Evolution of the SARS-CoV-2 Mutational Spectrum
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Abstract

SARS-CoV-2 evolves rapidly in part because of its high mutation rate. Here, we examine whether this mutational pro-
cess itself has changed during viral evolution. To do this, we quantify the relative rates of different types of single-nu-
cleotide mutations at 4-fold degenerate sites in the viral genome across millions of human SARS-CoV-2 sequences. We
find clear shifts in the relative rates of several types of mutations during SARS-CoV-2 evolution. The most striking trend
is a roughly 2-fold decrease in the relative rate of G—T mutations in Omicron versus early clades, as was recently noted
by Ruis et al. (2022. Mutational spectra distinguish SARS-CoV-2 replication niches. bioRxiv, doi:10.1101/
2022.09.27.509649). There is also a decrease in the relative rate of C—T mutations in Delta, and other subtle changes
in the mutation spectrum along the phylogeny. We speculate that these changes in the mutation spectrum could arise
from viral mutations that affect genome replication, packaging, and antagonization of host innate-immune factors,
although environmental factors could also play a role. Interestingly, the mutation spectrum of Omicron is more similar
than that of earlier SARS-CoV-2 clades to the spectrum that shaped the long-term evolution of sarbecoviruses. Overall,
our work shows that the mutation process is itself a dynamic variable during SARS-CoV-2 evolution and suggests that
human SARS-CoV-2 may be trending toward a mutation spectrum more similar to that of other animal sarbecoviruses.
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Introduction

The evolution of SARS-CoV-2 is enabled in part by the high
underlying rate at which mutations arise in the viral gen-
ome during replication. Coronaviruses (and other mem-
bers of the nidovirus order) are the only RNA viruses
known to have a proofreading mechanism in their
RNA-dependent RNA polymerase (Denison et al. 2011;
Ogando et al. 2019), but despite that proofreading, coro-
naviruses still have mutation rates that dwarf those of cel-
lular organisms by several orders of magnitude (Drake
1993; Peck and Lauring 2018).

Studies of cellular organisms ranging from bacteria to
humans have shown that the mutational process itself
can change during evolution (Hwang and Green 2004;
Sung, Tucker, et al. 2012; Couce et al. 2013; Long et al.
2015). Many studies of changes in the mutational process
during natural evolution focus on the mutation spectrum
which represents the distribution of relative rather than
absolute rates of different types of mutations. For instance,
humans experienced a transient increase in the relative
rate of C—T mutations in certain sequence contexts,
which affected a 10,000-year-old population of Anatolian
hunter-gatherers and spread via gene flow to all living

Europeans and South Asians (Harris 2015; Speidel et al.
2021). The mutation spectrum also diverged more grad-
ually during human evolution in Africa and East Asia, re-
sulting in profiles that are sufficiently distinctive to
identify an individual’s continent of origin. Populations
of great apes, mice, and yeast have similarly distinctive mu-
tational processes (Lindsay et al. 2019; Jiang et al. 2021;
Goldberg and Harris 2022). It remains unclear how much
these changes are due to the evolution of the underlying
genome-replication machinery versus changes in life his-
tory or exposure to environmental mutagens (Mathieson
and Reich 2017; Macia et al. 2021; Ruis, Peacock, et al.
2022; Ruis, Weimann, et al. 2022); however, in a few cases,
changes in the mutation spectrum have been linked to
heritable genetic change affecting the function or expres-
sion of proteins involved in genome replication or repair
(Couce et al. 2013; Jiang et al. 2021; Robinson et al. 2021;
Kaplanis et al. 2022; Sasani et al. 2022). For viruses, the mu-
tational process can also be affected by a virus’s ability to
evade host innate-immune proteins that mutagenize viral
nucleic acids (Sadler et al. 2010; De Maio et al. 2021; Ratcliff
and Simmonds 2021; Ringlander et al. 2022).

For coronaviruses like SARS-CoV-2, genes encoding pro-
teins involved in genome replication and innate-immune
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antagonism constitute a substantial fraction of the gen-
ome (Ziebuhr 2005; V'kovski et al. 2021), providing an am-
ple target for mutations that could potentially alter the
mutation process itself. In artificial lab settings, researchers
have isolated coronavirus variants with mutations in
genome-replication proteins that have dramatically al-
tered mutation rates (Eckerle et al. 2007, 2010).
However, it is unclear how such mutator variants generally
fare during natural evolution (Peck and Lauring 2018).

A recent preprint by Ruis, Weimann, et al. (2022) on patho-
genic bacterial mutagenesis identified several mutation types
whose relative rates correlate with replication niche within
the human body. The authors found that bacterial replication
within the lower respiratory tract correlated with an in-
creased load of G—T mutations, which prompted them to
hypothesize that the Omicron lineage of SARS-CoV-2 would
have a reduced G—T rate relative to earlier SARS-CoV-2
lineages that may replicate more in the lungs (Ruis,
Peacock, et al. 2022). Consistent with this hypothesis, they
found a reduced relative number of G—T mutations across
all sites for Omicron clades of SARS-CoV-2. Since their study
pooled all mutations (nonsynonymous and synonymous), it
is not clear the extent to which the signal could be affected
by protein-level selection as well as the underlying rate of mu-
tation. It is also unclear whether the difference in G—T frac-
tion between Omicron and other SARS-CoV-2 viruses is the
dominant feature of the SARS-CoV-2 mutational landscape
or just one component of the sort of continuous variation
that has been observed in cellular organisms.

Here, we systematically analyze changes in the relative
rates of all single-nucleotide mutation types among differ-
ent clades of human SARS-CoV-2. To disentangle under-
lying mutation rates from the subsequent action of
natural selection, we restrict our analysis to only 4-fold de-
generate sites where all mutations are expected to be neu-
tral with respect to protein function. We also use rigorous
quality control to ensure that our estimates are not biased
by technical artifacts related to sequencing or base-calling
errors. Using this approach, we confirm that Omicron has a
roughly 2-fold decrease in the relative rate of G—T muta-
tions relative to early clades. We also find additional shifts
in the mutation spectrum, including a decrease in C—T
mutations in Delta and a broader correlation between mu-
tation spectrum divergence and genetic divergence across
the SARS-CoV-2 phylogeny. While our analysis does not de-
termine the cause of the evolutionary shifts in
SARS-CoV-2's mutational spectrum, the pervasive and
phylogenetically correlated nature of the shifts suggests
that viral mutations affecting genome replication, pack-
aging, and innate-immune antagonism could play a role.

Results

Different Clades of Human SARS-CoV-2 Have
Different Mutation Spectra

We focused our analysis on the roughly 6-million publicly
available SARS-CoV-2 sequences in the pre-built UShER
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phylogenetic tree (McBroome et al. 2021; Turakhia et al.
2021). Each of these sequences represents the consensus
sequence of a virus that infected a human individual. We
counted the occurrence of each mutation on the branches
of the phylogenetic tree (McBroome et al. 2021; Turakhia
et al. 2021): these counts represent the number of occur-
rences of mutations, not how often the mutations are
found in the final sequence alignment (in other words, a
mutation that occurred once but then is shared in several
sequences by common descent is only counted once). We
tallied counts separately for each Nextstrain clade
(Aksamentov et al. 2021) and used a variety of quality-
control steps to remove sequences and sites likely to be
affected by spurious mutations from sequencing or base-
calling artifacts (see Materials and Methods). Note that
what we count as “mutations” in this approach represent
changes that are fixed at the intra-host consensus level, al-
though the vast majority never fix them globally. Counting
mutations that have fixed intra-host will reflect the under-
lying mutation process at sites where mutations are neu-
tral, but not at sites where they are not neutral (Kimura
1968). These data are analogous to the polymorphism
data that have been used to infer variation of mutational
processes within other species (Harris 2015; Harris and
Pritchard 2017; Jiang et al. 2021; Goldberg and Harris 2022).

Prior analyses of SARS-CoV-2 mutation rates have gener-
ally focused on all nucleotide mutations (Neher 2022; Ruis,
Peacock, et al. 2022). However, many sites in the viral gen-
ome are under strong functional selection, and so the mu-
tational patterns at those sites will represent the combined
action of mutation and selection. We, therefore, focused
our analysis only on 4-fold degenerate sites (sites at the
third position in codons where all three possible nucleotide
mutations are synonymous), under the assumption that
mutations at such sites will tend to be nearly neutral. The
SARS-CoV-2 genome has approximately 4,240 such sites
(with the exact number differing slightly among viral
clades), and we restricted our analysis to only clades with
at least 5,000 mutations at such sites (table 1).

Table 1. Number of 4-fold Degenerate Synonymous Sites and Total
Mutations at Those Sites for the Clades Analyzed Here.

Clade Four-fold Degenerate Sites Total Mutations at These Sites
20A 4,247 17,202
20B 4,247 14,121
20C 4,246 9,344
20E 4,246 10,454
20G 4,243 14,019
201 4,243 60,858
21C 4,245 6,308
211 4,241 24,117
21) 4,239 282,051
21K 4,241 113,721
21L 4,235 83,475
22A 4,236 11,413
22B 4,234 64,765
22C 4,233 18,958

Note.—We only analyzed clades with at least 5,000 mutations at 4-fold degenerate
sites.
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There were clear differences in the mutation spectrum
at 4-fold degenerate sites across viral clades (fig. 1A and
interactive plot at https:/jbloomlab.github.io/SARS2-
mut-spectrum/pca.html). The largest difference was be-
tween the Omicron clades and all other clades, but the
Delta clades also showed a unique pattern. Importantly,
these clade-to-clade differences were robust to analyzing
sequences only from specific geographical locations, ex-
cluding the most heavily mutated sites, or analyzing each
half of the viral genome separately (supplementary fig.
S$1, Supplementary Material online and https://jbloomlab.
github.io/SARS2-mut-spectrum/).

The biggest difference between Omicron and other
clades was a roughly 2-fold decrease in the rate of G—T
mutations (fig. 1B and C and interactive plot at https://
jbloomlab.github.io/SARS2-mut-spectrum/rates-by-clade.
html), consistent with a recent study (Ruis, Peacock, et al.
2022) that analyzed all sites (synonymous and nonsynon-
ymous). There was also a clear decrease in the rate of C—T
mutations in Delta (fig. 1B and C). Some other types of mu-
tations with lower rates also showed substantial differ-
ences among clades (this is seen most easily by clicking
on specific mutation types in the interactive plot at
https://jbloomlab.github.io/SARS2-mut-spectrum/rates-
by-clade.html). Note also that we confirm previous find-
ings that the two types of mutations with the highest rates
are C—T transitions and G—T transversions (De Maio
et al. 2021).

The Mutation Spectrum Has Phylogenetic Signal
Beyond G—T Mutations

The clade-to-clade differences in relative mutation rates
have a visually obvious phylogenetic pattern (fig. 1D). To
statistically confirm the visual impression of phylogenetic
patterns in the mutation rates, we used Mantel tests
(Mantel 1967; Harmon and Glor 2010; Hardy and Pavoine
2012; Legendre and Legendre 2012) to compare the phylo-
genetic distances between clades with the differences in
their relative mutation rates (fig. 2). These tests showed
that the relative mutation rates were indeed significantly
correlated with the phylogenetic distances between clades.
The correlations remained significant even if we excluded
G—T or C—T mutations individually (although not to-
gether), or analyzed only Omicron or non-Omicron clades
(fig. 2). These results show that the evolution of the muta-
tion spectrum goes beyond simply a change in the relative
rate of G—T mutations in Omicron.

The G—T mutation fraction change observed in
Omicron (from an ancestral fraction of about 15% to a de-
rived fraction of about 8%, see fig. 1B) could be the result of
a 2-fold decrease in the absolute rate of G—T mutations in
this lineage if the rates of all other mutations stayed ap-
proximately constant. Such a rate change would imply
that the overall Omicron mutation rate is about 7% lower
than the mutation rate of non-Omicron lineages. More
complicated scenarios are also possible, such as an increase
in the rates of all non-G—T mutation types in Omicron or

compensatory increases and decreases of different muta-
tion types that leave the overall rate unchanged. The exist-
ence of phylogenetic signal in the mutation spectrum of
non-G—T mutations suggests that the rates of multiple
mutation types likely changed over time, but none of these
shifts necessarily imply a detectable change in the overall
SARS-CoV-2 mutation rate.

SARS-CoV-2’s Mutation Spectrum Is Becoming More
Similar to the Mutation Spectra of Other
Sarbecoviruses

In the absence of natural selection, the nucleotide com-
position of a gene sequence should eventually reach a
stable “equilibrium” nucleotide frequency distribution
that is determined by its mutation spectrum (Felsenstein
2003). If we assume that the nucleotides at 4-fold degener-
ate sites are not under selection, then the actual observed
frequencies of nucleotides at these sites should be similar
to the equilibrium frequencies predicted by the mutation
spectrum if the virus has been evolving with the same mu-
tation spectrum for a sufficiently long period of time.

We calculated the predicted equilibrium frequencies of
nucleotides from the mutation spectra of the various hu-
man SARS-CoV-2 clades (fig. 3A). Because the mutation
spectra differ somewhat among clades, the predicted equi-
librium nucleotide frequencies also differ among clades: for
instance, Omicron’s mutation spectrum implies a some-
what lower equilibrium frequency of T nucleotides than
earlier clades, in part because Omicron has a lower rate
of G—T mutations.

We compared these predicted equilibrium frequencies
from the SARS-CoV-2 clades’ mutation spectra to the ac-
tual frequencies of nucleotides observed at 4-fold degener-
ate sites in various sarbecoviruses (the subgenus of
coronaviruses to which SARS-CoV-2 belongs). As can be
seen from figure 3B, the nucleotide frequencies at 4-fold
degenerate sites are similar among SARS-CoV-2, two close
relatives (e.g, RaTG13 and BANAL-52), and more diverged
sarbecoviruses such as SARS-CoV-1 and BtKY72, suggest-
ing that the long-term evolution of all these viruses has
been shaped by a similar mutation spectrum.

However, the equilibrium nucleotide frequencies pre-
dicted by the mutation spectrum of human SARS-CoV-2
are quite different from the actual frequencies observed
in SARS-CoV-2 and other sarbecoviruses (fig. 3A and B).
Some of this difference could be due to natural selection
even at 4-fold degenerate sites, or flanking context de-
pendence in mutation rates not incorporated into our
analysis. To determine if SARS-CoV-2 is unusual in having
a large disparity between the empirically observed nucleo-
tide frequencies at 4-fold degenerate sites and the equilib-
rium frequencies predicted from the mutation spectrum,
we performed a similar analysis for a number of other hu-
man viruses, including influenza, RSV, dengue, and entero-
viruses (fig. 3G supplementary fig. S2, Supplementary
Material online). For all of these other viruses, the empir-
ical frequencies and prediction equilibrium frequencies
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Fic. 1. Mutation spectrum of SARS-CoV-2 clades at 4-fold degenerate sites. (A) Principal component analysis (PCA) of mutation spectra of
Nextstrain clades with sufficient sequences (each point is a clade). (B) Fraction of mutations at 4-fold degenerate sites that are of each type
for each clade. (C) Relative rates of each mutation type, calculated as the fraction of mutations of that type divided by the fraction of sites
with the parental nucleotide. (D) Phylogenetic tree of clade founder sequences, with plots showing mutation rates for that clade (ordered
as in C) minus rates for clade 20A. Interactive versions of A-C at https://jbloomlab.github.io/SARS2-mut-spectrum/ enable easier identification
of individual clades. Supplementary figure S1, Supplementary Material online, shows that the PCA is robust to subsetting on sequences from
different geographic locations, excluding top mutations, and partitioning the genome. The numerical values in (B) and (C) are at https://github.
com/jbloomlab/SARS2-mut-spectrum/blob/main/results/synonymous_mut_rates/rates_by_clade.csv.

were more similar than for SARS-CoV-2, especially for the
mutation spectrum from early pre-Omicron clades.
Therefore, early SARS-CoV-2 is unusual among human
viruses in having a mutation spectrum that is relatively dif-
ferent from its actual nucleotide frequencies at putatively
neutral sites.

The actual observed nucleotide frequencies of both
SARS-CoV-2 and other sarbecoviruses are more similar
to the equilibrium nucleotide frequencies implied by the
mutation spectra of the Omicron clades are more similar
than the frequencies implied by the spectra of earlier hu-
man SARS-CoV-2 clades (note how the Omicron clades

4

in fig. 3A look more similar to fig. 3B). The long-term evo-
lution of all these sarbecoviruses occurred in bats, and it is
possible that some aspect of replication in humans altered
the mutation spectrum of SARS-CoV-2 and is now shifting
in Omicron back to a spectrum more similar to that of bat
coronaviruses.

Putative Associations of Protein-Coding Mutations
With Changes in the Mutation Spectrum

Mutation spectrum changes could potentially be caused
by clade-specific amino-acid mutations in viral proteins
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Fic. 2. The changes in relative mutation rates correlate with the phylogenetic relationships among clades. The plots show the correlation be-
tween the square root of the phylogenetic distance separating each pair of clades and the Euclidean distance between the relative mutation rates
for those clades. Assuming that mutation rates evolve neutrally according to a Brownian motion model, mutation rate distances should scale
linearly with the square root of phylogenetic distance. The P-values are computed using the Mantel test with 100,000 permutations. The plots
show that the mutation rates are significantly correlated (P < 0.05) with phylogenetic distance even if we exclude G—T or C—T mutations
individually (although not together) or do the analysis only among Omicron or non-Omicron clades.

involved in genome replication, packaging, or antagoniza-
tion of host-cell innate-immune proteins that mutagenize
foreign nucleic acids (De Maio et al. 2021; Ratcliff and
Simmonds 2021; Ringlander et al. 2022). To explore the
plausibility of this hypothesis, we tabulated the non-spike
amino-acid mutations in each clade relative to the early
20A (B.1) clade (table 2) and identified several viral
amino-acid mutations that could speculatively affect the
mutation spectrum.

The Omicron clades all share mutation 142V in nsp14
(also known as ExoN), which provides proofreading activ-
ity during genome replication (Denison et al. 2011;
Ogando et al. 2020). Rare polymerase proofreading defects
have recently been shown to perturb the G—T mutation
rate in human cells (Robinson et al. 2021). The Omicron
clades also share mutation P13L in the nucleoprotein,
which is part of the genome replication complex and en-
capsidates viral RNA (Bessa et al. 2022), and P132H in
nsp5, which proteolytically processes the polyprotein en-
coding the viral replicase (Roe et al. 2021) and helps antag-
onize innate immune responses (Liu et al. 2021). The Delta
clades share mutation G671S in the viral polymerase nsp12
(Kirchdoerfer and Ward 2019) as well as several mutations
in the nucleoprotein and a mutation in the ORF3a protein
that may play a peripheral role in viral replication (Zhang
et al. 2022). The Delta clades also share mutations in the
ORF7a (V82A and T120l) and nsp13 (P77L) proteins in-
volved in innate-immune antagonization (Cao et al.

2021; Fung et al. 2022), which could be relevant as Delta
has a decreased relative rate of the C—T mutations, which
is the type of change induced by host-cell APOBEC
innate-immune proteins (De Maio et al. 2021; Ratcliff
and Simmonds 2021). Note also that noncoding mutations
or indels (which are not listed in table 1) could also affect
the mutation spectrum if they alter the expression of viral
genes.

However, we also emphasize that there is no direct evi-
dence that any of the above mutations actually cause
changes in the mutation spectrum, and they could just
be associated with clades with different spectra by chance
of shared ancestry. In particular, due to the phylogenetic
structure of the SARS-CoV-2, sequences in clades share
mutations like the ones described above by common des-
cent, and so it is not possible to perform meaningful stat-
istical association tests because there are not sufficient
independent occurrences of clades with each mutation
(Felsenstein 1985).

Discussion

We have demonstrated that there are clear shifts in the
mutation spectrum during the evolution of SARS-CoV-2.
We corroborate the findings of Ruis, Peacock, et al.
(2022) that Omicron has a lower relative rate of G—=T mu-
tations, but we also show that the changes in the mutation
spectrum are not restricted to this one type of mutation.
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Fic. 3. Predicted equilibrium frequencies from mutation rates versus actual nucleotide frequencies at 4-fold degenerate sites in sarbecoviruses.
(A) Predicted equilibrium frequencies of nucleotides at 4-fold degenerate sites as calculated from the mutation rates for all of the SARS-CoV-2
clades analyzed here. (B) Actual frequencies of nucleotides at 4-fold degenerate sites in various sarbecoviruses. (C) Manhattan between pre-
dicted equilibrium frequencies (from mutation rates) and actual empirically observed nucleotide frequencies at 4-fold degenerate sites for a
variety of viruses. SARS-CoV-2 clades are shown in purple squares. See supplementary figure S2, Supplementary Material online for per-

nucleotide frequencies for the viruses shown in C.

Instead, there are also significant phylogenetically corre-
lated shifts in the spectrum among other mutation types,
and among both Omicron and non-Omicron clades. In this
sense, changes in the SARS-CoV-2 mutation spectrum ap-
pear to involve the type of pervasive evolutionary shifts
that have been observed among many cellular organisms
(Harris 2015; Lindsay et al. 2019; Jiang et al. 2027;
Goldberg and Harris 2022).

Our analysis cannot determine why the mutation spec-
trum differs among clades, although our approach of cal-
culating the rates at only 4-fold degenerate sites does
rule out confounding effects of protein-level selection.
Ruis, Peacock, et al. (2022) proposed that the lower rate
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of G—T mutations in Omicron is due to a shift to viral rep-
lication in the upper rather than lower airways. This is cer-
tainly possible, but we suggest that the differences may
instead be driven by mutations elsewhere in the viral gen-
ome. For instance, Omicron and Delta have clade-specific
mutations in proteins involved in genome replication,
packaging, and innate-immune antagonism. The latter fac-
tor could be important since some mutations (such as the
C—T mutations that are relatively rarer in Delta) can be
induced by host-cell innate-immune proteins (De Maio
et al. 2021; Ratcliff and Simmonds 2021). Ruis et al. accur-
ately point out that Omicron does not have any
amino-acid mutations in the active site of core genome
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Table 2. Non-spike Amino-acid Mutations in the Founder Sequence for
Each Clade Relative to the Early 20A (B.1) Clade.

Clade Non-spike Amino-acid Mutations Relative
to Clade 20A

208 (B.1.1)
20C (B.1.367)
20E (B.1.177)

N: R203K, G204R
ORF3a: Q57H; nsp2: T85I
N: A220V; ORF10: V30L

20G (B.1.2) N: P67S, P199L; ORF3a: Q57H, G172V; ORF8:
S24L; nsp14: N129D; nsp16: R216C; nsp2:
T85l; nsp5: L89F

201 (Alpha) N: D3L, R203K, G204R, S235F; ORF8: Q27*,

R52l, Y73C; nsp3: T183l, A890D, 11412T
N: T2051; ORF3a: Q57H; nsp13: D260Y; nsp2:
T85I

21C (Epsilon)

211 (Delta) M: 182T; N: D63G, R203M, D377Y; ORF3a:
S26L; ORF7a: V82A, T1201; nsp12: G671S;
nsp13: P77L; nsp3: P822L; nsp4: A446V;
nsp6: V149A, T1811

21) (Delta) M: 182T; N: D63G, R203M, G215C, D377Y;

ORF3a: S26L; ORF7a: V82A, T120l; ORF7b:
T40l; nsp12: G671S; nsp13: P77L; nsp14:
A394V; nsp3: A488S, P1228L, P1469S;
nsp4: V167L, T492l; nsp6: T77A
: T9l; M: D3G, Q19E, A63T; N: P13L, R203K,
G204R; nsp14: 142V; nsp3: K38R, A1892T;
nsp4: T492l; nsp5: P132H; nsp6: 1189V
: T9I; M: Q19E, A63T; N: P13L, R203K,
G204R, S413R; ORF3a: T223l; ORF6: D61L;
nsp1: S135R; nsp13: R392C; nsp14: 142V;
nsp15: T1121; nsp3: T24l, G489S; nsp4:
L264F, T327I1, L438F, T492l; nsp5: P132H
E: T9I; M: Q19E, A63T; N: P13L, P151S, R203K,
G204R, S413R; ORF3a: T223l; ORF6: D61L;
ORF7b: L11F; nsp1: S135R; nsp13: R392C;
nsp14: 142V; nsp15: T1121; nsp3: T24l,
G489S; nsp4: L264F, T3271, T492l; nsp5:
P132H
: T9I; M: D3N, Q19E, A63T; N: P13L, R203K,
G204R, S413R; ORF3a: T223l; nsp1: S135R;
nsp13: R392C; nsp14: 142V; nsp15: T112l;
nsp3: T24l, G489S; nsp4: L264F, T327I,
T492l; nsp5: P132H
T9I; M: Q19E, A63T; N: P13L, R203K,
G204R, S413R; ORF3a: T223l; ORF6: D61L;
nsp1: S135R; nsp13: R392C; nsp14: 142V;
nsp15: T112l; nsp3: T24l, G489S; nsp4:
L264F, T327I1, L438F, T492l; nsp5: P132H

m

21K (Omicron BA.1)

21L (Omicron BA.2)

m

22A (Omicron BA.4)

m

22B (Omicron BA.5)

22C (Omicron
BA.2.12.1)

m

replication proteins, but prior work has shown that the
mutation rates of other viruses can be modulated by mu-
tations distant from polymerase protein active sites
(Vignuzzi et al. 2008; Pauly et al. 2017). Similar subtle mod-
ifications could be induced by mutations to the nucleo-
protein (which is part of the replication complex and
protects viral RNA) as well as proteins that modulate
the expression of host-cell innate-immune proteins.
However, ultimate determination of the cause of the
changes in the mutation spectrum will require experimen-
tal work beyond the scope of our study and could also po-
tentially be due to a wide range of factors including
modifications in the location or speed of replication or
transmission.

There are several caveats to our study in addition to the
inability to determine why the mutation spectrum differs

among clades. First, our approach assumes that mutations
at 4-fold synonymous sites are neutral. This assumption is
probably not completely true, as various studies have
shown that synonymous nucleotide composition is often
under some selection in viruses for reasons including the
physical structure of the genomic RNA, innate-immune
evasion, and translation (van der Kuyl and Berkhout
2012; Kuo and Masters 2013; Huston et al. 2021; Kustin
and Stern 2021). Such selection could also contribute to
the disparity between the mutation spectrum and empir-
ical equilibrium frequencies, since previous work has sug-
gested that small-effect mutations that affect nucleotide
composition may be under incomplete purifying selection
on short branches such as those we use to estimate the
mutation spectrum (Kustin and Stern 2021). Second, our
analysis will be sensitive to sequencing errors among the
millions of publicly available SARS-CoV-2 sequences that
could be affected by factors such as changes in primer
sets that occurred around the same time as the emergence
of Omicron (Davis et al. 2021). The fact that our results are
robust to excluding top mutated sites and partitioning the
genome suggests that such technical factors probably do
not seriously affect our results, but such caveats should
be kept in mind. Finally, the emergence of Omicron oc-
curred coincident with changes in the global level of im-
munity to SARS-CoV-2, although this seems unlikely to
have affected the mutation spectrum as the immune fac-
tors that have been identified to act on viral nucleotide se-
quences involve innate rather than adaptive immunity.

Our analysis examines the relative rather than absolute
rates of different types of nucleotide mutations across
SARS-CoV-2 clades. We take this approach because rela-
tive mutation rates can be internally calibrated, whereas
precise estimation of absolute mutation rates from natural
sequence data is harder. However, other recent work sug-
gests that the overall absolute mutation rate is fairly simi-
lar among human SARS-CoV-2 clades (Neher 2022). But if
the 2-fold drop in the relative rate of G—T mutations in
Omicron reflects a 2-fold drop in the absolute rate of
that mutation type, that would only decrease the absolute
rate across all mutations by approximately 7%, which
would not be detectable at the resolution of current stud-
ies (Neher 2022). Note that much more dramatically ele-
vated mutation rates have been observed in rare clusters
of human (Hisner 2022) or white-tail deer SARS-CoV-2
(Pickering et al. 2022), but these clusters have not spread
widely. Overall, these observations are consistent with
the idea that mutation rates might drift moderately during
the natural evolution of successful SARS-CoV-2 variants
(Sung, Ackerman, et al. 2012). However, so far, there is
no evidence for widespread transmission of SARS-CoV-2
variants with extreme changes in mutation rates like those
sometimes observed in the lab (Eckerle et al. 2007, 2010;
Pauly et al. 2017), although there is evidence of limited hu-
man transmission of viruses mutagenized by the drug
monlupiravir (Sanderson et al. 2023).

Interestingly, the actual nucleotide frequencies at 4-fold
degenerate sites in both SARS-CoV-2 and related
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sarbecoviruses differ from what would be predicted based
on the mutation spectrum of any human SARS-CoV-2
clade. This difference is especially large for the mutation
spectrum of early SARS-CoV-2 clades, with the mutation
spectrum of Omicron clades being closer to that which
shaped the long-term evolution of sarbecoviruses. We ac-
knowledge that comparison of the mutation rates esti-
mated in our study to nucleotide frequencies in natural
sarbecoviruses could be somewhat confounded if there
is weak selection on nucleotide identity even at 4-fold syn-
onymous sites. But we were able to confirm that 4-fold de-
generate nucleotide frequencies are close to their expected
equilibrium for a wide range of other human viruses, sug-
gesting SARS-CoV-2 may be unusual in having a mutation
spectrum that is highly discordant with the actual frequen-
cies of nucleotides at putatively neutral sites. One possible
explanation is that the mutation spectrum of sarbecov-
iruses could be relatively stable in the natural reservoir
of bats, but has been altered in SARS-CoV-2 by some as-
pect of replication in humans, and is now undergoing rela-
tively rapid evolutionary change.

The broader implications of shifts in the mutation spec-
trum of SARS-CoV-2 for its evolution are unclear. Changes
in the mutation spectrum alter the rates at which different
potentially adaptive amino-acid mutations arise. But
SARS-CoV-2 evolution in humans exhibits high levels of
convergence (Martin et al. 2021; Cao et al. 2022), with puta-
tively beneficial amino-acid mutations often emerging
many independent times in different viral variants. This con-
vergence suggests that the virus’s evolution is not generally
limited by the underlying rate at which new mutations ap-
pear. Therefore, the changes in the mutation spectrum we
report are likely to at most modestly impact the overall pro-
cess of adaptive evolution. However, our work does suggest
that clade-specific estimates of the mutation rate are likely
to improve the accuracy of efforts to estimate the fitness ef-
fects of viral mutations from their number of observed oc-
currences in natural sequences (Neher 2022) and could
perhaps be useful for certain types of phylogenetic analyses.
In addition, our work shows that the mutation process is
clearly dynamic during SARS-CoV-2 evolution, so it will be
interesting to see if larger changes in the mutation spectrum
accrue as the virus continues to evolve.

Materials and Methods

Counting Mutations at 4-fold Degenerate Sites

We determined the mutation spectrum by counting the
number of unique occurrences of each nucleotide muta-
tion on the branches of a global phylogenetic tree of all
publicly available SARS-CoV-2 sequences. Note we are
counting how many times each mutation is inferred to
have independently occurred among available consensus
SARS-CoV-2 sequences from individual human infections,
not its final count in the alignment of such sequences (this
distinction is important because a single occurrence of a
mutation may be observed in multiple sequences due to
shared ancestry).
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To count mutations, we used the pre-built
clade-annotated  UShER  mutation-annotated  tree
(McBroome et al. 2021; Turakhia et al. 2021) from
November 7, 2022 (http://hgdownload.soe.ucsc.edu/
goldenPath/wuhCor1/UShER_SARS-CoV-2/2022/11/07/
public-2022-11-07.all. masked.nextclade.pangolin.pb.gz). We
used matUtils (McBroome et al. 2021; Turakhia et al.
2021) to subset the mutation-annotated tree on samples
from each Nextstrain clade, and then extract the mutations
on each branch of the subsetted mutation-annotated trees.
We next tallied the counts of each mutation on all branches
for that clade, excluding mutations on any branches with
>4 total mutations, > 1 mutation that was a reversion to
either the Wuhan-Hu-1 reference genome (Genbank
NC_045512.2), or >1 mutation that was a reversion to
the founder for that Nextstrain clade as defined by Neher
(2022) (see https://github.com/neherlab/SC2_variant_
rates/blob/62c525dc4238385ec0755b40658f3007fdbfab1a/
data/clade_gts.json). The rationale for these exclusions is
that branches with abnormally large numbers of mutations
are often indicative of low-quality sequences with lots of er-
rors, and branches with abnormally large numbers of rever-
sions to the reference or clade founder can be indicative of
sequences generated by problematic bioinformation pipe-
lines that call low-coverage regions to the reference.

For each clade, we then identified sites that are 4-fold
degenerate in the clade founder (see https://github.com/
jbloomlab/SARS2-mut-spectrum/blob/main/results/clade
_founder_nts/clade_founder_nts.csv). We also manually
excluded sites that previous analyses (Turakhia et al.
2020) or our own analysis suggested might be prone to er-
rors due to abnormally large numbers of mutations (the
excluded sites are listed under sites_to_exclude in https://
github.com/jbloomlab/SARS2-mut-spectrum/blob/main/
config.yaml). Finally, we excluded any sites that differed
between the clade founder and the Wuhan-Hu-1 reference
(i.e, had fixed mutations in the clade founder relative to
Wuhan-Hu-1). This exclusion was designed to avoid any
spurious mutations caused by bioinformatics pipelines
that call low-coverage sites to reference. The counts for
all mutations in each clade are in the file at https://
github.com/jbloomlab/SARS2-mut-spectrum/blob/main/
results/mutation_counts/aggregated.csv, which contains
columns indicating which sites are 4-fold degenerate or
specified for exclusion. Table 1 presents the number of
4-fold degenerate sites for each clade and the total number
of mutations at these sites. Note, we only retained clades
with at least 5,000 mutation counts at non-excluded
4-fold degenerate sites.

Finally, we tabulated the counts for each type of nucleo-
tide mutation for each clade at the non-excluded 4-fold de-
generate sites and determined the fraction of all mutations
that were of that type (https://github.com/jbloomlab/
SARS2-mut-spectrum/blob/main/results/synonymous_
mut_rates/rates_by_clade.csv).

For the analyses in supplementary figure S1,
Supplementary Material online, we repeated the above
process but subsetted only sequences from the USA or
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England (as determined by whether the strain name con-
tained that word), after excluding any site that was among
the top 5 most mutated sites for any clade, or after parti-
tioning the genome into halves.

Principal Component Analysis

The principal component analyses (PCAs) were performed
on the length 12 probability vectors giving the fraction of
all mutations at the 4-fold degenerate sites that were of
each mutation type. The PCA was done using scikit-learn
after first standardizing the vectors to have zero mean
and unit variance. As described above, we repeated this
analysis on subsets of the data to determine whether the
results remained consistent when we restricted our ana-
lyses to only sequences from the USA and England, ex-
cluded any site that was among the top 5 most mutated
sites for any clade, or partitioned the genome into halves.

Calculation of Relative Mutation Rates

The relative mutation rates plotted in figure 1C were calcu-
lated simply by normalizing the fraction of all 4-fold degen-
erate mutations that were of a given type by the fraction of
all nucleotides at those sites in the clade founder that were
of the parental nucleotide identity. For instance, the relative
rate of A—T mutations was computed as the fraction of all
mutations at non-excluded 4-fold degenerate sites that
changed an A to a T, divided by the fraction of all 4-fold de-
generate sites that had an A as their identity in the clade
founder. Note that the frequencies of the different nucleo-
tides at 4-fold degenerate sites are virtually identical among
the clade founder sequences (supplementary fig. S3,
Supplementary Material online).

Phylogenetic Tree

The phylogenetic tree in figure 1D was inferred on the
clade founder sequences using igtree (Minh et al. 2020)
and then rendered using ete3 (Huerta-Cepas et al. 2016).
The tips show the relative rates (as in fig. 1C) for each clade
minus those rates for clade 20A, with the mutation types
in the same order as in figure 1C.

Mantel Test

The Mantel test (Mantel 1967; Harmon and Glor 2010;
Hardy and Pavoine 2012; Legendre and Legendre 2012)
was used to estimate the significance of the correlation be-
tween the Euclidean distance between clades’ mutation
spectra and the square root of the phylogenetic distance
between clade founder sequences (as estimated using ig-
tree), also known as phylogenetic signal (fig. 2). The square
root of the phylogenetic distance is used because it is ex-
pected to scale linearly with Euclidean distance under a
Brownian motion model (Hardy and Pavoine 2012). The
Mantel test was implemented using the R package vegan
(version 2.5-7), with method="pearson” and 100,000 per-
mutations (Oksanen et al. 2022). To determine whether
the phylogenetic signal we observe is solely due to
Omicron’s G > T fraction, the Mantel test was also carried

out after excluding G > T mutations from the mutation
spectrum and re-normalizing it. To additionally determine
whether the phylogenetic signal is due only to differences
between Omicron and non-Omicron clades, we also car-
ried out tests for phylogenetic signal on Omicron clades
and non-Omicron clades separately.

Equilibrium Frequencies of SARS-CoV-2 Nucleotides
The predicted equilibrium frequencies of nucleotides
shown in figure 3A were calculated as the real component
of the principal eigenvector of a rate matrix constructed
from the relative rates of each mutation type for that
clade.

Predicted and Actual Nucleotide Frequencies at
4-fold Degenerate Sites for Other Viruses

The predicted and observed nucleotide frequencies for
other human viruses in figure 3C were calculated from
phylogenetic analyses available on next strain:

+ the different influenza virus lineages at nextstrain.org/
groups/neherlab

+ RSV-A and RSV-B at nextstrain.org/rsv

+ Enterovirus A71 at nextstrain.org/groups/neherlab/
ev/a71l

+ Enterovirus D68 at nextstrain.org/enterovirus/d68
(Hodcroft et al. 2022)

+ Dengue virus 1-4 at nextstrain.org/dengue

« West Nile Virus (WNV) nextstrain.org/WNV/NA
(Hadfield et al. 2019)

The empirical nucleotide frequencies were calculated
by counting nucleotide states at 4-fold synonymous in
the alignment references used in each of these builds (ex-
plicitly linked in the script, see below). The mutation spec-
trum was calculated by traversing the phylogenetic tree
and counting mutations at positions that are 4-fold
synonymous in the reference sequence. From the spec-
trum and the empirical equilibrium frequencies, the pre-
dicted equilibrium frequencies were calculated as for
SARS-CoV-2. For influenza, the six largest segments such
as PB2, PB1, PA, HA, NP, and NA were used for these ana-
lyses, and for the other non-segmented viruses, the entire
genome was used. These calculations are explicitly docu-
mented in the https://github.com/jbloomlab/SARS2-
mut-spectrum/blob/main/scripts/compare_other_virus_
spectra.py script. A table listing the originating and sub-
mitting labs of influenza sequences used in this analysis
is provided at https://github.com/jbloomlab/SARS2-
mut-spectrum/blob/main/GISAID_acknowledgments/flu_
acknowledgement.tsv.

The distances plotted in figure 3C represent the
Manhattan distance of the empirical nucleotide frequen-
cies at 4-fold degenerate sites to the equilibrium frequen-
cies predicted from the mutation spectrum.
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Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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