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Abstract
Three prevalent SARS-CoV-2 variants of concern (VOCs) emerged and caused epidemic waves. It is essential to un-
cover advantageous mutations that cause the high transmissibility of VOCs. However, viral mutations are tightly 
linked, so traditional population genetic methods, including machine learning–based methods, cannot reliably de-
tect mutations conferring a fitness advantage. In this study, we developed an approach based on the sequential oc-
currence order of mutations and the accelerated furcation rate in the pandemic-scale phylogenomic tree. We 
analyzed 3,777,753 high-quality SARS-CoV-2 genomic sequences and the epidemiology metadata using the 
Coronavirus GenBrowser. We found that two noncoding mutations at the same position (g.a28271−/u) may be cru-
cial to the high transmissibility of Alpha, Delta, and Omicron VOCs although the noncoding mutations alone cannot 
increase viral transmissibility. Both mutations cause an A-to-U change at the core position −3 of the Kozak sequence 
of the N gene and significantly reduce the protein expression ratio of ORF9b to N. Using a convergent evolutionary 
analysis, we found that g.a28271−/u, S:p.P681H/R, and N:p.R203K/M occur independently on three VOC lineages, 
suggesting that coordinated changes of S, N, and ORF9b proteins are crucial to high viral transmissibility. Our results 
provide new insights into high viral transmissibility co-modulated by advantageous noncoding and nonsynonymous 
changes.
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Introduction
Three prevalent SARS-CoV-2 variants of concern (VOCs) 
emerged in 2 years and caused the epidemic waves that 
have drawn the most attentions of people (fig. 1A). 
These VOCs were named as the Alpha, Delta, and 
Omicron VOCs. The Alpha VOC, also known as 
SARS-CoV-2 lineage B.1.1.7, is a variant first detected in 
the United Kingdom in September 2020 (Rambaut et al. 
2020) and has higher transmissibility than preexisting var-
iants (Volz et al. 2021). Its high transmissibility remains 
similar across different ages, genders, and socioeconomic 

strata (Davies et al. 2021). The Delta VOC was first identi-
fied in India in October 2020 (WHO 2021) and has higher 
transmissibility than the Alpha VOC (Campbell et al. 2021; 
Dhar et al. 2021; Meng et al. 2021). The Omicron VOC was 
first detected in South Africa in late November 2021 
(Viana et al. 2022). Then, it spread rapidly into 76 countries 
in <1 month (Hui et al. 2022; Suzuki et al. 2022). Therefore, 
it is essential to uncover advantageous mutations that 
cause the high transmissibility of VOCs (Kang et al. 2021; 
Obermeyer et al. 2022).

All three VOCs carry a large number of mutations. 
Compared with the reference genomic sequence of 
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SARS-CoV-2 (GenBank accession number: NC_045512.2) 
(Wu et al. 2020), the Alpha, Delta, Omicron BA.1, and 
Omicron BA.2 variants have at least 21, 27, 52, and 51 ami-
no acid change mutations, respectively (WHO 2021), to-
gether with a number of noncoding mutations (Yu, 
Yang, et al. 2022). These viral mutations are tightly linked 
to each other because the virus lacks recombination that 
commonly occurs in sexual species during the stage of mei-
osis. Recombination in coronaviruses occurs by a copy- 
choice mechanism that requires coinfection of the same 
cell within a host by two distinct viral strains 
(Simon-Loriere and Holmes 2011). Only a limited number 
of recombination events have been revealed after analyz-
ing millions of SARS-CoV-2 genomes (Jackson et al. 2021; 
VanInsberghe et al. 2021; Turakhia et al. 2022). Without 
sufficient recombination events to break the linkage be-
tween neutral and selected loci, traditional population 
genetic methods, such as selective sweeps and machine 
learning–based methods (Kaplan et al. 1989; Kim and 
Stephan 2002; Li and Stephan 2005, 2006; Lin et al. 2011; 
Schrider and Kern 2018; Stephan 2019), are not suitable 
for SARS-CoV-2 and may not reliably detect advantageous 
mutations causing the high transmissibility of Alpha, Delta, 
and Omicron VOCs. Therefore, a novel approach is urgent-
ly needed.

In this study, we proposed a pandemic-scale phyloge-
nomic approach based on the sequential occurrence order 
of mutations and the accelerated furcation rate to detect 
mutations crucial to viral high transmissibility (fig. 1B and 
C). Let us assume that the high transmissibility of a VOC is 
due to the emergence of an advantageous haplotype with 
multiple crucial mutations. The last (i.e., the most recent) 

crucial mutation significantly increases viral transmissibil-
ity and accelerates the furcation rate in the phylogenetic 
tree. To identify the crucial coding and noncoding muta-
tions for three VOCs, the Coronavirus GenBrowser 
(CGB) was used to analyze a tip-dated tree with 
3,777,753 high-quality SARS-CoV-2 genomic sequences 
and the associated epidemiology metadata. The CGB is a 
free platform offering a panoramic vision of the transmis-
sion and evolution of SARS-CoV-2 (Yu, Yang, et al. 2022; 
Yu, Zhu, et al. 2022). The analysis revealed that two non-
coding mutations at the position of 28,271 (g.a28271 
−/u) might be crucial to the high transmissibility of three 
VOCs. Both mutations caused an A-to-U change in the 
Kozak translation initiation context of the N gene (Kozak 
1987) and reduced protein expression of the ORF9b 
gene, which shares the same transcript as N gene. This 
caused a reduced ratio of ORF9b to N proteins. Further 
analyses revealed that the noncoding mutations alone 
could not cause high viral transmissibility. The noncoding 
mutations may comodulate the viral transmissibility to-
gether with other coding mutations, such as S:p.P681H/R 
and N:p.R203K/M.

Results
Accelerated Furcation Rate due to High 
Transmissibility
Different evolutionary tree shapes reflect different trans-
mission patterns (Colijn and Gardy 2014). Furcation, as 
the process of lineage splitting (Oakley et al. 2007), may re-
flect transmissibility. An infected patient represents at 
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FIG. 1. COVID-19 waves and a model for the sudden appearance of a VOC. (A) Three COVID-19 waves caused by the Alpha, Delta, and Omicron 
VOCs. (B) Schematic diagram of the relationship between furcation rate and transmissibility. (C ) Schematic diagram of a model for the sudden 
appearance of a high transmissibility variant. The triangles represent collapsed clades, and the size of the triangle represents the size of the clade. 
Each notch of branches represents a mutation. 
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least one transmission event, and the strain collected from 
the patient forms a new furcation in an evolutionary tree 
(De Maio et al. 2018). If the tree has n leaves, it must have 
(n − 1) furcation events. Since the CGB evolutionary tree is 
tip dated and the date of each internal node has been es-
timated, the furcation rate along each lineage was mea-
sured by the number of furcation events per day (see 
the Materials and methods). A variant with high transmis-
sibility could cause more infections and is detectable by 
examining its accelerated rate of furcation during a long 
period of time (fig. 1B). Superspreader transmission can 
also result in a multifurcation node although it only affects 
the furcation of the node, indicating that the high furca-
tion rate due to superspreader transmission only lasts for 
a very short period of time. Thus, superspreader transmis-
sion can be easily distinguished from cases with high 
transmissibility.

Let us consider a SARS-CoV-2 VOC as a multimutation 
haplotype conferring a fitness advantage. To understand 
the sudden appearance of its high transmissibility, the fit-
ness advantage of VOC is assumed to be gained as soon as 
the last crucial mutation occurs (fig. 1C). In this model, a 
variant with a subset of the crucial mutations was named 
as the prehigh-transmission variant, the furcation rate of 
which remains low. As soon as the last crucial mutation oc-
curs, the advantageous haplotype emerges, and the viral 
transmissibility increases suddenly, causing an instantan-
eously accelerated furcation rate in the phylogenetic tree.

The furcation rate is difficult to compare among differ-
ent time points since it is affected by viral genome sequen-
cing capacities that frequently change over time. Because 
of similar reasons, the furcation rate should not be used 
to compare among different countries/regions. To avoid 
these confounding factors in the following analyses, the 
furcation rate was taken to compare between prehigh- 
transmission and high-transmission variants collected 
from the same geographic region during the same time 
period.

Crucial Noncoding Deletion in Alpha
The evolution of the Alpha lineage was examined using the 
CGB (Yu, Yang, et al. 2022). The sequential occurrence of 
Alpha characteristic mutations is shown (fig. 2A). To con-
firm the evolutionary path of the Alpha VOC, the VENAS 
(Ling et al. 2022) was applied to obtain an evolution net-
work of SARS-CoV-2 major haplotypes (supplementary 
fig. S1 and table S1, Supplementary Material online). The 
VENAS results are consistent with the CGB evolutionary 
tree.

Most of the nodes were bifurcating (6/8 = 75%) on the 
Alpha evolutionary path where Alpha characteristic muta-
tions occurred (fig. 2A). However, multifurcating nodes 
were frequently observed after a noncoding deletion 
(g.a28271−) occurred. To examine whether the noncoding 
deletion is crucial to the high transmissibility of the Alpha 
VOC, sister lineages without or with the mutation were 
compared (fig. 2A). Two sister lineages were defined as 

Alpha-like and Alpha according to whether strains were 
derived from an ancestral node without or with the non-
coding deletion. Viral strains in the Alpha-like lineage gen-
erally lack the noncoding deletion but carry all Alpha 
characteristic amino acid mutations found in previous 
studies (Chand et al. 2020), including all Alpha spike mu-
tations (Gobeil et al. 2021). Viral strains in the Alpha lin-
eage generally carry the noncoding deletion and all 
Alpha characteristic amino acid mutations. Therefore, 
the noncoding deletion was studied by comparing two sis-
ter lineages since the two lineages have the same genetic 
background and circulate in the same geographic area dur-
ing the same time period.

The furcation rate was calculated for two sister lineages 
(fig. 2B). After considering the factor of sequencing cap-
acity, the furcation rate of the Alpha lineage is generally 
higher than that of the Alpha-like lineage. Such higher fur-
cation rate lasted for 5 months, indicating that the accel-
erated furcation rate of the Alpha lineage is not due to 
superspreader transmission. The distribution of mutation 
rate was also examined in the two lineages. The two distri-
butions were largely overlapped, indicating that the accel-
erated furcation rate of the Alpha lineage should not be 
due to the difference in mutation rate between the two 
lineages (supplementary fig. S2A, Supplementary 
Material online).

The frequencies of Alpha and Alpha-like strains were 
calculated (fig. 2C). It was found that, within 6 months, 
the global frequency of Alpha strains increased rapidly to 
over 80% while that of Alpha-like strains remained no 
>1%. Moreover, the reproduction numbers (Rt) of Alpha 
and Alpha-like strains in the United Kingdom were esti-
mated using the EpiEstim (Cori et al. 2013). The Rt of 
Alpha strains is significantly larger than that of 
Alpha-like strains (4.79 vs. 1.00; P value < 2.2 ×10−16) dur-
ing the first examined week (September 26 to October 2, 
2020) (fig. 2D). The results remain similar during the 
next two months (2.20 vs. 1.25; P value < 2.2 ×10−16). 
These results indicated that the Alpha lineage has a trans-
mission advantage over the Alpha like. Therefore, the non-
coding deletion g.a28271− may be crucial for viral 
transmissibility.

The higher transmissibility of the Alpha lineage causes 
the number of descendants in the Alpha lineage to be 
highly significantly larger than that in the Alpha-like lin-
eage (n = 92,688 vs. 259, P value < 4.9 ×10−324). Pooling 
data of viral sequences from different countries are likely 
to be biased due to complex differences in sampling, 
such as viral genome sequencing capacities or the anticon-
tagion policies of the targeted countries during the pan-
demic (Hsiang et al. 2020). To address this problem, the 
numbers of descendants in the Alpha and Alpha-like 
lineages were compared for different countries and conti-
nents, that is, England (76,871 vs. 27), Spain (712 vs. 30), 
Switzerland (1,332 vs. 8), Germany (570 vs. 2), the United 
States (1,028 vs. 8), Australia (58 vs. 1), South America 
(22 vs. 1), Africa (86 vs. 1), and Asia (642 vs. 3). The trans-
missibility of strains with or without the noncoding 
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deletion is significantly unequal (supplementary table S2, 
Supplementary Material online, P value ≤ 2.74 ×10−6). 
The highly significant differences were also observed in 
10 more countries, such as India and Italy. Moreover, the 
same conclusion holds when considering different gender 
and age groups (supplementary tables S3 and S4, 
Supplementary Material online). Therefore, the significant 
difference in transmissibility between the Alpha and 
Alpha-like lineages has been observed, which is likely due 
to the noncoding deletion g.a28271−.

Crucial Noncoding Deletion in Delta
The noncoding deletion (g.a28271−) was found to occur 
independently in the Delta VOC (fig. 3A). A recent CGB 
datum (data.2022-04-14) was used to analyze this VOC 
since it became prevalent globally in the middle of 2021. 
It was observed that the number of furcation events in-
creased as soon as the noncoding deletion (g.a28271−) oc-
curred on the Delta lineage (fig. 3A), similar to the case 
observed in the Alpha lineage. Similarly, viral strains gener-
ally lack the noncoding deletion but carry all Delta charac-
teristic amino acid mutations were defined as Delta like 
(fig. 3A). The furcation rate of the Delta lineage is also gen-
erally higher than that of the Delta-like lineage (fig. 3C). 
The distribution of mutation rate was also largely over-
lapped between the Delta and Delta-like lineages 
(supplementary fig. S2B, Supplementary Material online). 
Therefore, the accelerated furcation rate of the Delta lin-
eage is not due to the change in mutation rate.

The global frequencies of Delta and Delta-like strains 
were calculated (fig. 3B). It was found that the global 

frequency of Delta strains increased rapidly to over 90% 
within six months while that of Delta-like strains remained 
∼1%. The higher transmissibility of the Delta lineage also 
caused the number of its descendants highly significantly 
larger than that of the Delta-like lineage (n = 1,514,270 
vs. 18,977, P value ≤ 4.9 ×10−324). All these results indicate 
the modulation of noncoding deletion g.a28271− on viral 
transmissibility.

Crucial Noncoding Mutation in Omicron
The Omicron VOC was first reported in South Africa in 
November 2021 (Viana et al. 2022), and then multiple 
sublineages evolved, such as BA.1 and BA.2. It was 
found that most of Omicron strains carry another 
noncoding mutation at position 28271 (g.a28271u) 
(fig. 4A). The mutation occurred independently on 
two sublineages (BA.1 and BA.2). Therefore, to examine 
the effects of the mutation on the viral transmissibility, 
the furcation rate was calculated for the lineages with 
and without the mutation. To keep the consistency, 
the term Omicron stands for strains with the mutation 
g.a28271u, whereas Omicron like indicates strains with-
out the mutation on the considered lineage. It was 
found that the Omicron lineage has a higher furcation 
rate than the Omicron-like lineage, indicating that the 
mutation g.a28271u plays a key role in viral transmissi-
bility. Unlike the cases observed in the Alpha and Delta 
VOCs, a delayed increase of furcation rate was ob-
served in Omicron (fig. 4B), indicating that g.a28271u 
may coact with other mutations to form a haplotype 
conferring a fitness advantage. It was found again 
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that the distribution of mutation rate overlapped between 
the Omicron and Omicron-like lineages (supplementary 
fig. S2C, Supplementary Material online).

Noncoding Mutations at the Core Kozak Site of 
N Gene
The base 28271 is located at the third base upstream of the 
start codon of the N gene. It is the core Kozak site of the 
gene (fig. 5A). The Kozak sequence is a short sequence 
around the start codon and functions as the protein trans-
lation initiation site in higher eukaryotes (Kozak 1987; Xu 
et al. 2010). Nucleotides in each site of the Kozak sequence 
influence the translational efficiency, especially the posi-
tions −3 and +4. The position 28271 is the core position 
−3 of the Kozak sequence of the N gene. The g.a28271− 
deletion makes u28,270 slip one base and changes the 
Kozak context of the N gene from a suboptimal Kozak con-
text (A at −3 and U at +4) to an undesirable one (U at −3 
and U at +4). The mutation g.a28271u produces a similar 
Kozak-related change by mutating the −3A to −3U. 
Therefore, both noncoding mutations may have a similar 
effect on the translation initiation of N protein.

The transcript of the N gene is dual coding (Xu et al. 
2010). There is an alternative open reading frame (ORF) 
within the N gene. The alternative ORF encodes the 
ORF9b protein, and the protein was found to be translated 
via a leaky ribosomal scanning mechanism in SARS-CoV 
(Xu et al. 2009). To investigate whether the mutations 

(g.a28271−/u) have a similar effect on the expression of 
N and ORF9b proteins, HEK-293FT cells were transfected 
with different recombinant plasmids carrying the ancestral 
allele (−3A) or Kozak mutations (−3del and −3T) along 
with the downstream ORFs tagged with six-histidine co-
don (fig. 5B). After 48-h transfection, the expression levels 
of C-terminal His-tagged N and ORF9b proteins were 
analyzed using western blotting (fig. 5C).

When the core site −3A of the Kozak sequence of the 
N gene was changed to −3U, the abundance of N protein 
remained unchanged (fig. 5D). However, the expression le-
vel of ORF9b protein was significantly reduced (P value <  
0.0001). The expression ratio of ORF9b to N proteins was 
also reduced (P value = 0.0024 and 0.0004 for g.a28271− 
and g.a28271u). Overall, these results showed that both 
g.a28271− and g.a28271u have similar effects on the ex-
pression of ORF9b and N proteins.

Noncoding Mutations Alone Do Not Increase Viral 
Transmissibility
The noncoding mutations g.a28271− and g.a28271u were 
found to be crucial for the high transmissibility of 
SARS-CoV-2. It was investigated whether these two muta-
tions function alone or co-act with other crucial muta-
tions. The noncoding mutations occurred independently 
many times due to recurrent mutations or recombination 
in the evolution of SARS-CoV-2 (supplementary fig. S3, 
Supplementary Material online). The frequency 
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angles represent collapsed clades. The size of collapsed clades was labeled after the collapse triangle. The mutations on the highlighted branches 
were labeled, and the mutations on the Delta and Delta-like lineages were marked by notches. The number of Delta-like strains is 18,977, and the 
number of Delta strains is 1,514,270. (B) The frequency trajectory of Delta and Delta like. (C ) The furcation rate of Delta and Delta like. To remove 
the factor of sequencing capacity, the furcation rates should be compared during the same period of time.
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trajectories of the two mutations were checked when 
Alpha, Delta, and Omicron strains were excluded. The first 
sample with high sequencing quality that carries one of the 
mutations was collected in Germany on June 16, 2020 
(EPI_ISL_732537 with g.a28271−). However, the frequency 
of the two mutations remained <1% in the next 6 months 
(supplementary fig. S4, Supplementary Material online), 
indicating that the two mutations alone are not advanta-
geous. Therefore, the mutated core Kozak site of the 
N gene requires interaction with other mutated loci to in-
crease the viral transmissibility, consistent with the cases 
observed in the Omicron VOC.

Convergent Evolution of Alpha, Delta, and Omicron
To identify mutations that interact with g.a28271−/u, the 
convergent evolution of the Alpha, Delta, and Omicron 
VOCs may provide important clues. The three VOCs di-
verged in January 2020 and evolved independently in the 
background of the spike D614G substitution (fig. 6A). 
Thus, the mutations of the three VOCs were screened in 
the CGB phylogenetic tree. The two noncoding mutations 
(g.a28271− and g.a28271u) evolved convergently in the 
three VOCs. Moreover, another two nonsynonymous mu-
tations (S:p.P681H/R and N:p.R203K/M) were found to oc-
cur independently on the lineages (fig. 6B).

Position 681 in the spike protein is immediately up-
stream of the furin cleavage site (Huang, Yang, et al. 2020; 
Zuckerman et al. 2021). The mutation S:p.P681H occurred 
independently in the Alpha and Omicron VOCs (fig. 6A). 
It has been proposed that the mutated spike (681H) in-
creases furin cleavage (Lista et al. 2022; Lubinski, 
Fernandes, et al. 2022). The mutation S:p.P681R, which oc-
curred in the Delta VOC, also has the same effect (Liu 
et al. 2022; Lubinski, Frazier, et al. 2022; Saito et al. 2022). 
It has also been found that P681H is essential for resistance 
to IFN-β(Lista et al. 2022), and P681R enhances viral replica-
tion and confers the pseudovirus relatively resistant to neu-
tralizing antibodies (Liu et al. 2022; Saito et al. 2022).

The N protein is required for replication and packaging. 
Position 203 is in the linker region of the N protein. The mu-
tation N:p.R203K occurred on the common ancestor of 
Alpha and Omicron VOCs in February 2020 (fig. 6A). Its ad-
jacent mutation N:G204R also occurs on the two VOCs (fig. 
6B). It has been found that the double-mutated strain (203K/ 
204R) has a replication advantage over the wildtype (R203/ 
G204) (Wu et al. 2021) and increase the expression of subge-
nomic RNA (Leary et al. 2021). Similarly, the mutation N: 
p.R203M occurred in September 2020, before the Delta 
VOC emerged (fig. 6A). The mutation N:p.R203M can en-
hance replication in lung epithelial cells (Syed Abdullah 
et al. 2021). Therefore, both the mutations N:p.R203K/M 
may be crucial for replication.

Discussion
It is highly challenging to map mutations conferring a fitness 
advantage along the SARS-CoV-2 genome using traditional 

population genetic methods, such as selective sweep 
(Kaplan et al. 1989; Kim and Stephan 2002; Li and Stephan 
2005, 2006; Stephan 2019). These methods assume that a 
new mutation with selective advantage is surrounded by 
neutral loci. All loci are partially linked to the locus with an 
advantageous mutation. Due to the hitchhiking effect, a lo-
cally reduced genetic diversity can be observed (i.e., selective 
sweep). However, recombination events in SARS-CoV-2 are 
generally insufficient (Simon-Loriere and Holmes 2011; 
Jackson et al. 2021; VanInsberghe et al. 2021; Turakhia et al. 
2022) to break the linkage between neutral and selected 
loci. Therefore, selective sweep-based methods may reveal 
false candidates of positive selection and should not be ap-
plied to analyze SARS-CoV-2 genomes. Machine learning– 
based approaches (Lin et al. 2011; Schrider and Kern 2018) 
also face the same challenge because of the same reason.

In this study, we analyzed the sequential occurrence or-
der of mutations and the change of furcation rate in the 
pandemic-scale phylogenetic tree of SARS-CoV-2 to map 
advantageous mutations. We found that the noncoding 
g.a28271− mutation may play a crucial role in the high 
transmissibility of the Alpha and Delta VOCs (figs. 2 and 
3) and g.a28271u for the Omicron VOC (fig. 4). The two 
mutations caused the same A-to-U change at the core 
Kozak (−3) site of the N gene, which may affect the trans-
lation efficiency of the downstream N and ORF9b genes. It 
was also found that the amount of ORF9b protein and the 
expression ratio of ORF9b to N proteins were reduced in 
both constructs (−3del for g.a28271− and −3T for 
g.a28271u) while the amount of N protein remained nearly 
unchanged (fig. 5D). Moreover, we normalized peptide in-
tensity of the N gene to the level of its sgRNA using prote-
omic data (Thorne et al. 2022) and found no significant 
difference in the expression efficiency of N protein be-
tween the Alpha and an early strain VIC at 10-h postinfec-
tion (Alpha/VIC = 1.18; P value = 0.052). Thorne et al. 
(2022) also speculated that the change in Kozak sequence 
may affect the N and ORF9b translation, consistent with 
our findings. Overall, these pieces of evidence suggest 
that the relative abundance between N and ORF9b pro-
teins may be crucial to high viral transmissibility.

Our analyses also revealed that the noncoding mutations 
alone do not increase viral transmissibility. Convergent evo-
lution of high transmissibility in the three VOCs may be due 
to the recurrent advantageous noncoding mutations, S: 
p.P681H/R, and N:p.R203K/M (fig. 6). It has been found 
that S:p.P681H/R mutation facilitates cleavage of the spike 
protein and may enhance viral entry (Mohammad et al. 
2021; Saito et al. 2022) and that N:p.R203K/M enhances viral 
replication (Syed Abdullah et al. 2021; Wu et al. 2021). As 
ORF9b plays multiple roles in modulating the host immune 
response to aid virus replication and spread (Zandi et al. 
2022), it was proposed that g.a28271−/u and N:p.R203K/M 
may comodulate the abundance of ORF9b during viral infec-
tion and facilitate viral transmissibility. The coevolved muta-
tions related to host entry, virus replication, and host 
immune response in three VOCs indicated that the emer-
gence of a variant conferring the fitness advantage requires 
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coordinated changes in stages of virus life cycle, consistent 
with the established hypothesis (Markov et al. 2023).

Several new questions also rise, such as whether N:p.R203K/ 
M affects the expression of N and ORF9b proteins, how 
g.a28271−/u and N:p.R203K/M regulate protein expression 

in vivo, and how mutations involved in different virus life 
stages co-modulate viral transmissibility. All these questions 
need to be further explored. Overall, our findings provide 
new insights into the evolution of SARS-CoV-2 and the modu-
lation of the S, N, and ORF9b genes in viral transmissibility.
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FIG. 6. The convergent evolution of the Alpha, Delta, and Omicron VOCs. (A) Schematic diagram of convergent evolution of Alpha, Delta, and 
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et al. 2022). (B) Heatmap showing the presence of mutations in Alpha, Delta, and Omicron (BA.1 and BA.2) VOCs. The heatmap was prepared 
using the eGPS software (Yu et al. 2019). 
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Materials and Methods
Data Sources
The annotated evolutionary tree and evolutionary net-
work data were obtained from the CGB (Yu, Yang, et al. 
2022) and VENAS (Ling et al. 2022). All sequence data of 
SARS-CoV-2 were obtained from the 2019nCoVR database 
(Gong et al. 2020; Zhao et al. 2020), which is an integrated 
resource based on Global Initiative on Sharing All Influenza 
Data (GISAID) (Elbe and Buckland-Merrett 2017; Shu and 
McCauley 2017), National Center for Biotechnology 
Information (NCBI) GenBank (Sayers et al. 2021), China 
National GeneBank DataBase (CNGBdb) (Chen et al. 
2020), the Genome Warehouse (GWH) (Zhang et al. 
2020), and the National Microbiology Data Center 
(NMDC, https://nmdc.cn/). Two data versions of CGB 
(“data.2021-03-06” and “data.2022-04-14”) were used in 
this study, which contains 400,051 and 3,777,753 genomic 
sequences, respectively.

Furcation Rate to Evaluate Virus Transmissibility
To evaluate virus transmissibility, it was proposed to calcu-
late the furcation rate (FR) of nodes in a considered phylo-
genetic lineage (fig. 1C). Furcation rate of the i-th node 
(FRi) can be calculated using the following equation:

FRi = Ci/li, 

where Ci is the number of child nodes and li is the branch 
length of the ith node (with time in units of days). Since FRi 
represents the furcation rate during the spanning time 
period of the branch of the i-th node, the furcation rate 
at time t (FRt) was calculated by averaging the FRi of 
branches that overlap with the point of time t in the con-
sidered phylogenetic lineage. The estimated furcation rate 
over time was smoothed by a sliding window of size equal 
to 7 days.

The Fitness Effect of Mutations in Improving Viral 
Transmissibility
To examine the fitness effect of a mutation, it was tested 
whether two sister lineages with or without the mutation 
have similar viral transmissibility (fig. 1C). When two sister 
lineages circulate in the same geographic area during the 
same period of time, it is expected that the one with higher 
transmissibility infects more persons and thus relatively 
more samples of this lineage are collected. Therefore, the 
null hypothesis is that the two sister lineages have the 
same viral transmissibility. The number of genetic differ-
ences between the two sister lineages is two mutations 
in the example shown in figure 1C. The alternative hypoth-
esis is that the lineage with the mutation (red) has higher 
viral transmissibility than the sister lineage without the 
mutation. The binomial probability was applied to test 
the null hypothesis and the test was one tailed. Because 
the three VOCs occurred at different time points, the ana-
lysis for Alpha was based on the data version 

“data.2021-03-06” (n = 400, 051), and the analysis of 
Delta and Omicron was based on the data version 
“data.2022-04-14” (n = 3, 777, 753), where n is the number 
of viral strains. The two data sets were obtained from the 
CGB (Yu, Yang, et al. 2022).

Calculation of Rt
Because sequenced strains were randomly sampled from 
infected patients, the frequency of each variant at time t 
was estimated from the CGB data sets. The number of 
new infections of a variant at time t (IV, t) was approxi-
mated using the following equation:

IV, t = fV, t ∗ IT, t , 

where fV, t is the frequency of the variant at time t and IT, t 
is the total number of new infections at time t. IT, t in the 
United Kingdom was downloaded from the UK 
Coronavirus Dashboard (https://coronavirus.data.gov.uk/).

Moreover, because of the low frequency of the 
Alpha-like variant, it was smoothed to reduce the effects 
of random errors before calculating Rt. The smoothing 
window size is 35 days. Rt was then calculated using the 
EpiEstim (Cori et al. 2013) with a mean (±SD) serial inter-
val of 7.5 ± 3.4 days (Li et al. 2020) and time steps of 7 days. 
A permutation test with 1,000 permutations was used to 
test whether the Rt of the two lineages is significantly 
different.

Recurrent g.a28271−/u mutations
The noncoding mutations (g.a28271− and g.a28271u) 
were searched to examine these recurrent mutations in 
the CGB evolutionary tree (Yu, Yang, et al. 2022). The 
string “A28271−” was used to search g.a28271− and 
“A28271T” to search g.a28271u. To present the reappear-
ance patterns of mutations, the data version 
“data.2021-04-14” (n = 3, 777, 753) of the CGB (Yu, 
Yang, et al. 2022) was used. These data were also used to 
examine the frequency trajectory of g.a28271−/u when 
the Alpha, Delta, and Omicron lineages were excluded.

Design, Construction, and the Expression of 
Recombinant Plasmid
The cDNA of the N and ORF9b gene was synthesized ac-
cording to the modified reference genomic sequence of 
SARS-CoV-2 (GenBank accession number: NC_045512) 
(fig. 5B). To investigate the function of mutants, the 
synthesized DNA included the Kozak context (extending 
to the −4 position) of the N gene. Three DNA fragments 
were obtained: the wild-type (−3A), g.a28271− mutant 
(−3del), and g.a28271u mutant (−3 T). To detect the ex-
pression of the two proteins, a hexa-histidine (6xHis) was 
tagged at their C-termini. The synthesized DNA was 
then cloned into the mammalian expression vector 
pcDNA3.1, using cloning sites BamHI/XbaI. The three con-
structs are shown in figure 5B. The constructs were pre-
pared commercially by Sangon Biotech (Shanghai, 
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China). A pcDNA3.1-EGFP vector (HG-VPH0002) was pur-
chased from HonorGene (Changsha, China).

Cell Culture and Transfections
HEK-293FT cells were donated by Dr Yu Sun. Cells were cul-
tured in high-glucose Dulbecco’s modified Eagle’s medium 
(DMEM; Sangon Biotech) with 10% fetal bovine serum 
(FBS; Gibco) and 0.1 mM MEM Non-Essential Amino Acids 
(NEAA; Gibco) at 37 °C in a humidified atmosphere contain-
ing 10% CO2. Cells were subcultured every 2 or 3 days using 
0.06% Trypsin-EDTA solution. For transfection, HEK-293FT 
cells in exponential growth phase were seeded into 6-well 
plates at a density of 6 × 105 cells/well 24 h before transfec-
tion. ViaFect Transfection Reagent (Promega) was applied for 
transient transfection according to the manufacturer’s in-
structions. Three hundred microliters per well transfected 
cell culture was prepared by addition of 18 µl ViaFect trans-
fection reagent to Opti-MEM Reduced Serum Medium 
(Gibco) containing 3 µg of plasmid DNA. Transfection com-
plexes were incubated at room temperature for 12 min and 
added dropwise to each well. The cells were further incu-
bated for 48 h. Empty vector cells, cells transfected with 
pcDNA3.1-EGFP vector, and empty vector cells treated 
with transfection reagent were all used as negative controls.

Immunoblotting Assay
After 48 h of transfection, the amount of N and ORF9b 
proteins was investigated in different transfected cell lines 
(fig. 5B). Total protein samples from each transfected cell 
line (n = 3, two wells for each n) were separated by SDS– 
PAGE and transferred onto a 0.2-μm polyvinylidene difluoride 
(PVDF) membrane (Millipore, USA) using an electroblotting 
apparatus. The PVDF membranes were then blocked in 
TBST blocking buffer and probed with anti-His mAb (cat. 
no. D191001, Sangon Biotech, Shanghai, China) or 
anti-GAPDH (Proteintech, USA) antibodies (supplementary 
table S5, Supplementary Material online). Following thorough 
washing, the blots were incubated with appropriate secondary 
antibodies (supplementary table S5, Supplementary Material
online) and visualized using a chemiluminescent horseradish 
peroxidase (HRP) kit (Millipore, USA). Purified His-tagged 
ATP4B antigen (49.0 kDa, cat. no. D620298, Sangon Biotech, 
Shanghai, China) was used as the positive control. Images of 
the blots were captured using ImageQuant LAS-4000 
(Amersham Biosciences, USA), and the density of all protein 
bands detected was quantified using ImageQuant TL software 
(version 7.0, Amersham Biosciences, USA). The relative quan-
tity of a protein was determined by dividing the density value 
of the protein band on the western blot by the density value of 
the GAPDH protein band in the same lane (Huang, Liao, et al. 
2020; Li et al. 2022). Four independent runs of Western blot-
ting were performed for each cell line sample 
(supplementary fig. S5, Supplementary Material online). 
Statistical significance between different transfected cell lines 
was determined using one-way analysis of variance 
(ANOVA) with post hoc Holm–Šídák test. P value < 0.01 
was considered statistically significant.

Protein Structure Prediction
Since the N and ORF9b proteins are translated from the 
dual-coding transcript of N gene, the ORF9b 6xHis-tagged 
changes 101 M of the N protein to 101TSSPSPL (fig. 5B). To 
study whether the inserted short peptide affects the stability 
of the N protein, the N-terminal domain of the N protein was 
first examined (PDB code: 7CDZ) (Peng et al. 2020). The 
N-terminal domain structure was depicted using Chimera 
1.16 (Pettersen et al. 2004). It was then found that the 
101 M of the N protein locates in the middle of a loop 
(supplementary fig. S6, Supplementary Material online). 
Moreover, the structure of the altered N-terminal domain 
(i.e., with 101TSSPSPL) was predicted using AlphaFold2 
(Jumper et al. 2021). The predicted structure remains very 
similar to that of the unchanged N protein (supplementary 
fig. S6, Supplementary Material online), indicating that the 
ORF9b 6xHis-tagged should not affect the stability of the N 
protein.

Supplementary Material
Supplementary data are available at Molecular Biology and 
Evolution online.
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