our hypothesis is supported by the situation found in B.1.1.7. This strain was not
tracked until it accumulated 13 amino acid changes putatively under adaptive evolution with
no known intermediate, and no sign of positive selection was detected after its emergence.
The case of B.1.1.7 clearly demonstrates that the process of virus adaption can be stealthy.
Although the exact time the virus jumps to human is difficult to estimate without further
information, we may reference the results from minks and SARS-CoV. According to the
outbreak in mink-1 and SARS-CoV, the SFSs still deviated from neutral expectation six
months after the first case was recorded (Fig. 3 and Fig. S3). Consequently, it is reasonable to
conclude that the actual origin of SARS-CoV-2 is at least six months before the first case in
Wuhan, China, in early December 2019. We therefore presume that the virus may have
associated with humans before June 2019 [56-58]. However, to verify this hypothesis, it is
essential to collect archive samples of pneumonia in the Wuhan area for analysis. These data
are needed to trace its evolutionary path and reveal critical steps required for effective

spreading.

Why and how the current pandemic occurred

It is not uncommon that the origin of virus infection dates back before the awareness of
the epidemic. For example, molecular clock dating suggests the onset of HIV-M and -O
epidemics occurred at the beginning of the 20th century [75-77]. However, it was not until
1980 that the virus was finally confirmed as the causal agent of AIDS [78-80]. Because
natural selection is working in the original hosts, higher infectiousness of a zoonotic virus in

the wild animal hosts than in humans is expected. As viruses evolve they may invade
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multiple times but fail to trigger an epidemic as shown in the SARS-CoV-2 that infected
minks. Occasionally, after many failed attempts, the emergence of a new strain can sustain
the infection long enough to acquire new mutations for further enhancement of infectiousness
in humans.

Even viruses that appear to be well adapted to humans may fail to induce an outbreak
[71]. That is because during the time the virus built up its ability to infect humans, herd
immunity can develop in local populations and impede epidemic spread. Such viruses would
then be more infectious outside the enzootic area as populations outside of the area are
immunologically naive [5]. That is why the place of origin is not necessary the same as the
outbreak location, as can be seen in the cases of HIV and influenza [81-83]. It is also possible
that a changing ecological environment may impact virus spread. In the case of the canine
influenza virus (CIV), which jumped to dogs in the late 1990s from an equine influenza strain
prevalent in horses [84], Dalziel et al., found that CIV is largely confined to dog shelters in
the US, where most dogs are infected soon after they arrive. But the virus cannot be
maintained for long in smaller facilities or in the companion dog population without input
from the larger shelters. These hotspot dynamics give a clear picture of what can happen in
the time between the beginning of a host range shift and the onset of a possible pandemic
[85].

ACKNOWLEDGEMENT

We thank Anthony Greenberg for comments. This study was supported by grants from
Ministry of Science and Technology (MOST), Taiwan (109-2311-B-002 -023 -MY 3, 109-
2327-B-002-009, 109-2634-F-002-043) and National Taiwan University, College of
Medicine (NSC-131-5).

REFERENCES

1. Wu, F., et al., A new coronavirus associated with human respiratory disease in China.
Nature, 2020. 579(7798): p. 265-2609.

2. Corman, V.M., et al., Hosts and Sources of Endemic Human Coronaviruses. Adv

Virus Res, 2018. 100: p. 163-188.
3. Andersen, K.G., et al., The proximal origin of SARS-CoV-2. Nature Medicine, 2020.

4. Zhou, P., et al., A pneumonia outbreak associated with a new coronavirus of probable
bat origin. Nature, 2020. 579(7798): p. 270-273.
5. Ruan, Y., et al., A theoretical exploration of the origin and early evolution of a

pandemic. Science Bulletin, 2021. 66(10): p. 1022-1029.

13


https://doi.org/10.1101/2021.09.15.459215
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.15.459215; this version posted September 16, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Parrish, C.R., et al., Cross-Species Virus Transmission and the Emergence of New
Epidemic Diseases. Microbiology and Molecular Biology Reviews, 2008. 72(3): p.
457-470.

Plowright, R.K., et al., Pathways to zoonotic spillover. Nature Reviews Microbiology,
2017. 15(8): p. 502-510.

Chinese, S.M.E.C., Molecular evolution of the SARS coronavirus during the course of
the SARS epidemic in China. Science, 2004. 303(5664): p. 1666-9.

Forni, D., et al., Molecular Evolution of Human Coronavirus Genomes. Trends in
Microbiology, 2017. 25(1): p. 35-48.

Wu, K., et al., Mechanisms of Host Receptor Adaptation by Severe Acute Respiratory
Syndrome Coronavirus*. Journal of Biological Chemistry, 2012. 287(12): p. 8904-
8911.

Yeh, S.H., et al., Characterization of severe acute respiratory syndrome coronavirus
genomes in Taiwan: molecular epidemiology and genome evolution. Proc Natl Acad
Sci U S A, 2004. 101(8): p. 2542-7.

Forni, D., et al., The heptad repeat region is a major selection target in MERS-CoV
and related coronaviruses. Scientific Reports, 2015. 5(1): p. 14480.

Kim, Y., et al., Spread of Mutant Middle East Respiratory Syndrome Coronavirus
with Reduced Affinity to Human CD26 during the South Korean Outbreak. mBio,
2016. 7(2): p. e00019-16.

Chiara, M., et al., Comparative Genomics Reveals Early Emergence and Biased
Spatiotemporal Distribution of SARS-CoV-2. Molecular Biology and Evolution, 2021.
38(6): p. 2547-2565.

Chaw, S.-M., et al., The origin and underlying driving forces of the SARS-CoV-2
outbreak. Journal of Biomedical Science, 2020. 27(1): p. 73.

Martin, D.P., et al., The emergence and ongoing convergent evolution of the N501Y
lineages coincides with a major global shift in the SARS-CoV-2 selective landscape.
medRxiv, 2021: p. 2021.02.23.21252268.

Korber, B., et al., Tracking Changes in SARS-CoV-2 Spike: Evidence that D614G
Increases Infectivity of the COVID-19 Virus. Cell, 2020. 182(4): p. 812-827.e19.
Plante, J.A., et al., Spike mutation D614G alters SARS-CoV-2 fitness. Nature, 2021.
592(7852): p. 116-121.

MacLean, O.A,, et al., Natural selection in the evolution of SARS-CoV-2 in bats
created a generalist virus and highly capable human pathogen. PLOS Biology, 2021.
19(3): p. €3001115.

Lin, J.-J., et al., Many human RNA viruses show extraordinarily stringent selective
constraints on protein evolution. Proceedings of the National Academy of Sciences,
2019. 116(38): p. 19009-19018.

Thompson, J.D., D.G. Higgins, and T.J. Gibson, CLUSTAL W: improving the
sensitivity of progressive multiple sequence alignment through sequence weighting,
position-specific gap penalties and weight matrix choice. Nucleic Acids Research,
1994. 22(22): p. 4673-4680.

Minh, B.Q., et al., IQ-TREE 2: New Models and Efficient Methods for Phylogenetic
Inference in the Genomic Era. Molecular Biology and Evolution, 2020. 37(5): p.
1530-1534.

Li, W.H., C.l. Wu, and C.C. Luo, A new method for estimating synonymous and
nonsynonymous rates of nucleotide substitution considering the relative likelihood of
nucleotide and codon changes. Mol Biol Evol, 1985. 2(2): p. 150-74.

Kumar, S., et al., MEGA X: Molecular Evolutionary Genetics Analysis across
Computing Platforms. Mol Biol Evol, 2018. 35(6): p. 1547-1549.

14


https://doi.org/10.1101/2021.09.15.459215
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.15.459215; this version posted September 16, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Durrett, R., Population genetics of neutral mutations in exponentially growing cancer
cell populations. The Annals of Applied Probability, 2013. 23(1): p. 230-250.

Yang, Z., PAML 4: phylogenetic analysis by maximum likelihood. Mol Biol Evol,
2007. 24(8): p. 1586-91.

Pond, S.L.K., S.D.W. Frost, and S.V. Muse, HyPhy: hypothesis testing using
phylogenies. Bioinformatics, 2005. 21(5): p. 676-679.

Kosakovsky Pond, S.L. and S.D.W. Frost, Not So Different After All: A Comparison
of Methods for Detecting Amino Acid Sites Under Selection. Molecular Biology and
Evolution, 2005. 22(5): p. 1208-1222.

Smith, M.D., et al., Less Is More: An Adaptive Branch-Site Random Effects Model for
Efficient Detection of Episodic Diversifying Selection. Molecular Biology and
Evolution, 2015. 32(5): p. 1342-1353.

Rocha, E.P.C., et al., Comparisons of dN/dS are time dependent for closely related
bacterial genomes. Journal of Theoretical Biology, 2006. 239(2): p. 226-235.
Kryazhimskiy, S. and J.B. Plotkin, The Population Genetics of dN/dS. PLOS
Genetics, 2008. 4(12): p. e1000304.

dos Reis, M. and Z. Yang, Why Do More Divergent Sequences Produce Smaller
Nonsynonymous/Synonymous Rate Ratios in Pairwise Sequence Comparisons?
Genetics, 2013. 195(1): p. 195-204.

Mugal, C.F., J.B.W. Wolf, and I. Kaj, Why Time Matters: Codon Evolution and the
Temporal Dynamics of dN/dS. Molecular Biology and Evolution, 2013. 31(1): p. 212-
231.

Wertheim, J.0. and S.L. Kosakovsky Pond, Purifying Selection Can Obscure the
Ancient Age of Viral Lineages. Molecular Biology and Evolution, 2011. 28(12): p.
3355-3365.

Meyer, A.G., et al., Time dependence of evolutionary metrics during the 2009
pandemic influenza virus outbreak. Virus Evolution, 2015. 1(1).

Welkers, M.R.A., et al., Possible host-adaptation of SARS-CoV-2 due to improved
ACE2 receptor binding in mink. Virus Evolution, 2021. 7(1).

Fay, J.C. and C.1. Wu, Hitchhiking under positive Darwinian selection. Genetics,
2000. 155(3): p. 1405-13.

Zeng, K., et al., Statistical Tests for Detecting Positive Selection by Utilizing High-
Frequency Variants. Genetics, 2006. 174(3): p. 1431-1439.

Cutter, A.D. and B.A. Payseur, Genomic signatures of selection at linked sites:
unifying the disparity among species. Nature Reviews Genetics, 2013. 14(4): p. 262-
274.

Stephan, W., Y.S. Song, and C.H. Langley, The Hitchhiking Effect on Linkage
Disequilibrium Between Linked Neutral Loci. Genetics, 2006. 172(4): p. 2647-2663.
Tang, X., et al., On the origin and continuing evolution of SARS-CoV-2. National
Science Review, 2020.

Wang, H.Y ., et al., Rate of evolution in brain-expressed genes in humans and other
primates. PLoS Biol, 2007. 5(2): p. e13.

Morel, B., et al., Phylogenetic Analysis of SARS-CoV-2 Data Is Difficult. Molecular
Biology and Evolution, 2020. 38(5): p. 1777-1791.

van Dorp, L., et al., Emergence of genomic diversity and recurrent mutations in
SARS-CoV-2. Infection, Genetics and Evolution, 2020. 83: p. 104351.

van Dorp, L., et al., No evidence for increased transmissibility from recurrent
mutations in SARS-CoV-2. Nature Communications, 2020. 11(1): p. 5986.

15


https://doi.org/10.1101/2021.09.15.459215
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.15.459215; this version posted September 16, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

46.

47.

48.

49,

50.

o1,

52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Matyasek, R. and A. Kovaiik, Mutation Patterns of Human SARS-CoV-2 and Bat
RaTG13 Coronavirus Genomes Are Strongly Biased Towards C&gt;U Transitions,
Indicating Rapid Evolution in Their Hosts. Genes, 2020. 11(7): p. 761.

Greenbaum, B.D., et al., Patterns of Evolution and Host Gene Mimicry in Influenza
and Other RNA Viruses. PLOS Pathogens, 2008. 4(6): p. e1000079.

Takata, M.A., et al., CG dinucleotide suppression enables antiviral defence targeting
non-self RNA. Nature, 2017. 550(7674): p. 124-127.

Bishop, K.N., et al., APOBEC-Mediated Editing of Viral RNA. Science, 2004.
305(5684): p. 645-645.

Pollock, D.D., et al., Viral CpG Deficiency Provides No Evidence That Dogs Were
Intermediate Hosts for SARS-CoV-2. Molecular Biology and Evolution, 2020. 37(9):
p. 2706-2710.

Kmiec, D., et al., CpG Frequency in the 5’ Third of the env Gene Determines
Sensitivity of Primary HIV-1 Strains to the Zinc-Finger Antiviral Protein. mBio,
2020. 11(1): p. e02903-19.

Kustin, T. and A. Stern, Biased Mutation and Selection in RNA Viruses. Molecular
Biology and Evolution, 2020. 38(2): p. 575-588.

Planas, D., et al., Sensitivity of infectious SARS-CoV-2 B.1.1.7 and B.1.351 variants to
neutralizing antibodies. Nature Medicine, 2021. 27(5): p. 917-924.

Tegally, H., et al., Detection of a SARS-CoV-2 variant of concern in South Africa.
Nature, 2021. 592(7854): p. 438-443.

Andrew Rambaut, et al., Preliminary genomic characterisation of an emergent SARS-
CoV-2 lineage in the UK defined by a novel set of spike mutations. Virological, 2020.
Kumar, S., et al., An Evolutionary Portrait of the Progenitor SARS-CoV-2 and Its
Dominant Offshoots in COVID-19 Pandemic. Molecular Biology and Evolution,
2021.

Roberts, D.L., J.S. Rossman, and 1. Jari¢, Dating first cases of COVID-19. PLOS
Pathogens, 2021. 17(6): p. €1009620.

WHO. WHO-convened global study of origins of SARS-CoV-2: China Part. . 2021;
Joint WHO-China study: 14 January - 10 February 2021]. Available from:
https://www.who.int/publications/i/item/who-convened-global-study-of-origins-of-
sars-cov-2-china-part.

Zhan, S.H., B.E. Deverman, and Y.A. Chan, SARS-CoV-2 is well adapted for humans.
What does this mean for re-emergence? bioRxiv, 2020: p. 2020.05.01.073262.

Lam, T.T.-Y., et al., Dissemination, divergence and establishment of H7N9 influenza
viruses in China. Nature, 2015. 522(7554): p. 102-105.

Long, J.S., et al., Host and viral determinants of influenza A virus species specificity.
Nature Reviews Microbiology, 2019. 17(2): p. 67-81.

Shan, C., et al., Infection with novel coronavirus (SARS-CoV-2) causes pneumonia in
Rhesus macaques. Cell Research, 2020. 30(8): p. 670-677.

Mahdy, M.A.A., W. Younis, and Z. Ewaida, An Overview of SARS-CoV-2 and Animal
Infection. Frontiers in Veterinary Science, 2020. 7(1084).

Shi, J., et al., Susceptibility of ferrets, cats, dogs, and other domesticated animals to
SARS—coronavirus 2. Science, 2020. 368(6494): p. 1016-1020.

Rodriguez-Morales, A.J., et al., Susceptibility of felids to coronaviruses. Veterinary
Record, 2020. 186(17): p. e21-e21.

Sit, T.H.C., et al., Infection of dogs with SARS-CoV-2. Nature, 2020. 586(7831): p.
776-778.

16


https://www.who.int/publications/i/item/who-convened-global-study-of-origins-of-sars-cov-2-china-part
https://www.who.int/publications/i/item/who-convened-global-study-of-origins-of-sars-cov-2-china-part
https://doi.org/10.1101/2021.09.15.459215
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.15.459215; this version posted September 16, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Salajegheh Tazerji, S., et al., Transmission of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) to animals: an updated review. Journal of Translational
Medicine, 2020. 18(1): p. 358.

Zhao, Y., et al., Susceptibility of tree shrew to SARS-CoV-2 infection. Scientific
Reports, 2020. 10(1): p. 16007.

Oude Munnink, B.B., et al., Transmission of SARS-CoV-2 on mink farms between
humans and mink and back to humans. Science, 2021. 371(6525): p. 172-177.
Ruan, Y., et al., A theoretical exploration of the origin and early evolution of a
pandemic. Science Bulletin, 2020.

Geoghegan, J.L. and E.C. Holmes, Predicting virus emergence amid evolutionary
noise. Open Biology, 2017. 7(10): p. 170189.

Delgado Blanco, J., et al., In silico mutagenesis of human ACE2 with S protein and
translational efficiency explain SARS-CoV-2 infectivity in different species. PLOS
Computational Biology, 2020. 16(12): p. e1008450.

Conceicao, C., et al., The SARS-CoV-2 Spike protein has a broad tropism for
mammalian ACE2 proteins. PLOS Biology, 2020. 18(12): p. e3001016.

Li, Y., etal., SARS-CoV-2 and Three Related Coronaviruses Utilize Multiple ACE2
Orthologs and Are Potently Blocked by an Improved ACE2-1g. Journal of Virology,
2020. 94(22): p. e01283-20.

Korber, B., et al., Timing the Ancestor of the HIV-1 Pandemic Strains. Science, 2000.
288(5472): p. 1789-1796.

Worobey, M., et al., Contaminated polio vaccine theory refuted. Nature, 2004.
428(6985): p. 820-820.

Lemey, P., et al., The Molecular Population Genetics of HIV-1 Group O. Genetics,
2004. 167(3): p. 1059-1068.

Barre-Sinoussi, F., et al., Isolation of a T-lymphotropic retrovirus from a patient at
risk for acquired immune deficiency syndrome (AIDS). Science, 1983. 220(4599): p.
868-871.

Gallo, R., et al., Frequent detection and isolation of cytopathic retroviruses (HTLV-
I11) from patients with AIDS and at risk for AIDS. Science, 1984. 224(4648): p. 500-
503.

Popovic, M., et al., Detection, isolation, and continuous production of cytopathic
retroviruses (HTLV-I1I) from patients with AIDS and pre-AIDS. Science, 1984.
224(4648): p. 497-500.

Barry, J.M., The site of origin of the 1918 influenza pandemic and its public health
implications. Journal of Translational Medicine, 2004. 2(1): p. 3.

Sharp, P.M. and B.H. Hahn, Origins of HIV and the AIDS Pandemic. Cold Spring
Harbor Perspectives in Medicine, 2011. 1(1).

Crosby, A.W., America's Forgotten Pandemic: The Influenza of 1918. 2 ed. 2003,
Cambridge: Cambridge University Press.

Crawford, P.C., et al., Transmission of Equine Influenza Virus to Dogs. Science,
2005. 310(5747): p. 482-485.

Dalziel, B.D., et al., Contact Heterogeneity, Rather Than Transmission Efficiency,
Limits the Emergence and Spread of Canine Influenza Virus. PLOS Pathogens, 2014.
10(10): p. €1004455.

17


https://doi.org/10.1101/2021.09.15.459215
http://creativecommons.org/licenses/by-nc-nd/4.0/

Table 1. Ka, Ks, and Ka/Ks of different open reading frames of SARS-CoV-2 in different lineages

All orfla orflb S
Kax10* | Ksx10% | Kax10% | Ksx10* | Kax10* | Ksx10*% | Kax10* | Ksx10*
Ka/Ks Ka/Ks Ka/Ks Ka/Ks
1 (163 271 | 5.00 221 | 219 097 | 484 575 | 108
mink-1 (n=163) 054 1.04 0.20 5.33*
k1 Early Phase (neao)— 88 | 249 239 | 100 010 | 235 255 | 087
min arly Phase (n=30) 0.75 2.39* 0.04 2.93*
: , _ 233 | 379 207 | 357 107 | 276 244 | 0
mink-1 Middle Phase (n=38) 061 0.58 0.39 064
mink-1 Late Phase (n=95)|— =22 | 195 131 | 183 017 | 318 035 | 157
} 0.57 0.72 0.05 0.22
: 214 | 469 093 | 364 051 | 459 371 | 157
mink-2 (n=59)
0.46 0.26 0.11 2.37*
_ 192 | 429 163 | 301 132 | 274 286 | 566
mink-3 (n=41)
0.45 0.54 0.48 0.51
264 | 590 237 | 597 131 | 656 518 | 364
B.1.351 (n=783
( ) 0.45 0.40 0.20 1.42*
: o 225 | 544 179 | 591 138 | 555 363 | 322
B.1.351 with 215G in Spike (n=666) 041 030 075 113
1.30 2.27 1.30 2.55 1.25 1.81 0.85 1.77
B.1.1.7 (n=1824) | | | |
0.57 0.51 0.69 0.48
176 | 407 135 | 466 117 | 355 193 | 213
Early Stage Human (n=1476)
0.43 0.29 0.33 0.91

Early stage SARS-CoV-2 are sequences from 12/2019 - 2/2020
*p<0.05.
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Table 2 The distribution of mutation within spike in different lineages of SARS-CoV-2

Outside RBD O:;SI\';E Within RBD Within RBM Fisher exact
(1090 a.a) (zla.2a1)6 (126 a.a) (69 a.a) (RBp[;V/aII?{uBeM)
mink-1 3 4 V367F Y453F, F486L, N501T 0.01/<0.01
mink-1 early phase 0 1 V367F F486L, N501T <0.01/<0.01
mink-1 middle phase 2 2 - Y453F 0.39/0.15
mink-1 late phase 2 2 - F486L 0.39/0.15
mink-2 1 1 - L452M, F486L 0.06 /<0.01
mink-3 1 1 - Y453F, FA86L 0.06 /<0.01
B.1.351 38 40 V382L, P384L 0.10/0.27
B.1.1.7 15 15 A475V, S494p 1.00/0.24
Early stage SARS-CoV-2 29 30 V367F V483A 0.30/ 1.00

RBD: Receptor binding domain

RBM: Receptor binding motif

The RBM is included within RBD. Thus, the mutations listed within RBM are also in RBD.
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Table 3 Directionality of nucleotide changes of SARS-CoV-2 in (a) polymorphism (early stage (12/2019 — 2/2020)) and (b) divergence

@ Outgroup comparison Adjusted
Changes # (%) # (%)
C>T 381 32.88% 420 36.24%
T->C 174 15.02% 132 11.39%
A->G 147 12.69% 134 11.57%
G->T 144 12.43% 149 12.86%
G->A 99 8.55% 107 9.24%
A>T 46 3.97% 43 3.72%
T->A 44 3.8% 49 4.23%
C->A 32 2.77% 32 2.77%
A->C 31 2.68% 30 2.59%
T->G 29 2.51% 29 2.51%
G->C 18 1.56% 20 1.73%
C->G 14 1.21% 14 1.21%
(b) Ancestor to SARS2 Ancestor to RaTG13
Changes # (%) # (%)
T->C 185 38.07% 212 37.53%
C->T 112 23.05% 137 24.25%
A->G 75 15.44% 83 14.7%
G->A 40 8.24% 51 9.03%
T->A 26 5.35% 26 4.61%
A->T 14 2.89% 25 4.43%
C->A 10 2.06% 8 1.42%
T->G 7 1.45% 8 1.42%
A->C 7 1.45% 7 1.24%
G->T 6 1.24% 4 0.71%
C->G 3 0.62% 3 0.54%
G->C 1 0.21% 1 0.18%
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Figure Legend

Fig. 1 Phylogeny and epidemiology of SARS-CoV-2 that infected minks and humans.
(a) The maximum likelihood phylogeny of SARS-CoV-2 derived from minks (colored
sequences) and associated humans as of 2020/12/31.

(b) Distribution of case numbers in mink-1.

Fig. 2 Signature of positive selection in the mink-1 lineage.

(a) Amino acid sites putatively under positive selection identified by the fixed effects likelihood
(FEL) method implemented in HyPhy.

(b) Phylogeny of sequences from the mink-1 lineage. Only non-redundant sequences are
included. Red branches are the positively selected lineage identified by the adaptive branch-site
random effects likelihood method implemented in HyPhy. Sites putatively under positive
selection identified by the FEL method are indicated along the branches with their frequencies in
different phases shown.

(c) Mutations within the spike protein across clusters of minks.

Fig. 3 Site frequency spectra of SARS-CoV-2 in the mink-1 lineage in each epidemic phase.
(a) Site frequency spectra (SFSs) of the mink-1 lineage. Significant deviation from neutral
expectation under exponential population growth was found in both synonymous (p < 10°%) and
nonsynonymous mutations (p < 107).

(b) SFSs of the mink-1 lineage in the early phase. Neither synonymous nor nonsynonymous
mutations deviate from the neutral expectation.

(c) SFSs of mink-1 in middle phase. Only nonsynonymous mutations are deviated from neutral
expectation (p < 10%).

(d) SFSs of the mink-1 lineage in the late phase. Significant deviation from neutral expectation is

seen in both synonymous (p < 10°) and nonsynonymous (p < 10%) mutations.

Fig 4. Site frequency spectra of SARS-CoV-2 during the early epidemic (2019/12-2020/2) in

humans.
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(a) Site frequency spectra (SFSs) inferred using RaTG13 as the outgroup. Significant deviation
from neutral expectation under exponential population growth was found in both synonymous (p
< 107°) and nonsynonymous mutations (p < 107).

(b) SFSs cross-referenced by the phylogeny and date of sampling (see main text for details).

Neither synonymous nor nonsynonymous mutations deviate from the neutral expectation.

Fig. 5 Signatures of positive selection in B.1.351 (p) and B.1.1.7 (@) strains of SARS-CoV-2
(a) Phylogeny of B.1.351. The branches tested for positive selection by the fixed effects
likelihood (FEL) method are labeled with numbers and putative selected amino acid sites on the
specific branches are listed.

(b) Site frequency spectra (SFSs) of B.1.351. Both nonsynonymous (p = 0.03) and synonymous
(p < 10?) mutations deviate from the neutral expectation.

(c) Phylogeny of B.1.1.7. The branches tested for positive selection by fixed effects likelihood
(FEL) method are labeled with a dot and putative selected amino acid sites on the specific
branches are listed.

(d) Site frequency spectra (SFSs) of B.1.1.7. No evidence of genetic hitchhiking was found in

nonsynonymous or synonymous mutations.
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