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Abstract

The genomic substitution rate (GSR) of SARS-CoV-2 exhibits a molecular clock feature
and does not change under fluctuating environmental factors such as the infected human
population (10°-107), vaccination etc.. The molecular clock feature is believed to be inconsistent
with the selectionist theory (ST). The GSR shows lack of dependence on the effective population
size, suggesting Ohta’s nearly neutral theory (ONNT) is not applicable to this virus. Big variation
of the substitution rate within its genome is also inconsistent with Kimura’s neutral theory (KNT).
Thus, all three existing evolution theories fail to explain the evolutionary nature of this virus. In
this paper, we proposed a Segment Substitution Rate Model (SSRM) under non-neutral selections
and pointed out that a balanced mechanism between negative and positive selection of some
segments that could also lead to the molecular clock feature. We named this hybrid mechanism as
near-neutral balanced selection theory (NNBST) and examined if it was followed by SARS-CoV-
2 using the three independent sets of SARS-CoV-2 genomes selected by the Nextstrain team.
Intriguingly, the relative substitution rate of this virus exhibited an L-shaped probability
distribution consisting with NNBST rather than Poisson distribution predicted by KNT or an
asymmetric distribution predicted by ONNT in which nearly neutral sites are believed to be
slightly deleterious only, or the distribution that is lack of nearly neutral sites predicted by ST. The
time-dependence of the substitution rates for some segments and their correlation with the
vaccination were observed, supporting NNBST. Our relative substitution rate method provides a
tool to resolve the long standing “neutralist-selectionist” controversy. Implications of NNBST in
resolving Lewontin’s Paradox is also discussed.

Keyword: ‘“neutralist-selectionist” controversy, Lewontin’s Paradox, relative substitution rate
ratio (c/u), L-shaped probability distribution, Selection type, Un-Translated Region, SARS-CoV-
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Introduction

The COVID-19 pandemic was caused by severe acute respiratory coronavirus 2 (SARS-
CoV-2) in December 2019 in Wuhan, China, with the human population undergoing six infection
waves, ranging from 10°to 107 infected cases (Figure 1A). As of October 2022, SARS-CoV-2
resulted in 626 million infections and 6.56 million deaths worldwide, largely surpassing the
infections and deaths caused by SARS-CoV and Middle East respiratory syndrome (MERS-CoV)
(Table 1). Despite the rapid increase in global vaccinations since December 2020 (Figure 1B),
multiple SARS-CoV-2 variants have emerged (alpha-omicron), of which the omicron variants
have led to higher infection rates but lower virulence than previous variants, which may increase
recurring infections. Continual mutations also raise concern about possible antibody-dependent
enhancements (ADE) [1], which might increase the severity of COVID-19 infections.
Furthermore, only a few FDA-approved therapeutics (e.g., Remdesivir, Paxlovid, and
Molnupiravir) are available to treat COVID-19 infection and many promising drug candidates are
still under development [2, 3]. More recently, following China’s lifting of its “zero-COVID”
policy, ~3.7 million infections/day and ~9,000 deaths/day were reported in China [ref], signaling
that the pandemic is far from over and careful surveillance of this virus is still critically important.

Understanding the molecular evolution nature of the SARS-CoV-2 genome is thus pressing
to identify critical sites or regions in developing a rational strategy to mitigate COVID-19 in the
long term. So far, three competing evolution theories have been developed to explain the evolution
nature of a species. The first one is selectionist theory (ST) [4], in which the fittest mutations will
survive through positive selection. The second one is Kimura’s neutral theory (KNT) [5, 6], in
which the luckiest mutations will survive through genetic drifting.[7] The third one is Ohta’s nearly
neutral theory (ONNT) [8-16], in which the fate of nearly neutral mutations, mostly being slightly

deleterious, depends on the effective population size. Nonetheless, all three basic theories agree



that deleterious mutations will be purified through evolution. Given the three basic theories, which
one of them is true for this virus? Are the observed substitutions neutral, nearly neutral or
advantageous? How can this be determined?

SARS-CoV-2 is a ~30 kb, single-stranded, positive-sense membrane-bound RNA virus,
which shares high sequence similarity to other beta-coronaviruses such as SARS-CoV [17, 18]
and MERS-CoV [19] [20]. The genomes of these beta-coronaviruses contain a Translated Region
(TR) and Un-Translated Region (UTR). TR encodes a set of proteins critical to the virus life cycle,
including open reading frame lab (Orflab) comprising 15 non-structural polyproteins (Nsp),
major structural proteins (E, N, M and S) and accessory proteins (Orf3a, Orf6, Orf7a, Orf8 and
Orf10) (Tables S1a-S1b). UTR does not encode protein but regulates viral replication and
transcription [21]. 5 -untranslated regions (5’-UTR) occur at the beginning of each gene and a 3’-
untranslated region (3’-UTR) occurs at the end of hypothetical Orfl0 (Table Slc). 5°’-UTRs
contain Transcriptional Regulatory Sequences (TRS) that comprise 6-7 conserved core nucleotides
(NTs) with variable positions in each gene (Table S1d). TRSs are involved in subgenomic RNA
(sgRNA) biogenesis; during negative-sense strand synthesis, RdRp pauses RNA transcription
when it reaches a TRS in the body (TRS-B) and switches the positive-sense RNA template strand
to the TRS in the leader (TRS-L) in Orflab 5’-UTR, resulting in discontinuous transcription of
sgRNA [22] [23].

In this paper, the genomic evolution of SARS-CoV-2 is assumed to be a repeating process
of two basic steps (Figure 2). First, random mutations occur at any NT site of the genome with a
putative constant mutation rate («) due to the polymerase error. Second, fixation of the mutations
in the viral population (i.e., the census viral population subjected to genomic sequencing) leads to

a substitution rate (c) through genetic drifting, environmental selection and other factors. A new



substitution is classified as under positive selection if ¢>u, as under neutral if c=u, and as under
negative selection if ¢c<u. The assumption that all NT sites in a genomic sequence solely follow
neutral selection leads to a constant genomic substitution rate (c=u), and this is defined as the
Genomic Substitution Rate Model (GSRM). GSRM, as the strongest form of KNT (fo=1, where /o
is the fraction of NT sites under neutral selection), serves as a null hypothesis that is rejectable if
a NT site follows non-neutral selection (purifying/- or adaptive/+). It is clear that substitution rates
vary within viral [24, 25] [26] [27] and eukaryotic genomes [28-32] and in different lineages of
species (e.g., substitution rates much slower in humans compared to rabbits or Dengue-4 virus).
[33, 34] Thus, strong variations of the substitution rate within the genome of SARS-CoV-2 should
be expected. If so, GSRM and KNT would be untrue for SARS-CoV-2. It is therefore critical to
investigate the substitution rate variations in the SARS-CoV-2 genome for identifying key NT
sites [35, 36] and key genomic regions under positive selections. The key mutations and regions
associated with high infection and virulence can be potential drug targets in treating COVID-19
[37-39].

Intriguingly, a near-constant, time-independent NT genomic substitution rate (GSR) in

SARS-CoV-2 genomes, also known as a molecular clock feature (Figure 1C and Figure S1,

7% substitutions

GSR = 2 ) [40, 41] is evident despite dynamic changes in the infected human

NT sitexyear
population (Figure 1A) and significant increases in global vaccinations (Figure 1B). These
observations appear to suggest that the molecular evolution of SARS-CoV-2 follow the GSRM
(c=w) or KNT [5, 6] (c=u*fp) rather than ONNT[8-16] and ST.[4] This is because while GSRM
and KNT predict the substitution rate is limited by the mutation rate (u«), which is a time-
independent constant regardless of fluctuating environmental factors, the substitution rate (c)

predicted by ONNT and ST should be strongly time-dependent. The time-dependent rate for



ONNT comes from its strong dependence on the size of the effective population (Ne) of this virus
in fixing slightly deleterious mutations in the effective population. While the generation time of
this virus (~5 days) does not change much, N, must have strong time dependence and a change of
several orders of magnitude; because the virus census population (N.) is proportional to the host
population size and the infected human population as the host population underwent six waves,
with arange of 10°to 107 recorded cases so far (Figure 1A). In a stronger perspective to the ONNT,
ST would also predict a strong time dependent substitution rate as the adaption response to the
fluctuating environmental factors.

While the temporal features of this virus’s GSR appear to be inconsistent with ONNT and
ST, the big variation of the substitution rate in the sequence space is also likely inconsistent with
GSRM and KNT. What then can explain the molecular evolution of SARS-CoV-2? While the
theoretical proofs for GSRM, KNT and ONNT to be consistent with the molecular clock has been
provided, the proof that ST must be inconsistent with the molecular clock feature does not exist.
Is it possible that some NT sites/segments are under (weakly) positive selection and other sites are
under (weakly) negative selection, and that both selection types might exhibit time-dependent
substitution rates, but are “balanced out” to generate the overall time-independent GSR? In other
words, under which conditions can ST also lead to a molecular clock feature? There is also no
reason to exclude some NT sites under the nearly neutral selection for ST. If so, a hybrid between
ST and the neutral theories would be able to explain the evolution of this virus and many other
species. In this paper, we proposed a Segment Substitution Rate Model (SSRM) under non-neutral
selections and pointed out a balanced mechanism between negative selection and positive to obtain
the molecular clock feature. We named this mechanism as a near-neutral balanced selection theory

(NNBST) and examined if it was followed by SARS-CoV-2.



Although the GSR of SARS-CoV-2 virus has been reported (Table S2), the segment
substitution rate (¢, SSR) for the TR coding genes and non-coding UTR and TRS segments are not
yet available [12, 42-47]. Although the selection type for the TR and each coding gene has been
predicted via conventional Ka/Ks analysis (Ka: non-synonymous substitution rates; Ks:
synonymous substitution rates), a convergent selection type for some genes (i.e., S-, E- and N-
genes) is under debate (Table S3) [10-16]. Because the Ka/Ks method is not applicable to non-
coding regions, UTR and TRS selection types have not been assigned. Although most evolutionary
biologists consider most non-coding eukaryotic DNA evolves neutrally [48], some UTRs and
TRSs of this virus are functionally important and likely under non-neutral selection. Indeed,
several studies report that NT substitutions within the 5’UTR and 3’UTR of SARS-CoV-2 [49-56]
impacted viral replication and transcription processes [57, 58], thus deciphering the variation of
their substitution rates is also critical for determining their selection type.

In this study, we formulated the relative substitution rate (c/u) test to quantify the selection
type of an arbitrary genomic fragment or a NT site. A theoretical proof on the consistency between
c/u and the conventional Ka/Ks in classifying selection type for a gene in TR under near neutral
selection for the genome was provided in the methods section. Systematic analysis using ¢/u was
done on three independent sets of SARS-CoV-2 genomes (a total of 11,198 sequences) from
human patients within the first 19 months of the COVID-19 pandemic, which were selected and
compiled by the Nextstrain team (Table 1) [40] [59]. In the first part of the results section, we
investigated the substitution rate variation in the NT sequence space to see if the GSRM or KNT
was not followed, respectively, by all NT sites or all substituted sites of SARS-CoV-2 using our
c/u test, including each coding gene in TR and UTR and TRS non-coding segments. The empirical

probability distribution of ¢/u was examined to check against the Poisson distribution as predicted



by GSRM or KNT. The selection type of the 10 genes, 11 UTRs and 9 TRSs were determined
using the c¢/u test. The empirical check on the consistency of the selection type by c¢/u with by
Ka/Ks for the 10 coding genes was conducted. At NT level, the top 54 NT sites in UTR and 247
codon sites in TR that followed positive selection were identified. In the second part of the results
section, the time-dependency of the substitution rates (¢ for the coding genes, UTRs and TRS;
Ka/Ks for coding genes only) were examined using our SSRM to probe their time-dependent
features for non-neutral selections. Additionally, the impact of the vaccine on viral genomic
evolution was investigated using time correlation plots. In the discussion, our ¢/u test in solving
the long-standing “neutralist-selectionist” controversy on how to determine the selection type of a
gene or a NT site in a genome exhibiting a high substitution rate (i.e., neutral VS positive/adaptive
selection type) will be discussed. The implications of NNBST in the possible resolution of
Lewontin’s Paradox, how sequence variability among species is far less than from what is expected
based on differences in their population sizes will be also discussed, given the observation that the

sequence variation was independent from the census population for this virus.

Methods

Genomic Substitution Rate Model (GSRM), a null hypothesis.
A virus genome of length N consists of i functional segments (i.e., genes in TR, UTRs and
TRSs) and segment i consists of n; NTs to give the following for non-overlapping segments:
N = );n; (Equation 1)
For SARS-CoV-2, N=29,903 NTs and i=10+11+9 (genestUTRs+TRSs), if Orflab instead of
Orfla is used in this study. At time =0, the number of NT mutations in segment i is zero for all

segments to give:



m;=0 (Equation 2)
SARS-CoV-2 starts to replicate its genome using its replication machine (RNA-dependent
RNA polymerase (RdRp) with a 3’ proofreading exonuclease (ExoN)) to maintain replication

fidelity. Two assumptions are then made. 1). The replication error rate at any NT site of the genome

mutations

(the mutation rate) is the same (u, ), because the replication machine cannot sense

unit timex*NT site

the position of NTs in producing the nascent genome under random environmental perturbations.
This spontaneous mutation process can be modeled as a Poisson process at a constant mutation
rate of u. 2). The generated mutations in the produced virus population after virus replication (N,)
is undergoing neutral selection only (i.e., no selection preference for any mutation type), such that
the substitution rate (¢, GSR) observed in the virus population generated after having undergone
selection (i.e., the census population N, subject to genomic sequencing) is the same as the mutation
rate ¢ in the produced virus population (N, ) in Figure 1:
¢ = N *u * Pr;, (Equation 3)

produced mutations produced mutations .

in the produced virus population

where [ is and N, * L is

NT sitexunit time NT sitexunit time

prior to selection (NVe) . It’s important to note that the observed viral population N, does not include
viruses that have been eliminated through negative selection. Pr;y is the fixation probability for a
mutation or the observed probability of a mutation in the virus population after selection (N,),
whereas Py, is the probability for a mutation in the virus population prior to selection (N,). The
fixation probability in the virus population after selection (N,) is equal to the probability of the
mutation in the produced population (N, ) prior to selection (i.e., Prix = Ppy¢) due to the neutral

selection condition, and P, is proportional to the abundance of the mutation in the produced

whole population (N,) prior to the selection (i.e., Py = Ni for a mutation) under the neutral
e



selection condition, because any virus in N, has an equal chance to be selected under the neutral
selection only, thus simplifying Equation 3:
¢ = u (Equation 4)

In the case where no selection exists and all viral offspring (non-mutants and mutants)
survive, then Nc = Ne. To observe this, the virus would need to reproduce in a reservoir free of
selection pressure (i.e., no immune system) containing a constant supply of chemical and
biological materials (i.e., NTs, host cells, etc.). The migration rate of the virus should also be
sufficiently high to ensure mutation fixation within the global viral population. Humans, which
are a migratory species, can enable the quicker virus spreading events between different countries
and continents across the world; from early civilization to rapid globalization in the mid-20"
century, human-to-human virus spreading has increased at an unprecedented rate, given that the
viruses exhibit low host fatality rates, high infectivity and slow incubation periods.

This time-independent constant substitution rate (¢, GSR) under neutral selection only is
equal to the mutation rate (u) that is defined as the Fundamental Genomic Mutation Rate (FGMR),
following the Jukes-Cantor substitution model [60]. The first assumption also implies that the
FGMR of the genomic replication machinery (RdRp with 3’ ExoN) is independent from the virus
genome sequence change, thus the replication error rate does not change significantly over a short
period of time. When c=u for every site within the genome, this is the basis of the GSRM, which
is the strongest form of the KNT [4]. Consequently, the observed substitution rate for a genomic

segment i (c;) in the population is also a time-independent constant:

% = ¢; (Equation 5)

and

¢; = ¢ *n; (Equation 6)



Where ¢; is the number of substitutions per unit time per segment i. Summing over evolution time
t, the cumulative number of substitutions for segment i (m;) is equal to the product of the
substitution rate per segment per time:

m; = c;t (Equation 7)
The integral substitution probability for a NT site within segment i (P;, substitution probability per
NT site) at time ¢ (the sequence variation from the initial NT site) is obtained by normalizing the
number of substitutions (m,) by the total number of NTs of the segment i:

P; = c;t (Equation 8)

P = 7:—; (Equation 9)

c;i= i—‘t (Equation 10)

where c; is the Segment Substitution Rate (SSR) in a unit of substitution per NT site per unit time.
From the two assumptions, SSR of every segment is equal to FGMR:
c;=c (Equation 11)
The time-independent substitution rate, which is independent of the virus population size
and environmental conditions (e.g., vaccines), leads to a molecular clock feature (Equation 8)
that can be used to estimate the divergent time between two or more species originating from a

common ancestor using their sequence variances or predict sequence variance in the future [4, 7].

~0.1% substitutions

For example, given GSR of SARS-CoV-2 is

, it will take ~1,031 years for the

NT sitexyear
virus sequence to be 100% different from the first virus sequence.

While there are slight differences between our GSRM and KNT in terms of evolution,
their fundamental nature is the same. The KNT assumes that in a genomic sequence, most sites

undergo negative selection and are conserved; some sites undergo neutral selection; very rarely,



sites undergo positive selection [4]. Because the mutations under negative selection will be
purified in the population, these conserved sites will not contribute to the substitution rate of the
virus. And because the positive selection sites are rare, these sites will not make a significant
contribution to the overall substitution rate. Therefore, the substitution rate of all genomic sites
under the KNT are dominated by the neutral sites and is just a fraction of FGMR (c=u *fy, where
fo s the fraction of neutral sites). In our GSRM, all sites within a genomic sequence are assumed
to undergo neutral selection only (i.e., fo =1) and exhibit a constant substitution rate which is
equal to the FGMR (u). The single time-independent substitution rate (c) for all NT sites from
GSRM or for some NT sites from KNT implies a Poisson process with that rate due to genetic
drift [61, 62].
Segment Substitution Rate Model (SSRM) and a balanced selection mechanism.

SSRM is introduced to take the time-dependent non-neutral selection into consideration

by allowing a specific substitution rate for a specific segment or a NT site:

d::i = ¢/ (Equation 12)

P; = c¢;t (Equation 13)
c;i= fl—‘l (Equation 14)

1.2 3substitutions

For example, while the substitution rate for the S-gene is , , the substitution rate for
NT sitexyear

3.6 *substitutions

the E-gene is . The integral substitution rate for each NT site within this viral

NT sitexyear
genome (P) at time ¢ (i.e., the genomic variation at time ¢) is product of time (¢) with a GSR (¢) in
Equation 15. GSR (c¢) is a weighted sum of the substitution rate of each segment ( ¢;) in Equation
16, and the weight is determined by the length of the segment over the length of the genome (N)

in Equation 18a:



P = c *t (Equation 15)
c =Y;W; xc; (Equation 16)
ni

W; = m (Equation 17)

Please note that because the selection type on the virus could change over time, SSR (¢;) and GSR
(c¢) could change over time due to time-dependent strong non-neutral selection types. Nonetheless,
if the molecular evolution is under NNBST, the higher SSR of segment/NT sites under positive
selection is balanced out by the lower SSR of the segments/NT sites, leading to a time-independent
GSR that is close to FGMR (u). Because the effect of V. on the SSR of weakly negative segments
is also balanced out by that of the SSR of weakly positive segments, the overall substitution rate
is independent from the V.. This has been observed for SARS-CoV-2 in this study.

Because the virus evolution time is the same for each gene/UTR/TRS and the whole

genome (e.g., t = %), the variation ratio (e.g., P—J_) is proportional to the substitution rate ratio (e.g.,
l l

o . .
C—J) between between genes j and i or between gene i and the genome at a given time ¢.
i

cj i
P = C—i * P; (Equation 18)

P = c£ * P; (Equation 19)
3

These substitution rate ratios can be also interpreted as relative substitution rates with the reference
gene or the whole genome. The difference in the relative substitution rates reflect the difference in
the net selection forces. Equations 18-19 provide an alternative way to estimate the relative
nucleotide substitution rates without requiring the explicit temporal information from the genomic

data.

c/p Analysis for estimating selection type.



Taking non-neutral selection into consideration, the single FGMR (u) for all
genes/UTRs/TRSs in GSRM is unlikely true [63]. The actual SSR of a segment (c;) depends on
the type of selection acting on it. The three cases are thus:

SSR is reduced least if more NT sites are under nearly neutral selection:
c;=u (Equation 20)
SSR is reduced most if more NT sites are under negative selection:
c;<u (Equation 21)
SSR is increased most if some NT sites are under positive selection:
¢;>u (Equation 22)
It is crucial to obtain the SSR of each segment for understanding the evolutionary dynamics of the
SARS-CoV-2 virus [64]. It is worth noting that a higher substitution rate under positive selection

than that under neutral selection is possible (¢;>) due to the high fixation probability (Pr;y)

through fixation of adaptive substitutions in the population.

Besides c/u, selection type can also be determined using conventional Ka/Ks, where
multiple methods can be used (see later in the methods section for our five selected Ka/Ks
methods). However, Ka/Ks can only be used in the coding regions of a genome, whereas c¢/u can
be used in both coding and non-coding regions. Nonetheless, ¢/ and Ka/Ks can be determined
from the experimental sequence data, thus the selection type assignment from them is operational
and objective. In contrast, a selection coefficient (s) is commonly used in population genetics to
characterize the relative fitness for defining the selection type. Although it is theoretically
important, empirical determination of such a quantity can be very difficult.

To use c/u, the FGMR (u) must first be determined. Under NNBST, GSR is a constant,

which could be a good approximation for FGMR. In-vitro assays or in-vivo cell lines [64] without



selection type might be used in the future to experimentally determine FGMR. In this study, the

—4 substitutions

calculated GSR of SARS-CoV-2 (9'7 ) was used to represent the FGMR (u) of this

NT sitexyear

virus. Then, the ratio of SSR over FGMR (r = % ) can be used to classify the selection type for a

genomic segment including UTRs and TRSs that cannot be classified using conventional Ka/Ks
methods. UTR/TRS is likely under near-neutral selection if r = 1, positive selection if r > 1 or
negative selection if r < 1. Because FGMR (u) is always a positive number, even if C; = 0 (i.e.,
conserved NT site), then r =0 and suggests the strongest negative selection. In contrast,
conventional Ka/Ks suffers if Ks =0 or Ks = 0, probably leading to a false positive

classification. The SSR for each gene was also calculated. For example, the SSR for the N-gene is

3.073 substitutions

, which is 3.1-fold faster than the GSR. Therefore, N-gene is under strong

NT sitexyear

positive selection.

Theoretical proof for % with conventional Ka/Ks in classifying selection type for a gene in

TR under a near neutral condition.

To validate the use of the relative substitution rate ¢/u in classifying selection type for any
given segment, we perform the following proofs against conventional Ka/Ks scheme under a near-
neutral condition:

1). ¢; = Kt + K%, where K. and K! are the non-synonymous and synonymous mutation rates of
gene i under non-neutral selection.

2).u=K,+ K, = 2K, because K, = K is under near neutral selection.

3). Assuming the synonymous mutation rate under neutral and non-neutral conditions is

approximately equal to each other (i.e., K¢ = Kj).
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Compilation of three genomic datasets.

11,198 SARS-CoV-2 genomes collected between 12-24-2019 and 7-31-2021 were
obtained from GISAID [59] (Table 1) and were from three independent datasets (Ala/3856,
A1b/3416 and A1c/3926). These were selected and compiled by Nextstrain [40] and overlapping
sequences between each dataset were removed prior to our analysis. Criteria for genome selection
includes genome completeness (>27 kilobyte sequence length), no clustered substitutions and no
excess divergence. The first SARS-CoV-2 sequence isolated from a human patient, Wuhan-Hu-1
(GenBank ID: MN908947.3, RefSeq ID: NC_045512.2), was used as the reference genome.
Multiple Sequence Alignment (MSA) of genome, gene and protein sequences.

MSA of all genomes in each dataset against the reference genome sequence was performed
using MAFFT [65] under default settings. Aligned sequences were then ordered chronologically
by their collection date.

Extraction, compilation and MSA of gene and protein sequences.

Following MSA, MATLAB Bioinformatics Toolbox was used to extract each coding gene
and each non-coding UTR/TRS segment and to translate the coding genes into their respective
protein sequences (Tables S1A-S1D) using the GenBank header file (GenBank ID: MN908947.3).
MSA of each gene and protein was also done using MAFFT under default settings. Example
alignments of non-redundant E-gene sequences were generated using Jalview (Figures S2a-S2c¢)

and non-redundant E-protein and S-protein were generated using MultiAlin [66] (Figures S3-4).



Calculating percent NT type and NT substitutions in genome, segments and codon position.
The percentage of each NT type (Adenine (A), Thymine (T), Cytosine (C), Guanine (G))
in the reference genome sequence was calculated using the MATLAB Bioinformatics Toolbox
script [66]. (Table S4A). Over the combined three datasets, total NT substitutions were
decomposed into 4 transition types (purine-to-purine, pyrimidine-to-pyrimidine) and 8
transversion types (purine-to-pyrimidine and vice-versa) for the genome, each gene sequence
combined (All-TR, All-UTR, AII-TRS) and each individual gene (Table S4B). The percentage of
NT substitutions occurring in positions 1, 2 and 3 (P1, P2 and P3) of each codon for AIl-TR and
each coding gene was also calculated (Table S4C).
Calculating percent amino acid (AA) type and codon substitutions.

The percentage of each AA type in All-TR of the reference genome sequence was
calculated using the MATLAB Bioinformatics Toolbox script [66] (Table S5A). Over the
combined three datasets, AA substitution matrices for the 20 common AAs (20x20) were also
generated for All-TR (Table S5B). Diagonal numbers represent synonymous substitutions and off-
diagonal numbers represent non-synonymous substitutions.

Calculating c¢/p for the genome and each gene over the combined data sets.
The percent substitution rate for segment i (¢;) was calculated using the MATLAB

Bioinformatics Toolbox script [66] to implement the following equation:

% substitutions

Am;
€= ——— % 100% —— —
Atxg¥n; NT site * unit time

(Equation 23)
while dividing the number of substitutions (4m;) with the number of genomes (g), the time interval

(4¢) and the number of NTs (#;) within the segment i. For the genome and each segment, the percent

% substitutions
NT sitex19 months

NT substitution rate (c, ) with reference to the genomic substitution rate (x) and

the relative substitution rate (c/u) were obtained. ¢ and ¢/u values have been tabulated (Table 3).



Calculating probability distribution of ¢/p for each NT site in the genome and each gene.
The probability distribution of ¢/u was calculated over the whole genome and each segment

on the combined datasets using the MATLAB Bioinformatics Toolbox script [66]. First, the

substitutions
NT sitex19 months

distribution of the total NT substitution rate (c, ) for the whole genome and each

segment was obtained by calculating the substitution rate (c¢) at each NT site over all genomic

sequences, followed by counting the occurring frequency of each c. Second, the mean total NT

10.6 substitutions
NT sitex19 months

substitution rate within the whole genome (u = ) was obtained. Third, c/u

distribution plots were created by scaling ¢ to ¢/u for the probability distribution of the absolute
substitution rate c¢. The ¢/u probability distribution for the genome, All-UTR, All-TRS (Figure
4C-F), UTRs and TRSs (Figure S6) are shown.

Within All-TR, we calculated the mean total NT substitution rate, mean synonymous and
mean non-synonymous NT substitution rate using Equation 15. The NT c/u distribution for the
relative total NT substitution rate, relative synonymous and non-synonymous NT substitution rate
was calculated for each coding gene (Figure S7) using the combined datasets. To compare with
Ka/Ks analysis, the codon c/u distribution for the relative total NT substitution rate (substitutions
per codon per 19 months), relative synonymous and non-synonymous NT substitution rates were
calculated for All-TR (Figure S8) and each gene (data not shown). Due to the averaging effect
over three NTs, the codon-based c/u distribution appeared flatter compared to the NT-based c/u
distribution (Figure S8).

Selection type classification using c¢/p at the NT and codon-level.

A NT site in UTR or a codon site in TR can be classified as conserved (¢/u¢=0) or non-

conserved (c/u>0). Non-conserved NT sites can be further classified into near-neutral selection

(0.5<c/u<2.0), which decomposes into weak negative selection (0.5<c/u<1.0) or weak positive



selection (1.0<c/u<2.0). Otherwise, NT sites are classified as not near-neutral and undergo either
strong negative selection (0<c/u<0.5) or strong positive selection (¢/u>2.0). The percentage of
sites under different selection types were calculated for All-TR and each major/accessory gene
(Table S6A), Nspl1-15 (Table S6B), UTR (Table S6C) and TRS (Table S6D).

Calculating Ka, Ks and Ka/Ks using five methods.

Calculation of Ka, Ks and Ka/Ks was done using the MATLAB Bioinformatics Toolbox
script [66]. We evaluated the consistency of Ka, Ks and Ka/Ks values, by calculating them using
five different methods: Single Point mutation approximation (SP), Nei-Gojobori (NG) [67, 68],
Li-Wu-Luo (LWL) [69], Pamilo-Bianchi-Li (PBL) [70] and the maximum likelihood (ML)
methods [71]. SP is based on the assumption that most NT substitutions in TR are single-point
substitutions in the codon, such that a point substitution can be easily classified as a non-
synonymous substitution (codon change causes AA change), or a synonymous substitution (no
codon/AA change). NG is the default method and is based on the Jukes-Cantor model [60] to
calculate the number of Ka and Ks substitutions as well as the number of Ka and Ks sites [67].
LWL is based on the Kimura two-parameter model [72], which assumes equal NT base rates and
calculates the number of Ka NT transition and transversion substitutions at three levels of codon
degeneracy [69]. PBL performs similarly to LWL while including bias correction [70]. ML uses
the Goldman-Yang method [73] to calculate Ka and Ks substitutions by accounting for NT
transition/transversion substitution rate and NT base/codon rate biases [71].

Selection type classification using Ka/Ks.

Classification of selection type is defined for conserved (Ka = Ks = 0), strong negative

(0< I;—: < 0.5), weak negative (0.5 < I;—: < 1.0), weak positive (1.0 < i—: < 2.0) and strong

positive (2.0 < 1;—3) selection. For All-TR and each coding gene, Ka, Ks and Ka/Ks ratios were



calculated using the five methods (SP, NG, PBL, LWL and ML) across each dataset. Averaged
Ka/Ks values over the three datasets (Table 3 and Table S7-S8) and Ka, Ks and Ka/Ks values for
each dataset and for each of the four methods (NG, PBL, LWL and ML) were tabulated (Tables
S8 and S9A-SID). Ka/Ks distribution plots over each AA codon in the proteome using three
methods (NG, LWL and PBL) and a sliding window of 45 AA residues were also generated
(Figures S5a-S5c¢).
Selection type classification at the codon-level.

For AllI-TR, the Ka/Ks ratio for each codon was calculated using three methods (NG, PBL
and LWL) with a sliding window of 45 codons. Ka and Ks values were averaged over all sequences

before the final Ka/Ks ratio was calculated. The percentage of codons following negative selection
(Ka=Ks=0o0r0< % < 1) or positive selection (1 < I;—j) was calculated for All-TR, each

major/accessory gene and Nspl-15 using the Ka/Ks data from the three methods (Tables S10A-
S10D).
Ka/Ks Time-dependency correlation plots.

To probe the time-dependency of Ka/Ks for All-TR and each gene/Nsp, its monthly value
was calculated using the SP and NG method on the combined three datasets. Correlation plots
were generated for each major/accessory gene (Figure S12) and for Nspl-15 (Figure S13) using
the MATLAB Bioinformatics Toolbox script [66].
1-Dose vaccine correlation plots.

To probe the correlation between selection type change and 1-dose vaccinations, the
timeline of vaccinations is included in NG Ka/Ks vs time for each major/accessory gene (Figure
10) and for Nspl-15 (Figure 11) using the MATLAB Bioinformatics Toolbox script [66].

Correlation plots including both NG and SP Ka/Ks methods are included in the supporting



document for major/accessory genes (Figure S12) and for Nsp1-15 (Figure S13). For UTR and
TRS, vaccination timelines are included in the percent total NT variation vs time plots (Figure
S11). The correlation coefficient, intercept and slope were calculated for each major/accessory
gene and Nsp1-15 (Figure S15) and UTR and TRS (Figure S14) and were tabulated (Table 3 and
Table 4).

Protein structure models.

Protein homology structure models were obtained from ZhangLab, in which they generated
using their protocol [74]. The top 247 AA sites under positive selection based on ¢/u and Ka/Ks
analysis were mapped to each protein structure model using VMD v1.9.3. (Figure 9 and Figure
S10). Protein secondary structure assignment is obtained from the Stride program in VMD.

Data Files.
The metadata including GISAID ID, collection date etc., the 9,711 AA sites in the

proteome (translated All-TR) sorted by c¢/u and by Ka/Ks with the SP method, the top 247 AA

sites under positive selection (ﬁ > 3 and I’i—: > 2.5), the 771 NT sites in UTR sorted by ¢/u and

top 54 NT sites under positive selection (i > 3) are provided in supporting Excel spreadsheet files.

Results

GSRM and KNT were not followed at each NT type in the genome. To demonstrate that the
GSRM and KNT were not followed at the NT-level, we calculated the substitution rates for the
four types of NTs (A, G, U and C), the 4 transition types and 8 transversion types in the genome
and each segment as described in the methods section (Table S4). We otherwise would expect

each NT type to exhibit similar transition/transversion substitution rates. The NT abundances in



the SARS-CoV-2 reference genome (A:30%, G:20%, T:32% and C:18%) (Table S4A) showed
high consistency with NT abundances for SARS-CoV and MERS-CoV [75]. Uneven substitution
rates among the transition and transversion types were observed; Indeed, very high C-U transition
substitution rates were exhibited in the genome (136,701 C-U substitutions, 4 to 6-fold higher than
A-G, G-A and U-C substitutions) and each gene (e.g., S-gene: 13,142 C-U substitutions, 2 to 7-
fold higher than G-A and U-C substitutions). The high C-U transition substitution rates might be
due to a host-driven antiviral mechanism; human APOBEC deaminases induce C-U transition
substitutions in foreign single-stranded DNA or RNA, driving C-U hyper mutations in SARS-
CoV-2 genomes [76, 77]. Moderate G-U transversion substitution rates were also exhibited in the
genome (39,241 G-U substitutions, 2 to 10-fold higher than the other 7 transversion types) and
only some genes (e.g., S-gene: 5,502 G-U substitutions, 11-fold higher than U-A substitutions)
(Table S4B). From the uneven transition and transversion substitution rates, GSRM and KNT
were not followed at each NT type. Admittedly, it’s unclear whether ONNT or NNBST are
applicable here, as the percentage of near-neutral selection types were calculated later.

GSRM and KNT were not followed at each position of codon and at each codon type in All-
TR. To demonstrate that GSRM and KNT were not followed at the codon-level, we calculated the
percent NT substitution rates within positions 1, 2 and 3 (P1, P2 and P3) in each codon and
averaged over each codon in All-TR (Table S4C). Otherwise, we expect the substitution rate to
be similar at P1, P2 and P3 and within each codon. P2 had the highest percent substitution rate
throughout the genome (44%), whereas P1 and P3 had comparable percent substitution rates (28%)
(Table S4C1). Indeed, P2 had higher percent substitutions for all genes except Orflab (17%),
Nspl (0%), Nsp2 (1%), Nsp3 (6%) and Nsp9 (0%) (Table S4C1 and S4C2). Typically, P1 and

P2 should contain the most non-synonymous substitutions, whereas P3 (a.k.a., the wobble site)



should contain the most synonymous substitutions. [78, 79] Therefore, P3 typically had a higher
substitution rate than P1 and P2. Additionally, 93.3% of total NT substitutions occurred as single-
point substitutions, 4.9% as 2-point substitutions and 2.8% as 3-point substitutions (Table 2). This
result supported the use of the four elaborate methods (NG, LWL, PBL and ML) rather than SP
for getting more accurate estimates on Ka, Ks and Ka/Ks values. We then calculated the number
of synonymous and non-synonymous NT substitutions for all possible 20x20 AA combinations
(Table S5) using the SP method. If GSRM or KNT were assumedly followed, we expect the
number of synonymous and non-synonymous NT substitutions to be the same (GSRM: Ka/Ks=1;
KNT: Ka/Ks=1). The calculated AA abundance ranged from 1% to 9% in the reference genome
(Table S5A). Interestingly, highly uneven substitution rates at the codon level were observed (e.g.,
T-1, 7% of the total substitutions, Table S5B), clearly indicating GSRM and KNT were also not
followed at the codon-level.

GSRM and KNT were not followed at NT site level and at each coding gene and non-coding
segment. To demonstrate that GSRM and KNT were not followed at the NT site-level and the
segment-level, a diagram showing the percent NT substitutions at the whole genome, All-TR, All-
UTR and each gene was generated (Figures 3B-3H). Total NT substitutions in TR (Figure 3E)
were decomposed into non-synonymous (Figure 3F) and synonymous substitutions using the
Ka/Ks SP method (Figure 3G); the Ka/Ks ratio is shown in Figure 3H. If GSRM is true, the
substitution rate at every NT site should be similar. In fact, while 22% of NT sites showed no
substitution, 78% NT sites showed variable substitution rates (Figure 3B). Thus, GSRM is not
true for this virus. Although KNT allows conserved sites due to negative selection, the substitution
rate at each substituted site should nonetheless be similar. Instead, a variable distribution of NT

substitutions was observed in the genome and each gene segment. Many NT substitutions were



observed in the genome (317,828 total NT substitutions), TR (294,631, ~93% from genomic NT
substitutions), Orflab-gene (139,479 substitutions, ~44%), S-gene (68,050 substitutions, ~21%)
and N-gene (48,627 substitutions, ~15%) (Figure 3B). High NT substitution rates were observed
in UTR, primarily in Orflab 5’UTR (Figure 3D). Thus, KNT was not followed, Additionally,
synonymous and non-synonymous NT substitution rates in TR should also be similar for KNT
(KNT: Ka/Ks=1). In Orflab-gene, the amount of NT substitutions that were synonymous (63,990,
~46%) were slightly less than non-synonymous substitutions (75,489, ~54%), whereas most NT
substitutions in non-Orflab-genes were non-synonymous (138,697, ~89%), indicating that Nsp1-
15 in Orflab are critical for maintaining the SARS-CoV-2 life cycle. This Ka/Ks analysis also
suggests that KNT is not true for the TR of this virus.

Inspection of each coding gene and protein sequence, such as non-redundant sequences
(i.e., non-overlapping mutant sequences) of the E-gene (Figures S2a-S2¢) and E-protein and S-
protein (Figures S3a-S3c and Figures S4a-S4c) confirmed random substitution sites but also
uneven substitution rates across all sites. Interestingly, most NT substitutions in the E-gene were
translated into non-synonymous substitutions in the E-protein (Figures S3a-S3¢). Position 71 of
the E-protein had the highest rate of non-synonymous substitutions (~5.00% per site per 19
months) of Pro71Lys, Pro71Phe or Pro71Ser substitutions. The S-protein exhibited higher
substitution rates at some sites (Figures S4a-S4d), such as positions 501 (Figure S4b, ~25%) and
681 (Figure S4c). The variations in NT substitution rates and in Ka/Ks in each gene strongly
indicates the GSRM and KNT were not followed at the gene-level and that near neutral and non-
near neutral selection types must cause this. What percentage of the NT sites are near neutral or

not-near neutral? Are near neutral sites solely slightly deleterious or also slightly positive?



L-shaped c¢/u probability distribution suggests that NNBST rather than ONNT is followed.
To determine the selection type for each NT site and the relative abundance of each selection type,
we generated probability distribution curves of the total relative NT substitution rate (c/u) for the
genome, All-TR/All-UTR/AII-TRS and each coding/non-coding segment (Figure 4). The
genomic c¢/u probability distribution was then compared to the implied distribution curves
assuming KNT and ONNT with a peak probability at ¢/u = 1 (Figure 4). The KNT should exhibit
a symmetric Poisson distribution curve, whereas the ONNT should exhibit an asymmetric
distribution curve in which the area under the curve is significantly smaller for weak positive
selection (right of the curve) than for weak negative selection (left of the curve), indicating the

nearly neutral sites are deleterious. It’s important to note that the probability of conserved sites

(i = 0) was included in these distribution curves. Intriguingly, an L-shaped distribution curve

rather than a Poisson distribution curve was observed for the genome, All-TR, All-UTR, All-TRS,
Orflab and S (Figures 4A, C-H) and all segments (Figures S6-S8). Here, this suggests that most
NT sites are conserved (Genome: 60%; All-TR: ~57%; All-UTR: ~33%; All-TRS: ~67%; Orflab:
~60% and S: ~60%) or some are under strong negative selection, whereas weak negative, weak
positive and strong positive selection is increasingly rare. Additionally, the distribution of the
relative synonymous/non-synonymous NT substitution rates were also calculated for AlI-TR and
each gene (Figures S7-S8), which too exhibited L-shaped distributions. The mean absolute

substitution rate (u) for All-TR was calculated for total NT substitutions

10.2 substitutions 2.8 substitutions

(

), synonymous NT substitutions ( ) and non-

NT or codon sitex19 months NT or codon sitex19 months

7.4 substitutions

synonymous NT substitutions ( ). This L-shaped distribution clearly is

NT or codon sitex19 months

consistent with NNBST, and it also suggests that the GSRM, KNT and the ONNT are not followed

for the genome and each segment.



The percentage of the positive and the negative selection types confirmed NNBST for this
virus. To demonstrate that the KNT and ONNT are not followed in another way, we calculated
the percentage of sites undergoing near neutral or not-near neutral selection for the genome and
each segment using the c/u test as defined in the methods section (Table S6). Pie charts depicting
the percent selection types in All-TR, AlI-UTR and All-TRS using ¢/u were also generated (Figure
5A-C). Assuming the ONNT is followed, we expect an asymmetric abundance of near neutral
selection types (weak negative selection only). However, All-TR, All-UTR and AII-TRS showed
a similar abundance of both weak negative and weak positive selection types across their sites.
Most sites in All-TR, All-UTR and AII-TRS were under strong negative selection. For All-TR,
78% of sites were non-conserved (61% strong negative, 8% weak negative, 4% weak positive and
5% strong positive selection) (Table S6A). Orflab values were highly consistent with All-TR
(77% non-conserved: 63% strong negative, 7% weak negative, 4% weak positive and 3% strong
positive selection) (Table S6A). Coincidentally, non-Orflab genes were slightly less conserved
(83% non-conserved: 59% strong negative, 11% weak negative, 5% weak positive and 8% strong
positive selection) (Table S6A). For Nsp1-15, the values were highly consistent with Orflab (76%
non-conserved: 62% strong negative, 7% weak negative, 3% weak positive and 4% strong positive
selection) (Table S6B). For All-UTR, less sites were non-conserved (66% non-conserved: 63%
strong negative, 2% weak negative, <1% weak positive and 1% strong positive selection) (Table
S6C). For All-TRS, even less sites were conserved (33% non-conserved: 30% strong negative, 3%
weak negative, <1% weak positive and <1% strong positive selection) (Table S6D). Although the
combined percentages of near neutral selection are relatively small in All-TR (~12%), AII-UTR

(<3%) and AlI-TRS (<4%), the percentage of sites under weak negative and weak positive



selection were mostly consistent within All-TR (4% - 8%), All-UTR (<1% - 2%) and All-TRS
(<1% - 3%). Obviously, these data suggest NNBST is followed instead of ONNT or KNT.

Varying relative substitution rates in each segment observed in TR and UTR, supporting
NNBST. Some genes exhibited lower or higher percent NT substitutions across the genome and
thus likely exhibit slower or faster substitution rates (¢, SSR) relative to the genomic substitution
rate (1, GSR). By taking the ratio of these two values (c/u), selection pressure types can be assigned
to any coding or non-coding gene region similarly to conventional Ka/Ks methods (see the

methods section).

To characterize the different selection types for each gene region, the total NT substitution
rates for the genome (GSR, ¢), each segment (SSR, ¢), the relative segment substitution rate (Rel',
c/u) and selection type classification based on the c¢/u test were tabulated (Table 3-4 and Figure
6-7). The overall average percent NT substitution rate for the GSR is 0.0902% (Rel! = 1).
Assuming GSRM and KNT are followed, the SSR of each gene should be consistent with the GSR
(GSRM: ¢ = u; KNT: ¢ = u), suggesting neutral selection. Assuming ONNT, we expect to observe
slight variations in the SSR owed to mainly weak negative selection with very rare weak positive
selection. Rel! values suggested that Al1l-UTR (2.8) is under strong positive selection, All-TR (0.9)
is under weak negative selection and All-TRS (0.4) is under strong negative selection. For the
major genes (Table 3-4 and Figure 6-7), N (3.6) is under strong positive selection, S (1.7) is under
weak positive selection, M (0.7) and Orflab (0.6) are under weak negative selection and E (0.4) is
under strong negative selection. For the accessory genes, Orf8 (3.8) is under strong positive
selection, Orf7a (1.4) and Orf3a (1.2) are under weak positive selection, Orf10 (0.6) is under weak
negative selection and Orf6 (0.4) is under strong negative selection. For Nsp1-15, Nspl1 (1.0) is

under near-neutral selection and the Nsp2-4, Nsp6 and Nsp9 (0.6-0.8) are under weak negative



selection and Nspl, Nsp5, Nsp7-8, Nspl0 and Nsp12-15) (0.2-0.4) are under strong negative
selection. For each UTR (Table 3-4 and Figure 6-7), Orflab 5’UTR (5.3), N 5°’UTR (4.9) and
Orf10 3’UTR (2.1) are likely under strong positive selection, Orf7a 5’UTR (1.8), Orf10 5’UTR
(1.5) and Orf8 and 5’UTR (1.3) are likely under weak positive selection, M 5’UTR (0.3), Orf6a
5’UTR (0.2), E 5°’UTR (0.2), S 5’UTR (0.1) and Orf3a 5’UTR (0.0) are likely under strong
negative selection or are strongly conserved. For each TRS (Table 4 and Figure 7), Orf7a TRS-
B (1.6) and Orf8 TRS-B (1.5) are likely under weak positive selection and Orf6 TRS-B (0.2), N
TRS-B (0.2), S TRS-B (0.0), Orf3a TRS-B (0.0), Orflab TRS-L (0.0), E TRS-B (0.0) and M TRS-

B (0.0) are likely under negative selection or are strongly conserved.

A mixture of near neutral and non-near neutral selection types was observed across each
segment, strongly indicating that GSRM and KNT were not followed at the gene-level. Concerning
non-near neutral selection, 17 gene segments exhibited strong negative or conserved selection (E,
Orf6, Nspl, Nsp5, Nsp7-8, Nsp10, Nsp12-15, M 5’UTR, Orf6a 5’UTR, E 5°’UTR, S 5’UTR, Orf3a
5’UTR) and 5 gene segments exhibited strong positive selection (N, Orf8, Orflab 5’UTR, N
5’UTR and Orfl0 3’UTR). Concerning near-neutral selection, 8 gene segments exhibited weak
negative selection (M, Orflab, Orf10, Nsp2-4, Nsp6 and Nsp9) and 8 gene segments exhibited
weak positive selection (S, Orf7a, Orf3a, Orf7a 5’UTR, Orf10 5’UTR, Orf8, 5’UTR, Orf7a TRS-
B and Orf8 TRS-B). Therefore, NNBST rather than ONNT is supported by these relative
substitution rates at the gene-level. In other words, the weak selection pressures combine and

balance out, resulting in the overall near-linear GSR.

c/u and Ka/Ks selection type assignment was mostly consistent for All-TR. To validate the c/u
test, we compared our selection type assignment from the ¢/u analysis with conventional Ka/Ks

analysis by calculating average Ka/Ks values over 19 months and over each dataset using two



classes of methods. The first method class (SP) assumes that only 1 NT mutation occurs within
each AA codon (Ka/Ks?). The second method class (NG, LWL, PDL and ML) accounts for
instances where >1 NT mutation occurs within an AA codon (Ka/Ks®, averaged over the four
methods). Ka/Ks* and Ka/Ks® values for each TR segment were tabulated (Table S7). Ka/Ks®
values for each of the four methods (Table S8) and raw Ka, Ks and Ka/Ks value for Ka/Ks® for
each of the four methods and for each dataset were also tabulated (Tables S9A-D). The SP method
slightly overestimated Ka/Ks values (Table S7), whereas the other four methods exhibited very
consistent Ka/Ks values (Table S8). Therefore, Ka/Ks® values were used to classify selection type
(Table 3).

For validation purposes, we compiled a list of seven Ka/Ks analyses from the existing
literature (not including ours) to compare against our Ka/Ks® results (Table S3) [10-16]. We
observed that our Ka/Ks® results for the genome and some genes (i.e., M, Orf10 and Nspl-15)
were consistent with those reported in the literature. Inconsistencies in the selection type for S, E
and N-proteins were also observed. However, the time-dependency of these Ka/Ks values for S, E
and N may be able to explain these inconsistencies. It must be noted that the longest time period
analyzed for most of the literature studies is 13 months (Dec. 2019-Jan. 2021). From our Ka/Ks
distribution over the first 13 months (Figure 10), S, E and N were reportedly under negative
selection for most of the studies, which matches our approximate Ka/Ks® within this time period.
However, inclusion of the latter 6 months (Feb. 2021-July 2021) exhibited increased non-
synonymous substitution rates for S, E and N and their Ka/Ks® values indicated their positive

selection.

Incredibly, the selection type assignment based on our ¢/u test and Ka/Ks® were consistent

for each gene except E and Nspl1 (Figure 8 and Table 3). Based on Rel!, All-TR, Orflab, M,



Orf6, Orf10, Nsp1-10 and Nsp12-15 likely undergo negative selection, whereas S, N, Orf3a and
Orf8 likely undergo positive selection. From ¢/u to Ka/Ks®, the selection type of E flips from
negative selection to positive selection and Nspl1 flips from near-neutral selection to negative
selection. Due to this observed consistency, it’s quite likely our c¢/u test accurately assigned
selection type to non-coding UTR and TRS. The c/u test thus suggests that AII-UTR, several UTRs
(i.e., Orflab 5’UTR) and some TRSs (i.e., Orf7a TRS-B) likely undergo positive selection,
whereas All-TRS, some UTRs (i.e., M 5°’UTR) and most TRSs (i.e., S TRS-B) likely undergo

negative selection.

We compared the percentage of the selection type from our ¢/u test with that from Ka/Ks
analysis for All-TR, each coding gene and Nspl-15 (Table S10). Because the percentage of NT
sites undergoing negative or positive selection were consistent across the four Ka/Ks methods
(Table S10A and S10B), Ka/Ks was calculated for each NT site using the NG method.
Encouragingly, results from the ¢/u test and Ka/Ks analysis were generally consistent with each
other for each coding gene, however c/u slightly overestimated negative selection and slightly
underestimated positive selection for some genes (Figure 8). This again confirms our theoretical
proof that our c/u classification scheme is consistent with the conventional Ka/Ks scheme under
near-neutral selection.

Time-independent GSR and Ka/Ks~0.7 observed in genome and All-TR, suggesting near
neutral selection type, but their independence from the census population is consistent with
NNBST rather than ONNT. Up until now, the substitution rates and selection type assignment
for the compiled SARS-CoV-2 sequences were determined without explicit temporal information.
However, temporal information is critical for elucidating the genomic evolution of SARS-CoV-2.

In fact, a significant increase in the total NT sequence variation was observed in the omicron



variants as opposed to earlier variants (i.e., beta, delta) (Figure 1C and Figure S1). Consistent
with the total NT mutation timeline from the Nextstrain team between Dec. 2019-July 2021
(Figure 1C and Figure S1), the total NT sequence variation for the SARS-CoV-2 genome

exhibited a very good linear correlation coefficient against time (R? = 0.9833, Figure 10A)

6.6 3% substitutions 0.7973 substitutions
NT sitexmonth NT sitexyear

leading to a time-independent substitution rate (GSR =

)

that was generally consistent with the other studies (Table S2) [42, 44-46, 80, 81], especially that

0.8273% to 2.4073 % substitutions
NT sitexyear

reported by Callaway et al. (GSR =

). This time-independent GSR

is obviously independent from the observed census virus population (10° to 107 infection cases),
which varied significantly in the latter ten months (R? = 0.0669) compared to the first nine
months (R? = 0.9624). This phenomenon is analogous to the zero-order kinetics of chemical
reactions, in which the reaction rate is constant and does not dependent on the reactant
concentration. This suggests that SARS-CoV-2 does not follow ONNT; If it did, we would expect
that because the effective population would increase at least several magnitudes as the census

population fluctuated, thus leading to a decrease in the substitution rate.

For AlI-TR and each coding gene, however, its correlation coefficient (R* = 0.9805) and

6.173% substitutions

NT sitexmonth

calculated total NT substitution rate (SSR =

) suggests it undergoes near-

neutral selection types (Figure 10B). Its total NT sequence variation was decomposed into non-
synonymous sequence variation (Figure 10C) and synonymous sequence variation (Figure 10D).
Both timelines exhibited very linear correlation coefficients (Rg, = 0.9522 and Rgs = 0.9417)

and their substitution rates were also time-independent constants ( Ka =

5.373% substitutions 8.673% substitutions
: and Ks = ,
NT sitexmonth NT sitexmonth

), leading to a time-independent Ka/Ks of ~0.7.

Alternatively, the monthly non-synonymous and synonymous NT sequence variation of All-TR



can be used to calculate out its monthly Ka/Ks timeline (Figure 10K), which varied around ~0.6.

These time-independent rates and the ratio of ~1 are thus consistent with NNBST.

Time-dependent SSRs suggest non-neutral selections, consistent with NNBST. The monthly
percent total NT variation for some genes (Orflab, S and Orf8, Figure 10E-G) was also calculated
and their correlation plots demonstrate that the near-constant GSR and SSR for the genome and
All-TR, respectively, are not quite followed in each gene. While the Orflab-gene showed quite
linear SSR, the S-gene and Orf8-gene clearly show fluctuations in their overall SSRs. Intriguingly,
the fluctuations reflect an increase in SSR after the 10™ month, which is at the same time as the
SARS-CoV-2 vaccine distribution. To assess the time-dependent features of translated proteins,
the non-synonymous protein substitution rates for S, E, M and Orf8 were calculated over 19
months as examples and their correlation distributions plots were compared to the total NT
substitution rate correlation plots in Figure 10 (data not shown). Indeed, the two plots were nearly
identical for S, E and Orf8, indicating the time-dependent features are also exhibited in the
translated proteins. The two correlation plots were different for M, which showed a relatively
constant protein substitution rate until a spike in the rate occurred in the 19" month. This could

also be represented as a time-dependent feature.

Time-dependent Ka/Ks observed in most coding genes suggests non-neutral selection types
at gene level, and thus supporting NNBST rather than KNT and ONNT. The time-independent
Ka/Ks for AlI-TR does not guarantee time-independent Ka/Ks for each gene. The monthly Ka/Ks
using the NG method was calculated for each coding segment over the combined three datasets
(Figures 10-11). Intriguingly, the major genes, accessory genes and Nsp1-15 exhibited increasing
or decreasing time-dependent (non-linear) Ka/Ks and did not follow the GSRM. For the major

genes, Orflab had the least time-dependence, whereas N, S, M and E had increasing time-



dependence. For the accessory genes, Orf3a had the least time-dependence, whereas Orf8, Orf7a,
Orf10 and Orf6 had increasing time-dependence. For Nsp1-15, Nsp1,3-5,8-10,13-14 had the least
time-dependence, whereas Nsp2,6-7,11-12,15 had increasing time-dependence. These results
suggest stronger selection types are likely responsible for the variations in Ka/Ks of genes, in
which time-dependent substitution rates of genes under non-neutral selection (positive and

negative) were balanced out to generate time-independent GSR, following NNBST.

Positive correlation observed between vaccinations and Ka/Ks in All-TR over time. We
observed an increasing Ka/Ks as early as the 11" month in the pandemic (November 2020) for
All-TR, Orflab, N, S, M, E, Orf7a, Orf8, Nsp3, Nsp4, Nsp12 and Nspl3. Intriguingly, we also
noticed an increase in 1-dose global vaccinations after December 2020 (Figure 1B). We were
hence motivated to determine if a positive correlation existed between 1-dose vaccinations and
Ka/Ks for All-TR and each coding gene. If so, this could help explain that the vaccine might drive
the emergence of SARS-CoV-2 mutants. Intriguingly, good correlation was observed between
increasing Ka/Ks values and increasing 1-dose vaccinations for All-TR and some genes (Figures
10-11). Correlation plots modeling 1-dose vaccinations against NG Ka/Ks were generated (Figure
S15) and regression parameters (correlation coefficient and slope) were tabulated (Table 3). We
chose 1-dose vaccinations as this is generally sufficient to induce an immune response. We specify
a correlation coefficient cutoff (R2>0.6000) for segments showing good correlation between
increasing 1-dose vaccinations and increasing Ka/Ks. Indeed, All-TR (0.9012) showed good
correlation, as did most major genes, all accessory genes and some Nsps. For the major genes, M
(0.8780), N (0.7959) and S (0.7435) showed good correlation, whereas Orflab (0.328) and E
(0.029) showed low correlation. For the accessory genes, Orf8 (0.8339), Orf3a (0.7311), Orf7a

(0.687), Orf6 (0.6638) and Orf10 (0.6539) all showed good correlation. For the Nsps, Nsp3-4,9,12-



13 (0.6322 - 0.8642) showed good correlation, whereas Nsp1-2,5-8,10-11,14-15 (0.0014 — 0.5845)
showed low correlation. This suggests that M, N, S, Orf3a, Orf6, Orf7a, Orf8 and Orf10 genes
may play some role in combating the immune response and serve as potential drug targets in

reducing COVID-19 infection.

Positive correlation observed between vaccinations and total NT variation in UTR/TRS over
time. Correlation plots modeling increasing 1-dose vaccinations and percent total NT variation of
All-UTR, All-TRS and each UTR/TRS were also generated (Figure 10 and S11) to investigate if
the vaccine increased the substitution rate of the non-coding regions. The slope and correlation
coefficient values have been tabulated (Table 4). Surprisingly, good correlation was observed for
All-UTR, some UTR and TRS. From R, M 5’UTR (0.9038), All-UTR (0.7230), Orflab 5°UTR
(0.6885) and Orf8 5’UTR (0.6359) showed good correlation, whereas Orf10 5’UTR (0.4600),
Orf7a (0.4226), N 5’UTR (0.4103), Orf10 3’UTR (0.3962), S 5’UTR (0.2967), Orféa 5’UTR
(0.0233), E 5’UTR (0.0092) and Orf3a (0) showed low or no correlation. For TRS, Orf6 TRS-B
(0.8942) and N TRS-B (0.7415) showed good correlation, whereas Orflab TRS-L (0.4543), Orf7a
TRS-B (0.3856), Orf8 TRS-B (0.2908), S TRS-B (0.1450), AlI-TRS (0.0607), E TRS-B (0), M
TRS-B (0) and Orf3a TRS-B (0) showed low or no correlation. The good correlation observed in
Orflab 5°UTR is worth noting, as it showed a high relative NT substitution rate (Table 4, Rel' =

5.3) compared to the genomic substitution rate. This may also warrant it as a potential drug target.

Top NT/AA sites under strong positive selection identified in UTR and proteome using both
c/u and Ka/Ks. To determine regions of critical functionality, we identified the top non-
synonymous NT and AA sites undergoing strong positive selection in the UTR and All-TR of the

proteome. Identifying such sites could be potential drug targets in treating COVID-19. NT sites

were sorted by decreasing c/u values with cutoffs (i > 3 with ¢ > 30) in the supporting Excel



sheets. Conserved sites were designated as (i = 0). A total of 54 NT sites from and Orf10 3’UTR

(23), Orflab 5°UTR (14), Orf8 5’UTR (6), Orf10 5’UTR (4), N 5’UTR (3), M 5’UTR (2), Orf7a
5’UTR (2) exhibited strong positive selection. S 5’UTR, E 5’UTR, Orf3a 5’UTR and Orf6 5’UTR
did not have any sites under strong positive selection (see supporting Excel book file). The top NT
sites were mapped to secondary structure diagrams for each UTR to determine the impact on their
functionality (Figure S9). Sites under strong positive selection seemed to occur in NTs that may
be involved in intra-UTR base-pairing, such as in Orflab 5’UTR (first four NTs at the 5’ terminus,
SL3, SL4 and SLS5), Orf8 5’UTR, Orf10 5’UTR and Orf10 3’UTR (BSL and S2M). The location
of these NT substitution sites may enhance UTR structural stability, improving viral replication or
aiding in escaping recognition of host immune response elements (i.e., host miRNAs).

The top AA sites under strong positive selection in All-TR for the proteome and each
protein were sorted by ¢/u and Ka/Ks (SP method) with cutoffs (See supporting Excel book file).

The identified top 247 AA sites in the proteome under positive selection cutoffs were manually set

(ﬁ > 3 and i—j > 2.5, with c > 30 and Ka > 30). The top AA sites were mapped to protein

structure plots for visualization (Figure 9 for S, N, Orf8 and putative Orf10 proteins; Figure S10
for all proteins). Briefly, the S protein contained most sites under strong positive selection (63),
followed by Nsp3 (31), N (31), Orf3a (18), Nsp12 (15), Nsp6 (12), Orf8 (12), Nsp4 (11), Nsp2
(10), Nspl11 (7), Orf7a (6), Nsp13 (5), NspS5 (4), Nsp8 (3), Nsp14 (3), Nsp15 (3), M (3), Orf10 (3),
Nsp7(2), E (2), Nsp9 (1) and Orf6 (1). Nsp10 did not contain any sites undergoing strong positive
selection. Secondary structure type was assigned to the top 247 AA substitutions in the proteome
and the percentage of these substitutions occurring on four secondary structure types (alpha helix,
beta sheet, beta turn and random coil) were calculated out (Table S11). For All-TR, the secondary

structure composition is 31% alpha helix, 19% beta sheet, 27% beta turn and 23% random coil.



Interestingly, we observed a similar percent substitution on beta sheets (18%), but markedly lower
value on alpha helices (22%) and higher values on beta turns (47%) and on random coils (32%)
for the top 247 mutations. There appears to be more positive substitutions at beta turns and random

coils than at ordered alpha helical and beta sheet regions that increases the fitness of this virus.

Discussion

A rigorous assessment of the five theories (ST, GSRM, KNT, ONNT and NNBST) for
SARS-CoV-2 at different levels (i.e., NT/AA, gene/segment and genomic level) was conducted in
the results section. Regardless of the large fluctuating factors (i.e., infected human population and

vaccination numbers in Figure 1), so far the SARS-CoV-2 genome exhibited a near-constant

6.6 3% substitutions _ ~2NTs __ ~24NTs
NT sitexmonth sitexmonth sitexyear

substitution rate from linear fitting (GSR = ) (Figure

10), falling within the typical bounds of genomic substitution rates of other RNA viruses (GSR =

1.273 to 1.275 % substitutions

NT sitexmonth

) [82]. In fact, a subset of RNA viruses (i.e., HIV-1) seems to assume

time-independent GSR [83]. The fact that the GSR of SARS-CoV-2 showed a lack of dependence
on the effective virus population size that should be proportional to the infected human population
that fluctuates between 10° to ~107, suggesting ONNT is not applicable for this virus. Although
the time-independent GSR is strongly indicative of the molecular clock feature, which is a
hallmark of the three neutral theories (GSRM, KNT or ONNT), the Poisson distribution with a
single constant substitution rate as implied by the GSRM and KNT was not observed at NT/codon
level (Figure 3), segment level (Figure 6 and 7) or the genome level (Figure 4). Instead, we
observed an L-shaped probability distribution for ¢/u of the genome and each gene (Figure 4),

supporting NNBST in which the lower substitution rate of sites under negative selection (c/u<1)



is balanced with the higher substitution rate of sites under positive selection (c¢/u>1), leading to a
constant substitution rate that is close to the mutation rate (x). Our NNBST is also very different
to the ONNT in which nearly neutral sites are slightly deleterious and thus their substitution rate
is inversely proportional to the effective population size. In contrast, our NNBST is unlikely
modulated by the effective population size due to the opposite effects of the effective population
size on the substitution rate between weakly negative sites and weakly positive sites: the small
effective population size speeds up the substitution rate of the weakly negative sites but slows
down the substitution rate of the weakly positive sites. In contrast, the large effective population
size slows down the substitution rate of the weakly negative sites but speeds up the substitution of
the weakly positive sites. Interestingly, this appears to support the data that the constant
substitution rate did not depend on the census population change (Figure 1). Although many
researchers think that KNT is unlikely true as more and more genomic data become available,
invalidation of KNT appears to be impossible because Kimura’s original statement of KNT was
qualitative rather quantitative. Our relative substitution rate analysis provides a straightforward
tool to use the genomic data to assess if KNT is true or not. Many researchers also believe that
ONNT, considered a refinement of KNT in that it has addressed many of its weaknesses, could be

true. Thus, it is striking that our analysis has showed ONNT is not true for this virus.

While the relative abundance of different selection types in a genome have been
qualitatively characterized for ST, KNT, and ONNT [4] (Figure 12A-C), the percentage of
genomic sites under these selection types have not been quantified to determine which theory is
true for this virus. To the best of our knowledge, our ¢/u tool allowed us to quantify the percentage
of NT sites in the genome including UTR under different selection types for the very first time.

The pie charts (Figure 5) revealed that while most NT sites are conserved or undergo strong



negative selection, near-neutral selection (both slightly deleterious/advantageous) and strong
positive selection were also observed throughout the genome, thus SSRM results confirmed that
SARS-CoV-2 followed NNBST rather than ST, KNT and ONNT. NNBST differs ST in two folds:
1). While NNBST allows some NT sites under weakly negative and weakly positive selection, ST
does not allow many such NT sites. 2). the NT sites under negative selection is balanced with the
sites under positive selection (Figure 5). For example, the GSR of this virus appears to a time-
independent constant leading to a linear plot of sequence variation against time, suggesting
effective “neutral” evolution. However, in fact some of genes are actually under (strong) negative
selection and some are actually under (strong) positive selection, all showing non-linear curves of
sequence variation leading to time-dependent SSR. When averaging over all them, the lower SSR
from the genes under the negative selection is balanced out with the higher SSR of the genes under
positive selection, leading to a time-independent SSR (Figure 13). To the best of our knowledge,
for the very first time, we showed that NNBST can be consistent with the molecular clock feature,
which was considered as the hallmark of the neutral theories only so far.

In the same logic, our results also suggest that the molecular clock feature of a gene or
protein is not sufficient to support KNT or ONNT [5, 6] on the gene or protein, the actual
mechanism could be NNBST at protein domain level. Because while some domains or motifs of
the gene and the protein , small self-folding regions (between 50 to 200 AAs in length) containing
various secondary structure elements (i.e., a-helix, B-sheet, B-turn, random coil), could be under
negative selections showing time-dependent lower substitution rate, some of them could be under
positive selection showing time-dependent higher substitution rate, but the averaging effect of all
domains or motifs under both selection types could show time-independent substitution rate (the

molecular clock feature) that seems to be caused by neutral selection. Therefore, a more detailed



analysis on each domain or motif of a gene or a protein is required to decipher the exact relative
role of genetic drift, environmental selection and other factors in the evolution of the gene or the
protein. Gojobori, Moriyama and Kimura reviewed synonymous (Ks) and non-synonymous (Ka)
substitution rates of viral oncogenes from HIV-1, HBV and influenza A viruses to determine if
they followed the KNT (e.g., Ka<Ks exhibits a molecular clock feature). They revealed that the

synonymous substitution rates were significantly higher than the non-synonymous substitution

. 13.0873 substitutions 3.9273 substitutions
rates for gag oncogene in HIV-1 (Ks = and Ks = ), P

sitexyear sitexyear

. 4.5775 substitutions 1.4575 substitutions ..
oncogene in HBV (Ks = and Ks = ) and Hemagglutinin

sitexyear sitexyear

.. 13.1073 substitutions 3.5973 substitutions
oncogene in influenza A ( Ks = - and Ks = - ) [5]. A
stte*year stte*year

molecular clock feature was also described for Hemagglutinin in influenza A virus, suggesting
these viruses nicely follow KNT. Indeed, recent literature reports explain KNT is followed in other
viruses, including those in the human virome [84], siphoviridae phage [85] and human
cytomegalovirus [86]. However, these three viruses may exhibit balancing negative and positive
selection that may explain their molecular clock feature. Therefore, a re-examination of the
molecular evolution of these and other RNA viruses should be conducted to determine if they truly
follow KNT as previously proposed. Additionally, the substitution rates of proteins from various
organisms (e.g., fibrinopeptides, cytochrome ¢ and hemogloblin) [87] exhibiting molecular clock
features were also said to follow KNT. However, are balanced selections actually behind these
molecular clock? The molecular evolution of these proteins should also be re-examined to domain
and motif level to see if they actually follow the NNBST! If true, NNBST could enable our better

understanding of molecular evolution and biology.



Like the GSR of the genome, the SSR of the S-gene showed nearly-neutral features (Figure
10F). However, the individual protein domains of the S-protein (S1: N-terminal domain (NTD),
receptor-binding domain (RBD), furin cleavage site and S1/S2 cleavage region; S2: Heptad repeat
1, transmembrane domain (TMD) and carboxy-terminal domain (CTD)) may also exhibit either
higher substitution rates under positive selection or lower substitution rate under negative selection
and thus show time-dependent features (Figure 4H). A spectrum of the Ka/Ks across each AA
residue was generated and high substitution sites indicative of strong positive selection (Ka/Ks >
2.0) were mapped to the S protein monomer structure model (PDB: 6VSB) for ease of
visualization. (Figure 14). Indeed, 18 peaks corresponding to strong positive selection were
identified across the protein (S1: 12; S2: 6). In S1, the NTD, RBD and the rest of S1 exhibited four
peaks each, with the RBD (e.g., A520S) and the latter portion of S1 (e.g., N658D) exhibiting the
highest Ka/Ks substitution sites. Because RBD enables its binding to the host ACE2 cell surface
receptor, mediating cell entry, it was targeted by antibody and vaccine therapies can neutralize and
prevent cell infection [88-90]. The mutations in the RBD in response to these therapies has enabled
antibody resistance and vaccine escape, as well as enhanced binding affinity to host ACE2 [91,
92]. A520S might be such mutation under this positive selection. While not mapped, high
substitution sites were observed in the furin cleavage sites and S1/S2 cleavage regions, which
might explain the increased infectivity and transmission profiles of later SARS-CoV-2 variants
due to vaccine and host immune response effects [93]. In S2, high peaks in heptad repeat 1 (D985D
and A1025G) and near the CTD (D1118H, S1161S and V1177L) were also observed. Conversely,
the CTD and TMD showed no peaks, indicating they are likely functionally important. These
observations clearly suggest that the higher/lower time-dependent SSRs of different domains

balance out to produce the overall time-independent SSR of the S-protein, which is consistent with



NNBST. Additionally, domains exhibiting strong positive selection may be potential drug targets.

In the future, detailed analysis of domains in other SARS-CoV-2 proteins will be analyzed.

In the field of molecular phylogenetics, relaxing the assumption that all NT sites have the
same substitution rate in GSRM originated from two prior assumptions: A prior non-uniform
distribution of rates such as a gamma distribution described by Nei et al (1976) or a lognormal
distribution by Olsen [94] (1987). To reduce the computation cost, Yang [95] (1994) used a
discrete approximation, replacing a gamma distribution of rates by a discrete distribution with four
well-chosen classes. Similarly, Felsenstein et al [63] (1996) used Hidden Markov Model (HMM)
methods with a modest number of discrete rates to model unequal and unknown evolutionary rates
at different sites in molecular sequences. On one hand, our observed L-shaped distribution supports
the use of a non-uniform distribution. On the other hand, please note that the L-shaped distribution
could not have been fitted using a Gamma distribution curve, which is unable to handle cases

where x = 0 (i.e., ¢/u = 0 conserved sites under extreme negative selection).

In genetics, Ka/Ks analysis is commonly used to estimate the selection type for each coding
gene in TR [10-16]. The concept of Ka/Ks arose from the McDonald-Krietman test, which sought
to determine the ratio (Ka/Ks) of fixed non-synonymous substitution rate (Ka) to fixed
synonymous substitution rate (Ks) in protein-coding gene regions with reference to the ratio (Pn/Ps)
of non-synonymous polymorphisms (Pn) to synonymous polymorphisms (Ps) in protein-coding
gene regions [96]. Because Pn/Ps = 1, its selection type assignment is like Ka/Ks for positive
selection (Ka/Ks>1), neutral selection (Ka/Ks=1) and negative selection (Ka/Ks<l) [97].
However, Ka/Ks is unable to probe the non-coding UTR and TRS regions. In this study, we
formulated a c¢/u analysis and applied it to systematically analyze the selection type of not only 10

genes, but also 11 UTRs/9 TRSs. In the methods section, we further provided a theoretical proof



to show our c¢/u classification scheme for a gene in TR is consistent with the conventional Ka/Ks
scheme under near-neutral selection for the whole genome. The two critical conditions leading to
the consistency proof are 1). K, = K¢ that the non-synonymous mutation rate (Ka) is
approximately equal to the synonymous mutation rate (Ks) for AIlI-TR under nearly neutral
selection. 2). KL = K under near-neutral conditions that the synonymous mutation rate for each
coding gene (K1) is approximately equal to the synonymous mutation rate for All-TR (Ky). Indeed,
the Ka/KsP is ~0.8 for All-TR, thus the first condition was met. For the second condition, we
calculated the relative synonymous mutation rate of each coding gene to the synonymous mutation
rate of All-TR (Table S7). Indeed, all the coding genes except N (3.2) have a value that is close to
1, thus the second condition was also met. Encouragingly, selection type assignment by ¢/u was
mostly consistent with that by Ka/Ks for the 10 coding genes (Figure 6). Furthermore, percent
NT/codon sites undergoing different selection types for All-TR are also consistent between c/u

and Ka/Ks.

Given the success of ¢/u classification in the TR, we are confident that our ¢/u classification
for the UTRs and TRSs are reliable: All-UTR may undergo positive selection; All-TRS likely
undergoes strong negative selection. Furthermore, more UTRs from accessory genes than UTRs
from major genes likely undergo positive selection. SSRs of TRS from accessory genes were
significantly higher than TRS from major genes, suggesting more critical functional roles of the
major genes than the accessory genes. This finding is also consistent with the lower level of
conservation in accessory genes versus major genes across different betacoronaviruses, as changes
in TRS could prevent translation of their associated genes. This may be the case for Orf10 (more

will be discussed later).



UTRs which exhibited negative selection might be explained by their roles in regulating
the discontinuous transcription of sgRNAs. Indeed, altering a UTR sequence might prevent its
recognition by RdRp, thus its downstream sequence may not get translated into protein.
Consequently, UTRs which exhibited positive selection might be to escape recognition by host
cell microRNAs (miRNAs) [98, 99]. miRNAs are small (~22 NT), non-coding ssRNAs which bind
to complementary RNA sequences within the leader sequence of 5’UTR of corresponding sgRNAs
and 3’UTR and effectively inhibit viral replication [98]. Thus, the 5’UTR and their leader
sequences might exhibit non-synonymous substitutions sourced from slight positive selection to
evade recognition by host miRNAs. Additionally, the Orflab 5’-UTR and the 3’-UTR contain cis-
acting secondary RNA structures essential for RNA synthesis [100, 101]. In Orflab 5’UTR, five
stem loop secondary structures (SL1, SL2, SL3-TRS-L, SL4 and SL5) are present. Maintaining
the conformation of SL1 ensures efficient viral replication and escape from Nspl-mediated
translation suppression, which downregulates host cell mRNA translation. SL2 is essential for viral
viability. SL3 contains the TRS-L and is thus required for sgRNA transcription. SL4 directs
sgRNA synthesis during viral synthesis. SL5 helps package viral RNA and aids in translation of
Orflab [22, 102, 103]. Thus, maintaining the structures of the five stem loops is critical for

ensuring efficient viral replication.

It’s not surprising that All-TRS likely undergoes strong negative selection. TRS
conservation is critical for correct synthesis of sgRNAs, such that substitutions in TRS could lead
to genes not being transcribed and translated. Orfl10 does not have a TRS-B and its associated
sgRNA and protein have not been observed [23, 104]. Hypothetically, if a conserved TRS-B could
be generated for Orfl10, transcription and translation of Orfl0 sgRNA should be observed. We

aligned hypothetical Orf10 TRS-B sequences against the conserved TRS-B sequence across each



gene; we assumed the hypothetical Orf10 TRS-B sequence is located within the last seven NTs in
the Orfl0 5’UTR based on the positions of the known TRS. We observed at least three non-
synonymous NT substitutions in the hypothetical Orf10 TRS-B sequences compared with the
conserved TRS-B sequence (Figure 7). It would be interesting to know if inducing single-point
mutations in hypothetical Orfl0 TRS-B to match the conserved TRS-B would generate a
functional Orf10 protein, demystifying the current belief that Orf10 is not critical for maintaining

viral transmission or replication [105].

Mutation analysis of 8 SARS-CoV-2 proteins (S, E, M, N, Nsp3, Nsp5, Nsp11 and Nsp14)
was performed by Wang et al. [36], where they identified 8,309 substitution mutations in 15,140
genomic samples (January 5, 2020-June 1, 2020). They listed the top 10 AA substitutions for these
proteins ranked by their total mutation frequency, including both synonymous and non-
synonymous substitutions. Interestingly, 11 non-synonymous AA sites in their analysis are also in
our top 247 AA list (see data file, highlighted in red). A few things to note: 1). Their analysis
included a genomic dataset relatively early in the pandemic (6 months), such that the virus did not
undergo extensive change compared to our dataset (19 months); 2). Their analysis included a total
of 8 proteins (each major protein and 3 out of 15 Nsp proteins) but did not include the accessory
proteins, each UTR or TRS; we investigated all 25 coding proteins (each major and accessory
protein and each Nsp) as well as the 11 UTRs and 9 TRSs in our study due to the increasing
relevance the accessory proteins and non-coding regions likely play in the virus’s viability and
infectivity; 3). Their top 10 mutations are based on total substitution count and includes both non-
synonymous and synonymous substitutions, which varies between each analyzed protein. For
instance, most synonymous substitutions were observed in the M protein (8 out of 10), followed

by E (7 out of 10), S (5 out of 10), Nspl1 (4 out of 10), Nsp14 (4 out of 10), Nsp5 (3 out of 10),



Nsp3 (3 out of 10) and N (2 out of 10). In contrast, our study uses a ¢/u and Ka/Ks cutoff to identify
AA and NT sites exhibiting strong positive selection, which are likely key functional regions of
importance (i.e., vaccine escape, adaptivity). The top 54 NT sites and top 200 AA sites which
exhibited strong positive selection in AII-UTR and All-TR could serve as good drug targets in
stopping COVID-19 infection. Mapping the top sites to secondary structures of UTR or 3D-protein
structures can provide spatial insight that predict their functional impact. For instance, NT
mutations in UTR (i.e., Orflab 5’UTR) may enhance their stability and may allow for easier and
faster viral replication processes. Similarly, AA mutations can also stabilize certain protein
structural conformations (i.e., “opened” state of S protein) that enhance virus infectivity profiles.
We were hence motivated to determine if a positive correlation existed between 1-dose
vaccinations and Ka/Ks for All-TR and each coding gene. The higher correlation coefficient
observed in most accessory genes (Orf3a, Orf6, Orf7a and Orf8) and Nsp3 may not be surprising,
as these genes likely contain immunoregulatory function (Table 3). The Orf3a protein forms
tetrameric ion channels and facilitates virus release [106] [107]. The Orf6 protein inhibits the
expression of interferon (IFN)-stimulated genes and stunts import trafficking of biomolecules into
the nucleus [108]. The Orf7a protein antagonizes the IFN-I response to reduce antiviral activity
[109]. The Orf8 protein also disrupts IFN-I signaling and downregulates major histocompatibility
complex one (MHC-I) to evade the cellular immune response [110] [111]. The vaccine serves as
a selection type against the virus. In response, the viral substitution rates of these genes are likely
to increase to adapt and evade the host cell immune response, leading to the increasing Ka/Ks of

these genes.

The c¢/p framework might resolve a long-standing “neutralist-selectionist” controversy on

how to interpret a high substitution rate for a gene or a NT site of a species [112]. For a gene or a



NT site under zero or a low substitution rate, both the KNT and the ST converge on these genes to
be “critical” for a species’ life cycle. For example, non-synonymous alterations to the NT sequence
(i.e., UTR/TRS) or AA codon (i.e., Nsp1-15) can potentially disrupt the replication cycle of SARS-
CoV-2 or produce non-functional proteins. However, for a gene and a NT site under high
substitution rate, the predicted selection type on these substitutions is mutually exclusive using
these two basic theories. The KNT interprets these substitutions as neutral selection type that
doesn’t impact species’ fitness for survival, and thus the gene and the NT site are functionally less
important. In contrast, the ST interprets these substitutions as both non-neutral and positive
selection that are adaptive, and thus the gene and the NT site are functionally more important. For
example, the SARS-CoV-2 S protein has undergone several mutations resulting from the mRNA
vaccine treatment that is “responsive” to changing environmental conditions that threatens the
species’ survival. Therefore, to resolve controversy, an objective test to decide whether new
substitutions tend to neutral, nearly neutral, purifying or advantageous is required. Our c/p
framework just like Ka/Ks test provides such a test in which if ¢/u>1 for a NT site or a gene, then
it is assigned to positive selection type rather than neutral section type. Because c/u, like Ka/Ks,
can be determined from the experimental sequence data, thus the selection type assignment from

them is operational and objective.

FGMR (u) of the genomic replication machinery (RdRp with ExoN) is independent from
the virus genome sequence change and thus the replication error rate does not change significantly
over a short period of time. In-vitro assays or in-vivo cell lines [63] might be used in the future to
experimentally determine FGMR. To understand this phenomenon, we proposed a hypothetical
model for viral genomic replication and mutation under no selection type (i.e., Nc = Ne in Figure

2). It might be helpful to view this as an in-vitro experiment: A test tube containing a constant,



high concentration supply of viral RNA genomic sequences and viral RdRp in nutrient media and
without selection types (i.e., RNase, vaccine and antibody-free conditions; no cells to avoid death
and host immune response). Multiple cycles of replications are conducted, the mutation rate
without selection can be measured by sequencing. From this, we could obtain the experimental
fundamental genomic mutation rate («) for any virus (i.e., SARS-CoV-2, Influenza A and others)
to validate our calculated substitution rate (c=u) from the virus census population. It’s critical to
note that polymerase architecture and replication fidelity can vary significantly within and between
lower organisms (i.e., viruses) and higher organisms (i.e., mammals), thus the FGMR can also

change significantly. Amongst viruses, the mutation rates of DNA viruses per cell infection (4 =

10~8to 107 substitutions . 10~%to 10™* substitutions
) are much lower than that of RNA viruses (4 =

);

NT sitexcell infection NT sitexcell infection
due to the higher error rate of RNA virus polymerases versus DNA polymerases [82]. SARS-CoV-
2 RdRp, coronaviruses and DNA viral polymerases, typically contain proofreading mechanisms
(3’-ExoN) and exhibit a lower replication error rate, however most RNA viral polymerases lack
proofreading mechanisms and exhibit a higher replication error rate. It seems apparent that KNT
and ONNT did not consider the effects of different polymerases on an organism’s FGMR, possibly
due to a lack of biochemical and sequence data at their development. If the FGMR is assumed to
be constant across different organisms, this will likely affect the calculation of relative substitution
rates within the genome and thus assessment and quantification of their different selections. In

knowing the FGMR for different organisms, the relative substitution rates at different sequence

levels (i.e., NT/AA, segment) can be accurately probed.

Our NNBST could aid in resolving Lewontin’s Paradox on KNT, considered as a long-
standing issue in evolutionary biology. Assuming the genetic variation balance between genetic

drift (decrease of variation) and random mutation under the neutral selection only (increase of



variation), the expected pairwise sequence diversity (I1) at neutral sites in a panmictic population

of N, can be calculated via the equation:

IT= 4N, pu (Equation 15)

Where u is the mutation rate per base pair per generation. It’s expected that IT should
increase linearly with N.. However, in 1974, Lewontin observed in metazoans that I1 only
increased two-order of magnitude, whereas Nc increased more than several-order magnitude [97].
Numerous efforts were made to resolve this paradox [98-100]. Recently, Buffalo predicted
sequence divergence using Equation 15 and also observed this paradox amongst different species
and taxa (i.e., humans, metazoans, plants, etc.) and concluded that it is unlikely for linked selection,
which strong and abundant selection are considered to explain this paradox. If the L-shaped
distribution of relative mutation rate (c/u) is general for all these species, then the KNT and the
ONNT which has dominated the landscape of evolutionary theory for half a century will be proved
to be false. If the KNT is false, then the foundation for Lewontin’s paradox on the KNT is removed,
the paradox will be no longer exist. Our NNBST might be able to explain the lack of
proportionality between pair-wise sequence variation m and N, as that the sequence variation is

independent from the census population size observed in Equation 15.

Some limitations should be noted for our c¢/u test and analysis. Concerning the
methodology, we defined a viral genome sequence of finite length (V) which undergoes genomic
substitution rate (GSR) without considering recombination events [113]. For SARS-CoV-2, when
a mutant sequence becomes 100% divergent from the first virus sequence, we denote this term as
the “Saturation point”. It is very likely for mutated NTs to be reverted to their initial NTs via point-
substitution, decreasing sequence divergence. To avoid reaching saturation, the genomic sequence

length has been previously defined as infinity (Nw) [114] although this is not a realistic parameter.



Recombination as a rare event might be another mechanism to increase sequence variation (e.g.,
long insertion/deletion) in the genome, increasing the complexity of molecular evolution. Viral
recombination occurs between two virus species within the same host cell, producing a new viral
hybrid. Although we did not observe recombination events in our datasets and the chance for
recombination is low, recently, SARS-CoV-2 strains containing chimeric S proteins Delta
(AY.119.2) and Omicron (BA.1.1) were reported (December 31, 2021 to February 12, 2022) [115].

It would be interesting to investigate recombined viral sequences using our c¢/u test.

In terms of analysis, despite our datasets spanning 19 months, this is considered a very
short evolutionary time. As can be seen, some segments of SARS-CoV-2 (i.e., S-gene and S-
protein) exhibited a rapidly increasing SSR 19 months after the first reported human infection,
suggesting the virus has not fully adapted to the global human population; considering the
immense genetic diversity of humans, significant time must likely pass before SARS-CoV-2
demonstrates adaption. Following adaption, we might expect a noticeably decreasing GSR and

SSR for the genome and each gene segment. However, it was not observed in this study.

If the identified top 54 NT and 247 AA codon substitutions in the UTR/TR under strong
positive selection truly improve SARS-CoV-2 viral fitness, biological data is critical in supporting
this claim. While we earlier inferred the effects of these substitutions on viral fitness from the
current literature, their exact effect remains to be elusive. Addressing the first and second concerns,
our ¢/u method should be applied to the sequence dataset of SARS-CoV-2’s ancestors spanning
hundreds of years in evolutionary time, which has likely undergone recombination events.
Addressing the third concern, point-mutation analysis can be performed in the SARS-CoV-2 UTR

and TR to determine their effects on viral fitness.



Lastly, the genomic evolution of both coding and non-coding gene regions in SARS-CoV-
2 should be closely monitored. Current mutation surveillance has focused mainly on the S protein
(Gisaid database) in response to immunotherapy, which generated various escape mutants.
However, multiple single-point substitutions in a critical gene region (i.e., antigen-antibody
binding site) are usually required to significantly alter protein function. Single-point substitutions
in non-coding gene regions, such as TRS, could significantly impact gene expression in favor of
the virus. As discussed earlier, transcription and translation of Orf10 protein could be “switched
on” by inducing just two point substitutions in its hypothetical TRS-B sequence to match the
conserved TRS-B and TRS-L sequences (Figure 7). Although the putative function of Orf10
protein is unknown, it’s suggested to increase SARS-CoV-2 infectivity by inducing mitophagy
and blocking mitochondrial antiviral signaling [116]. The emergence of a SARS-CoV-2 strain
expressing Orf10 could significantly worsen COVID-19 infection, therefore surveillance of single-

point substitutions in non-coding gene regions should also be done for this virus.

Conclusion

While the relative abundance of different selection types in a genome have been
qualitatively characterized for the four evolution theories (GSRM, KNT, ONNT and ST) [4] and
while numerous studies assigned Ka/Ks selection types for the SARS-CoV-2 All-TR region
(Table S3), the percentage of genomic sites under these selection types have not been quantified
to determine if any of these theories is true for this virus. To the best of our knowledge, our c¢/u
test is the first to quantify the percentage of sites in the genome undergoing neutral and non-neutral
selection types, which was made possible after establishment of the fundamental genomic mutation

rate (4, FGMR) in our framework. Our relative substitution rate (c/u) method was used to assign



selection type to each gene, UTR and TRS of SARS-CoV-2 using the selected genome sequences
by the Nextstrain team. As expected from our theoretical proof, c/u selection type assignment was
generally consistent with that of Ka/Ks for the TR. Therefore, the c/u test can likely reliably assign
selection type for the UTR and TRS, which are critical for viral replication and generation of
coding sgRNA. The top 54 NT sites in UTR and 247 codon sites in TR which exhibited positive
selection were also identified via our ¢/u analysis, which are consistent with literature reports on
their function and could be potential sites for drug intervention. Incredibly, c/u exhibited an L-
shaped probability distribution instead of the Poisson probability distribution for the genome and
each gene as suggested by GSRM and KNT or the asymmetric distribution predicted by ONNT,
both distribution should be centered at 1 (neutral selection) or the distribution lack of nearly neutral
sites predicted by ST, thus this data does not support these three theories but instead supports the
NNBST. In this novel hybrid mechanism, the lower substitution rate of the negative selection sites
is balanced out with the higher substitution rate of the positive selection sites, and the effective
population dependent effects on the weakly negative sites is also balanced that on the weakly
positive sites size, thus resulting in the observed constant substitution rate. This sharply differs to
ONNT in which nearly neutral sites are only slightly deleterious and thus their substitution rates
are modulated by the effective population size. Analysis of the NT substitution variation over time
showed that while the substitution rate (c) for the genome was time-independent regardless of the
census population of infected persons and vaccinations, the ¢ for some genes, UTRs and TRSs
were time-dependent and followed strong negative selection (E, Orf6, Orflab 5’UTR) or strong
positive selection (N, Orf8). This again indicated that the overall genome was under the NNBST:
while particular genes or NT sites followed weak or strong adaptive selection, the others followed

weak or strong purifying selection. Our analysis suggests that the molecular clock feature is not



sufficient to support KNT or ONNT. Lastly, positive correlation between 1-dose vaccinations and
Ka/Ks in most TR genes suggests these genes might respond to the vaccination by being involved
in the host immune response. In future projects, our ¢/u method will investigate the substitution
rates of other RNA viruses in infected humans (i.e., Influenza, HIV) as well as coronaviruses in
infected non-human host species (i.e., camels, bats) in both intraspecies and cross-species
infections. To the best of our knowledge, our ¢/u analysis was the first to quantify the percentage
of NT sites in a genome undergoing neutral and non-neutral selection types, which provides a tool
to resolve the long standing “neutralist-selectionist” controversy. Our NNBST in which the
sequence variation is independent from the census population size might offer an explanation to
Lewontin’s paradox in which pair-wise sequence variation is lack of proportionality to the census

population.
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Table 1. (Top) Number of global infections, global deaths, percent mortality rate and reported
date of outbreak for SARS-CoV-2, SARS-CoV and MERS-CoV. (Bottom) Three independent
datasets (11,198 genomes), collected from December 2019 to July 2021, to investigate the
evolution of SARS-CoV-2.

Virus # Global # Global Mortality Date of
Infections Deaths Rate Outbreak
SARS-CoV 9,422 919 11% 3/16/2003
MERS-CoV 2,494 858 34% 9/23/2012

SARS-CoV-2* ~645 Million ~6.63 Million 1.0% 12/31/2019




Genome Dataset (# Virus Host Genomic Divergent
Genomes) Variation' Time
SARS-CoV-2 Ala (3856) Human
Alb (3416) Patients <0.12% <2 years
Alc (3926)

*Updated as of 12/14/2022. (World Health Organization. https://covidl9.who.int/)

IThe reference genome is the first human SARS-CoV-2 (Wuhan-Hu-1).


https://covid19.who.int/

Table 2. Percent total NT substitutions in codons containing 1, 2 or 3 NT substitutions in All-TR
from the combined data sets.

#NT Substitutions per Codon 1 2 3
% Total NT substitutions 923 4.9 2.8




Table 3. Total NT substitution rate, relative substitution rate (c/u, Rel'), implied selection type (+/-) based on ¢/u and Ka/Ks analysis,
correlation coefficient (R?) and slope between the Ka/Ks timeline and the vaccination timeline (Fig. 10-11), protein structure model
and associated functions of SARS-CoV-2 proteins.

Total (c/w) Ka/KsP Vace. Vace.
Seg (NT Length) (%NT site per R "1 R? Slope PDB Function (related to vaccine)
el (mean)
19 months)
Genome (29,903) 0.0902 1 n/a n/a n/a n/a n/a
All-UTR (771) 0.2554 2.8(1) n/a n/a n/a n/a n/a
All-TRS (61) 0.0365 0.4(-) n/a n/a n/a n/a n/a
All-TR (29,133) 0.0859 0.9(-) | 0.840.2(-) | 0.9012 6.7 n/a Proteome
Orflab (21,291) 0.0556 0.6(-) | 0.440.1(-) | 0.3280 11.9 n/a n/a
S (3,822) 0.1512 1.7(+) | 3.3%0.7(+) | 0.7435 0.7 6vyb Viral infection, transmission
E (228) 0.0359 0.4(-) | 2.0£0.4(+) | 0.0290 0.2 5x29 n/a
M (669) 0.0644 0.7(-) | 0.5+0.1(-) | 0.8780 2.0 ZL Viral budding from host cell
N (1,260) 0.3277 3.6(+) | 1.2£0.2(+) | 0.7959 3.1 6yi3/6yun Viral packing, self-assembly
Orf3a (828) 0.1116 1.2(+) | 2.4+0.4(+) | 0.7311 1.6 7ikr Viral transmission
Orf6 (186) 0.0345 0.4(-) | 0.5+0.2(-) | 0.6638 2.8 ZL Stunts nucleus molecular trafficking
Orf7a (366) 0.1264 1.4(+) | 3.7£0.7(+) | 0.6870 0.3 7ci3 Reduces antiviral activity, improves infection
Orf8 (366) 0.3395 3.8(+) | 1.9+0.4(+) | 0.8339 1.0 7ijx6 Evades host immunity
Orf10 (117) 0.0523 0.6(-) | 1.240.3(+) | 0.6539 -1.8 ZL n/a
Nspl (538) 0.0401 0.4(-) | 0.1+0.0(-) | 0.3229 -20.2 7k7p n/a
Nsp2 (1,912) 0.0547 0.6(-) | 0.3+0.1(-) | 0.3743 -4.5 Tmsw n/a
Nsp3 (5,388) 0.0702 0.8(-) | 0.3+0.1(-) | 0.7279 10.7 ZL Inhibits INF-I production, evades host immunity
Nsp4 (1,498) 0.0561 0.6(-) | 0.6+0.2(-) | 0.7595 5.5 ZL Forms DMV & supports viral replication
Nsp5 (916) 0.0353 0.4(-) | 0.5+0.1(-) | 0.3119 -3.9 7cb7 n/a
Nsp6 (868) 0.0724 0.8(-) | 0.7+0.2(-) | 0.0014 -0.2 ZL n/a
Nsp7 (247) 0.0275 0.3(-) | 0.3+0.1(-) | 0.5845 -4.9 6mS5i n/a
Nsp8 (592) 0.0179 0.2(-) | 0.540.1(-) | 0.0949 2.5 7cyq n/a
Nsp9 (337) 0.0651 0.7(-) | 0.1+0.0(-) | 0.6992 -6.2 7kri Prevents viral mRNA degradation
Nsp10 (415) 0.0150 0.2(-) | 0.2+0.0(-) | 0.0192 2.8 7n0d n/a
Nspll (2,794) 0.0881 1.0 0.5+0.1(-) | 0.1325 -2.1 7dte n/a
Nsp12 (1,801) 0.0385 0.4(-) | 0.840.2(-) | 0.8642 2.3 6xez Unwinds dsRNA, initiates viral replication
Nsp13 (1,579) 0.0341 0.4(-) | 0.4+0.1(-) | 0.6322 5.1 7egq Proofreads duplicated (+) ssSRNA
Nsp14 (1,036) 0.0295 0.3(-) | 0.3£0.1(-) | 0.4391 14.9 6wxc n/a
Nsp15 (892) 0.0259 0.3(-) | 0.3+0.1(-) | 0.3830 -5.5 716r n/a

! Reference to GSR (p). Selection type is positive (+) if ¢/p >1, negative (-) if ¢/p <1.
Ka/KsP averaged over the four Ka/Ks methods (NG, LWL, PBL and ML).
ZL: ZhangLab homology model. PDB ID: Solved structure. n/a: Not available. ssSRNA: Single-stranded RNA. INF-I: Interferon-Type 1. DMV: Double membrane vesicle.



Table 4. Total NT substitution rate, relative substitution rate (Rel'), implied selection type,
correlation coefficient (R?) and slope between the total NT variation timeline and 1-dose
vaccination timeline (Fig. S11 and S14), and UTR/TRS function where applicable.

Total
(%NT site  (c¢/p) Vacc. Vace. Function
per 19 Rel R? Slope of UTR Function of gene
Seg (NT length) months)
All UTR (771) 0.2554 2.8(+) 0.7230 17.9
TRS (61) 0.0365 0.4(-) 0.0607 14.6 N/A Proteome
5°UTR (265) 0.4762 5.3(+) 0.6885 20.9 Viral genome replication
Orflab TRS-L (7) 0.0036 0.0(-) 0.4543 109.6 TRS-L
S 5'UTR (7) 0.0061 0.1(-) 0.2967 65.6 Viral infection and
TRS-B (7) 0.0036 0.0(-) 0.1450 64.0 TRS-B transmission
E 5'UTR (24)  0.0223 0.2(-) 0.0092 -3.9
TRS-B (6) 0.0000 0.0(-) N/A N/A TRS-B Viral assembly, pathogenesis
M 5'UTR (50)  0.0309 0.3(-) 0.9038 37.0
TRS-B (7) 0.0000 0.0(-) N/A N/A TRS-B  Viral budding from host cell
N 5'UTR (14) 0.4409 4.9(+) 0.4103 2.3 Packaging viral RNA, viral
TRS-B (7) 0.0170 0.2(-) 0.7415 41.0 TRS-B self-assembly
Orf3a  5'UTR (8) 0.0011 0.0(-) N/A N/A Viral release, improves
TRS-B (7) 0.0036 0.0(-) N/A N/A TRS-B transmission
Orf6 S'UTR(10) 0.0153 0.2(-) 0.0233 7.0 Stunts import of
TRS-B (6) 0.0156 0.2(-) 0.8942 159.2 TRS-B  biomolecules into nucleus
Orf7a 5'UTR (6) 0.1656 1.8(+) 0.4226 4.7 Reduces antiviral activity,
TRS-B (7) 0.1419 1.6(+) 0.3856 5.5 TRS-B improves infection
Orf8 S5'UTR (134 0.1156 1.3(+) 0.6359 9.6
TRS-B (7) 0.1346 1.5(+) 0.2908 -4.6 TRS-B  Evade host immune response
Orfl0 5'UTR(24) 0.1334 1.5(+) 0.4600 -153 NOTRS-B N/A
Orfl0 3'UTR (229) 0.1861 2.1(+) 0.3962 9.1 NO TRS-B N/A

! Reference to GSR (p). Selection type is positive (+) if ¢/ >1, negative (-) if ¢/p <1.



w
o
1

A)

]
o
1

=

o
1

*

* * *

Cases (millions)
*

o

I I I I I I | T T
Jan. Apr. July Oct. Jan. Apr. July Oct. Jan. Apr. July Oct.
2020 2020 2020 2020 2021 2021 2021 2021 2022 @ 2022 2022 2022

Date (weekly)

= Boostergiven ® Fully vaccinated At least 1 dose

B) 6,000,000,000 -

#Vaccinations 4,500,000,000

3,000,000,000

1,500,000,000 - //-

D - T T T T
Jan 1, 2021 Jul 1, 2021 Jan 1,2022 Jul 1, 2022
Date
Rate estimates L =
C) 100 4 E = *25.197 NT subs/year (Dec. 2019-July 2021) -Trs
” E *#29.105 NT subs/year (Dec. 2019-Oct 2022) ~ S g Y |
2 |
o | 2
S 40 - SR AT T
s SR
* 20 —
0 T T T i T T T
Dec. May Oct. Mar. July Jan. June Oct.
2019 2020 2020 2021 2021 2022 2022 2022

Date (month)

Figure 1. Timelines. A: Six waves of infections (https://covid19.who.int/) ranged from 10° to
~10" human infections. B: Number of vaccinations starting from December 1 2021
(https://ourworldindata.org/covid-vaccinations?country=OWID_WRL ). C: Constant NT
substitution rate (# NT site per year per genome). Please refer to the Nextstrain web site for the
present figures: https://nextstrain.org/ncov/gisaid/global.
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Figure 2. Simplified diagram of the Genomic Substitution Rate Model (GSRM) for a virus

population over time under neutral selection only. A viral population (nc) undergoes replication
and can undergo mutation at rate (1) with probability (Pmut, 13—2, 13—2 , %
generating a produced population (Ne) prior to the neutral selection. In the blue box, the mutant
population (Ne) undergoes neutral selection from the host (i.e., host immune response, host dies,

vaccine pressure, etc.) and only some offspring survive, generating the observed viral population
with fixed mutations (N¢) with the probability (Psx, i, %, %) for the three different mutants. This

) of three different mutants,

process continues for succeeding generations within the host and after infecting other hosts.
From N, the substitution rate (c) can be observed. Black lines represent viral genomes. Red
circles represent substitution mutations in the viral genomes.
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Figure 3. The genome structure of SARS-CoV-2 (A) and its substitution distribution (B-H)
observed in the combined three data sets. (A) Major gene segments within the SARS-CoV-2
human reference genome (Wuhan-Hu-1). Total genome, NT, protein, UTR, TRS-L and TRS-B
sequence lengths have been tabulated (Table S1). (B) Percent total NT substitutions across the
entire genome, each gene and the 5°- and 3’-UTRs. (C) Percent total NT substitutions for each
gene in TR and (D) their corresponding 5°-UTR and 3°-UTR regions. (E) Summed percent NT
substitutions within three positions of each codon. (F) Percent non-synonymous NT substitutions
in TR. (G) Percent synonymous NT substitutions in TR, calculated from the SP method. (H)
Ka/Ks distribution across TR using NG method with a sliding window of 45 codons. The red
dotted line in (H) represents the cutoff for residues undergoing positive, neutral or negative
selection (Ka/Ks = 1).
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Figure 4. Comparison between the hypothetical probability distributions (A-B) and the empirical
L-shape probability distribution (C-H) of relative NT substitution rates (c/u). A: Given u = 10.6
substitutions per NT site per 19 months for the genome, the hypothetical Poisson probability

distribution implied by the NMT was calculated using the Poisson probability mass function
. . o me=4
equation for a genome containing x substitutions: PMF = %, where A =puxt =11t =

19 months and n is a whole integer and has the range [0, the NT segment length]. B: Asymmetric



distribution implied by the NNT. C-H: The empirical L-distribution of the relative NT
substitution rate for the genome, All-TR, AlIl-UTR, All-TRS, Orflab and S of SARS-CoV-2,
supporting our NNBST. A-C: Probability distribution showing negative (-), positive (+) and
neutral selection (straight line).
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Figure 5. The molecular evolution nature of SARS-CoV-2. A-C. Percent decomposition of NT
mutations into conserved selection (C, ¢/u = 0, dark red), strong negative selection (SN, 0 < c/u
< 0.5, red), weak negative selection (WN, 0.5 < c/u < 1.0, light red), weak positive selection
(WP, 1.0 < c/u < 2.0, light yellow) and strong positive selection (SP, ¢/u > 2.0, dark yellow) for
All-TR (A), All-UTR (B) and All-TRS(C). D: Overall nearly neutral selection on SARS-CoV-2
genome, produced by the balancing between weakly negative selection regions (Orflab, M,
Orf7a, Orf10 and Orf10 3’UTR in light red), weakly positive selection regions (S and Orf3a in
light yellow) and strongly negative selection regions (Orflab 5’UTR, E and Orf6 in dark red)

and strongly positive selection regions (Orf8 and N in dark yellow).
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Figure 6. Relative substitution rate (c/u) of All-TR and each gene (top), Nsp1-15 (middle) and
All-UTR and each UTR (bottom). 5’ and 3’ represent 5’-UTR and 3°-UTR. Selection types are
defined by color (strong negative selection (0 < c/u < 0.5, red), weak negative selection (0.5 <
c/u < 1.0, light red), weak positive selection (1.0 < ¢/u < 2.0, light yellow) and strong positive
selection (c/u > 2.0, dark yellow)).
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Figure 8. Percent decomposition of codon sites into conserved, strong negative, weak negative,
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Figure 9. Top AA sites (red spheres) under strong positive selection for four selected proteins
(See Figure S10 for the complete set of proteins). Protein structure models were generated from
the PDB databank or Zhanglab. Protein backbone is represented as blue ribbons. N- and C-
termini are represented as green and blue VDW spheres, respectively.
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Figure 10. Timelines for the Genome, All-UTR, AIl-TRS, M 5’UTR, All-TR, the major and
accessory genes from the combined sets. A: the monthly total NT sequence variations of the
genome along the evolution time and the census population (green line). Green font represents
vaccination data, black font represents genomic variation. Show Slope B-D: the monthly
sequence variations in All-TR including the total NT substitutions (B), non-synonymous NT




substitutions (C) and synonymous NT sequence (D). Non-synonymous and synonymous NT
substitutions were calculated using NG method. E-G: the monthly total NT sequence variations
along the evolution time for Orflab, S and Orf8. H-R: the Ka/Ks ratio using NG method (black
closed circle) and 1-dose vaccinations (grey closed squares) for the major and accessory genes.
See Figure S11 for individual UTR and TRS.
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Figure 11. Timelines for Nsp 1-15 gene from the combined sets. Each cell: the Ka/Ks ratio using

NG method (black closed circle) and 1-dose vaccinations (green closed squares).
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Figure 12. Diagrams of the four evolution theories A: ST; B: Poisson probability distribution
implied by KNT/GSRM; C: Asymmetric distribution of the nearly neutral site implied by
ONNT. D: L-Distribution theory implied by the NNBST. Top: Probability distribution showing
negative (-), positive (+) and neutral selection (straight line). Bottom: Selection type
distributions for the four theories of molecular evolution. Colors are assigned for strong
negative/conserved selection (red), neutral selection (dark green), weak positive/weak negative
selection (light green) and strong positive selection (yellow). Regions enclosed in the dashed
lines in C) indicate weak positive selection (left) and weak negative selection (right).
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Figure 13. Monthly time-independent substitution rates of the genome (solid black) and time-
dependent features of several major genes (E: dotted green; S: dotted red; N: dotted black) and
accessory genes (Orf3a: solid red; Orf7a: solid blue; Orf8: solid green).
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Figure 14. Average Ka/Ks ratio calculated over the S protein sequences using NG method, starting from the 45" AA residue. (Ka/Ks
plot). The structure is color-coded to highlight different S protein domains (S1: NTD and RBD; S1/S2 cleavage region: Furin cleavage
site; S2: Heptad Repeat 1). (Protein structure models) S protein structure in the open-state (i.e., ready for binding hACE2 receptor),
with the viral receptor bonding motif (RBD) facing front (PDB ID: 6VSB). The first structure model is color-coded by domain and the
second model is color-coded by Ka/Ks<1 (blue) and Ka/Ks>1 (purple). Ka/Ks peaks corresponding to an AA are represented as
yellow bonds. N- and C-termini are colored in red and blue spheres, respectively.






