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ABSTRACT 

Immune evasion is a pivotal force shaping the evolution of viruses. Nonetheless, the extent to which virus 
evolution varies among populations with diverse immune backgrounds remains an unsolved mystery. Prior 
to the widespread SARS-CoV-2 infections in December 2022 and January 2023, the Chinese population 
possessed a markedly distinct (less potent) immune background due to its low infection rate, compared to 
countries experiencing multiple infection waves, presenting an unprecedented opportunity to investigate 
how the virus has evolved under different immune contexts. We compared the mutation spectrum and 
functional potential of the newly derived mutations that occurred in BA.5.2.48, BF.7.14 and 
BA.5.2.49—variants prevalent in China—with their counterparts in other countries. We found that the 
emerging mutations in the receptor-binding-domain region in these lineages were more widely dispersed 
and evenly distributed across different epitopes. These mutations led to a higher angiotensin-converting 
enzyme 2 (ACE2) binding affinity and reduced potential for immune evasion compared to their 
counterparts in other countries. These findings suggest a milder immune pressure and less evident immune 
imprinting within the Chinese population. Despite the emergence of numerous immune-evading variants in 
China, none of them outcompeted the original strain until the arrival of the XBB variant, which had stronger 
immune evasion and subsequently outcompeted all circulating variants. Our findings demonstrated that the 
continuously changing immune background led to varying evolutionary pressures on SARS-CoV-2. Thus, in 
addition to viral genome survei l lance, immune background survei l lance is also imperative for predicting 
forthcoming mutations and understanding how these variants spread in the population. 
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had been largely evaded by the circulating Omicron 
strains [6 ,7 ]. Moreover, it had been over half a year 
since the last vaccination for ∼96% of the vaccinated 
population. Thus, the Chinese population had a less 
potent humoral immunity background compared to 
other countries in December 2022. 

In late 2022, China revised its public health con- 
trol measures [8 ]. Subsequently, the virus quickly 
spread across the country and infected over 80% of 
the population according to an online survey [9 ,10 ]. 
Given the significant number of infections, there was 
a growing concern that new variants might emerge 
within China, akin to how the Delta and Omi- 
cron variants originated [11 –13 ]. Although three 
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NTRODUCTION 

ue to the implementation of different strategies for
OVID-19 epidemic prevention and control [1 –3 ],
he overall infection rate in China was extremely low
ompared with other countries in December 2022
e.g. 0.68% in China vs. 49.98% in Israel on 1 De-
ember 2022, data from www.ourworldindata.org).
eanwhile, China has achieved a relatively high vac-
ination rate, with 92.54% of the population having
eceived at least one dose of the COVID-19 vaccine
nd 90.28% having completed vaccination (as of 28
ovember 2022) [4 ,5 ]. The predominant vaccine
sed in China was an inactivated vaccine utilizing

he original wild-type strain. The elicited antibodies 
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ovel Pango lineages, namely BA .5.2.48, BA .5.2.49
nd BF.7.14, were designated based on the genome
urvei l lance data in China [14 ,15 ], a systematic as-
essment of the mutations, particularly their impacts
n immune evasion and angiotensin-converting en-
yme 2 (ACE2) binding affinity, is missing. 
Prior infection and vaccination history gives rise

o specific immune responses, leading to a phe-
omenon known as immune imprinting [16 ], which
nvolves the generation of cross-neutralizing anti-
odies upon encountering new variants, rather than
roducing new antibodies [17 ,18 ]. Consequently,
he antibody spectrum elicited by the same virus
ould differ among populations with varying im-
une backgrounds. This divergence would lead to
istinct immune pressure on the virus, which in
urn generates variants with different escape muta-
ions. This hypothesis has been indirectly validated
hrough the analysis of differences in the mutation
pectrum (the independent occurrences distribu-
ion of different mutations) among different SARS-
oV-2 variants circulating at different time periods
19 ], yet it has not been validated in any partic-
lar variant that extensively spread across popula-
ions with distinct backgrounds. China’s distinctive
mmune landscape, combined with the prolonged
ransmission of the same viral strains in both China
nd other countries, presents an unparalleled chance
o directly scrutinize the evolutionary differences of
his virus within distinct immune contexts. 

ESULTS 

irculation of three SARS-CoV-2 clades 
n China from December 2022 
o March 2023 
etween 1 July 2022 and 31 May 2023, a total of
1 346 complete SARS-CoV-2 genome sequences
ere collected in China after deduplication from
he Global Initiative on Sharing All Influenza Data
GISAID) and the RCoV19 databases [20 ,21 ]. We
laced all sequences onto the global phylogenetic
ree using the UCSC UShER software (Ultrafast
ample placement on Existing tRees), following the
emoval of duplicated sequences and the masking
f error-prone positions [22 ]. We detected three
lades predominantly composed of Chinese se-
uences (constituting over 92% of sequences in the
lade). Each clade encompassed > 10 0 0 Chinese
equences, and collectively constituted 68.8% of all
he sequences from China (Fig. 1 A). These three
lades corresponded to the BA.5.2.48*, BF.7.14* and
A.5.2.49 lineages, respectively. The most recent
ommon ancestor (MRCA) of the three clades can
e traced back to a node that belongs to the BA.5.2
Page 2 of 11
lineage (Fig. 1 B). The estimated emergence time 
of the MRCA for the three clades falls between 
June and August 2022. Hence, the presence of 
three clades may signify three distinct introduction 
events, occurring several months prior to the easing 
of containment measures ( Fig. S1A). 

Notably, the three clades had a limited presence 
in China before October 2022, whereas other clades, 
including sub-lineages of BA.2, BA.4 and BA.5, 
were predominant during that period ( Table S1). 
BA.5.2.48*, BF.7.14* and BA.5.2.49 became the pre- 
vailing circulating variants in October 2022, and 
were supplanted by the XBB* varaint in April 2023 
(Fig. 1 C). These three clades constituted 93.4% of 
the sequences during the surge between December 
2022 and March 2023. The daily count of sequences 
belonging to the three clades exhibited a strong cor- 
relation with the number of daily reported cases 
( Fig. S1A). The refore, we opted to investigate the 
evolutionary dynamics of the SARS-CoV-2 virus us- 
ing these three clades in subsequent analyses. Mean- 
while, we noted that the spread of BA.4/5* is much 
faster in China compared to other countries, which 
aligns with the presence of a limited immune barrier 
in China ( Fig. S1B). 

The mutation spectrum in the RBD region 

differed between China and other 
countries 
We identified 10 692 nucleotide mutation events 
occurring in the BA.5.2.48* lineage, 7264 in the 
BF.7.14* lineage and 1219 in the BA.5.2.49 lineage. 
Considering the small number of sequences and 
mutation events within the BA.5.2.49 lineage, its 
sub-lineage association with the BA.5.2.48* lineage 
(Fig. 1 B), and the shared receptor binding domain 
(RBD) sequences with BA.5.2.48*, we consolidated 
the BA.5.2.48* and BA.5.2.49 lineages for subse- 
quent analyses (named BA.5.2.48/49*). 

The distribution of the non-sy nony mous (NS) 
mutations in most genomic regions was similar 
between three Chinese-dominant lineages and 
their counterparts from other countries (Fig. 2 A 

and Table S2). And there was a positive corre- 
lation between the incidence of NS mutation in 
BA.5.2.48/49* and those in its immediate predeces- 
sor, BA.5.2, in other countries ( Fig. S2A). A similar 
tendency was observed between BF.7.14* and its 
immediate predecessor BF.7, with the exception of 
the ORF6 region. Meanwhile, we observed a no- 
table decrease in NS mutations within the ORF1ab 
gene of BA.5.2.48/49* compared to BA.5.2. This 
reduction was attributed to a decreased occurrence 
of NS mutations in the NSP1, NSP3 and NSP13 
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Figure 1. The three SARS-CoV-2 clades circulating in China. (A) The UShER phylogenetic subtree under node 1 332 408, which is the most recent 
common ancestor of clades BA.5.2.48, BF.7.14 and BA.5.2.49. Sequences collected in China are colored based on their lineages, and global sequences 
(collected outside China) are shown in gray. The total number of sequences and the proportion of Chinese sequences in the clade are indicated beneath 
each clade. (B) The phylogenetic relationships between three Chinese-dominant clades. The featured amino acid mutations are labeled on the branch. 
(C) The composition of the circulating SARS-CoV-2 variants in China. The number of daily cases is marked at the top of the panel. 
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egions (Fig. 2 A, Fig. S2B). BF.7.14* exhibited a
imilar decrease in NS mutations within the NSP13
egion when compared to BF.7. Of note, ORF6,
SP1, NSP3 and NSP13 proteins were all involved
n innate immune evasion [23 ,24 ]. 
The BA.5.2.48/49* variant also demonstrated

n enrichment of NS mutations in the S gene,
articularly within the RBD region. This enrichment
as associated with a significantly higher dN/dS
atio compared to BA.5.2 (dN/dS: 0.95 vs. 0.44,
ig. 2 A). The distribution of RBD NS mutations
n BA.5.2.48/49* was more widely dispersed com-
ared to BA.5.2 (Fig. 2 B and Fig. S2C), which
ay reflect a less concentrated selection pressure
n the virus in China. The most frequent RBD
Page 3 of 11
amino acid mutations displayed variations between 
the BA.5.2.48/49* and BF.7.14* lineages and their 
international counterparts (Fig. 2 C). Specifically, 
BA.5.2.48/49* displayed an enrichment of R346T, 
G446S, E484V and R403K mutations compared to 
BA.5.2. The G446S, E484V and R403K were also 
enriched in BF.7.14* when compared to BF.7. Among 
these mutations, R403K exhibited the most remark- 
able disparity, and this mutation has been rarely ob- 
served in other BA.5 sub-lineages ( Table S3). No- 
tably, the R403K is an ACE2 binding-enhancing 
mutation that ranked 8th in terms of ACE2 bind- 
ing alterations and 555th in terms of escape scores 
among all 1191 possible mutations in the RBD region

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae196#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae196#supplementary-data
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Figure 2. The mutation spectrum differences between variants in China and other countries. (A) The distribution of non-synonymous mutations in 
the SARS-CoV-2 genome. The y-axis indicates the distribution of non-synonymous mutations in different genes for different viral lineages (left y-axis) 
while the dots indicate the dN/dS ratio for each gene in different viral lineages (right y-axis). The dN/dS ratio for ORF3a , ORF6 , ORF7b and ORF10 are 
not shown due to an insufficient number of mutation events ( < 100). The P -value was computed by Fisher’s exact test and adjusted by the Bonferroni 
method, with only statistically significant P -values ( < 0.05) labeled in the figure. *** denotes P < 0.001, ** denotes P < 0.01. The sub-lineages of 
BA.5.2 and BF.7 lineages were not included in the analysis. (B) The cumulative distribution of RBD amino acid mutations. The x-axis represents RBD 
mutations sorted by their incidences from high to low. The y-axis represents the cumulative fraction of the mutation events. P50 is the percentage of 
top prevalent mutations that account for half of the total mutation events. (C) The distribution of the top five high-incidence RBD amino acid mutations 
in four lineages. The proportion on the x-axis refers to the ratio between the number of mutation events for the specific mutation and the total number 
of mutation events. A cross indicates no mutation event was found at that position. The square next to the mutation indicates whether the mutation is 
able to invade humoral immunity or increase ACE2 binding affinity. The total number of mutation events in the RBD region is provided in the parentheses 
adjacent to the lineage name underneath the figure. The P -value was computed by Fisher’s exact test and adjusted by the Bonferroni method, with only 
statistically significant P -values ( < 0.05) labeled in the figure. 
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ARS-CoV-2 evolution in China exhibited 

 preference for heightened ACE2 
inding and lower immune evasion 

o further elucidate the difference in the driving
orce behind SARS-CoV-2 evolution in China and
ther countries, we assessed the impact of RBD
mino acid mutations (hereafter referred to as RBD
Page 4 of 11
mutations) on two crucial functional aspects—
ACE2 binding affinity and immune evasion—that 
manifested in different countries [19 ]. We found 
that RBD mutations occurring on BA.5.2.48/49* 
had a lower mutation escape score and a higher 
ACE2 binding score compared to BA.5.2 (Fig. 3 A). 
BF.7.14* showed a similar trend when compared to 
BF.7. 
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Figure 3. Divergent mutation preferences in viral evolution. (A) A comparison of the immune escape scores and ACE2 binding scores of the mutations 
that occurred in the BA.5.2.48/49* and BF.7.14* lineages and their global counterparts (BA.5.2 and BF.7). The x-axis represents the mutations that are 
sorted by the scores from high to low. The left panel shows the distribution of scores. The right panel shows the box plot of scores. The P -value was 
calculated by the Wilcoxon rank-sum test. (B) The functional potential of all newly derived mutations in different BA.4/5 sub-lineages. The mutation 
functional scores were compared between the BA.5.2.48/49* and BF.7.14* lineages and their close related lineages (BA.4/5 sub-lineages with at 
least 4600 sequences). The lineages were divided into two groups, the BA.4/5 and the BA.4/5 + , based on whether additional amino acid mutations 
occurred in the RBD region compared to the BA.4/5 prototype. All five lineages of the BA.4/5 + group have additional mutations that can enhance 
ACE2 binding affinity and increase immune escape. Notably, the BA.5.2.48/49 lineage had no additional RBD mutations whereas the BF.7.14 had one 
additional mutation, R346T. The lineages were positioned based on the median escape score and ACE2 binding affinity score of all mutation events. 
BA.5.2.48/49* and BF.7.14* lineages are marked in red and connected to their immediate predecessors by a solid line. The circle indicates the 95% 

confidence interval of two groups. (C) The distribution of escape mutations across 12 RBD epitopes. The heatmap illustrates the proportion of escape 
mutations in each epitope over all mutation events. The percentage of escape mutations in each lineage is denoted by a dot at the top of the figure, while 
the dashed line shows the escape mutation proportion for the BA.5.2.48/49* and BF.7.14* lineages (whose IDs are highlighted in red). The histogram 

graph depicts the standard deviation of the escape mutation proportion distribution across the 12 epitopes. (D) The distribution of ACE2 binding affinity 
scores and immune evasion scores of escape mutations in 12 epitopes. The horizontal line represents the median value while the vertical line represents 
the upper and lower quartiles. Comparisons were conducted between BA.4/5 and BA.5.2.48/49*, as well as between BA.4.6/BF.7 (which had the same 
RBD sequences as BF.7.14*) and BF.7.14*. The Bonferroni adjusted P -values were computed by the Wilcoxon rank-sum test, with only statistically 
significant P -values ( < 0.05) labeled in the figure. 
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We further extended the analysis by incorporat-
ng 24 BA.4/5 sub-lineages that were prevalent in
ther countries with a high number of sequences
 > 4600, Table S5). These variants were categorized
nto two groups (BA.4/5, BA.4/5 + ) depending on
hether additional mutations occurred in the RBD
egion relative to the BA.5 prototype. Interestingly,
e found that the two groups can be distinctly differ-
ntiated based on their mutation escape scores and
CE2 binding scores (Fig. 3 B). The group with ad-
itional RBD mutations (BA.4/5 + ) favored muta-
ions with lower immune evasion and lower ACE2
inding potential. This might indicate a reduced se-
ective pressure attributed to the additional muta-
ions in this group. Of all five lineages belonging
o this group, the R346T mutation in BA.4.6 and
F.7 enhanced the ACE2 binding affinity and facili-
ated evasion from antibodies targeting the E1/E2.1
pitope; the K4 4 4T and N460K mutations within
Q.1, BQ.1.1 and BQ.1.1.32 augmented the ACE2
inding affinity and evaded antibodies targeting A1,
2, D3 and E1/E2.1 epitopes [25 ,26 ]. 
The RBD mutations observed in the

A.5.2.48/49* and BF.7.14* lineages showed a
reater propensity for ACE2 binding and a reduced
nclination for immune evasion, in comparison to
ther lineages with the same RBD sequence, includ-
ng two lineages that were mainly collected from the
SA, BF.26 and BQ.1.1.32 (Fig. 3 B and Fig. S3).
urthermore, the difference between BA.5.2 and
A.5.2.48/49* was more significant than that be-
ween BA.5.2 and other BA.4/5 lineages ( Fig. S3).
eanwhile, the proportion of immune escaped mu-

ations was considerably lower in the BA.5.2.48/49*
nd BF.7.14* lineages, and their distribution was
ore evenly spread across different antigenic epi-
opes compared to other lineages with the same
BD sequences (Fig. 3 C). Collectively, these find-
ngs suggest a relatively lower and less concentrated
mmune pressure on the virus in China, while
ariants acquiring additional binding-enhancing
utations were more prone to spread. 
Meanwhile, the distribution of immune escape
utations in the BA.5.2.48/49* and BF.7.14* lin-
ages showed a significant enrichment at the A2 epi-
ope ( Fig. S4A). However, this did not align with
he humoral immune profile acquired from con-
alescent sera, as BA.5 and BF.7 breakthrough in-
ections induced greater immune pressure on the
1/E2.1 and A1 epitopes, respectively, compared to
he A2 epitopes, as opposed to the Omicron reinfec-
ion group (mimicking the antibody profile elicited
n other countries) ( Fig. S4B and C). Hence, the
roliferation of escape mutations on the A2 epi-
ope was unlikely to originate from immune im-
rinting or heightened immune pressure on the A2
Page 6 of 11
epitope. Instead, the enrichment in the A2 epitope 
might be a side effect of enhancing ACE2 binding 
affinity, as we found that escape mutations in the 
A2 epitope in BA.5.2.48/49* exhibited an elevated 
ACE2 binding affinity, while having a minor effect 
on immune evasion compared to their global coun- 
terparts (Fig. 3 D). Furthermore, we discovered that 
the A2 epitope was a hotspot for mutations that en- 
hance ACE2 binding affinity, as seven out of the 
top nine potential ACE2 binding-enhancing muta- 
tions were located in this epitope on the BA.5.2 back- 
bone ( Fig. S4D, Table S4). Among these, four ACE2 
binding-enhancing mutations (Q493K, N417I/H 

and R403K) were observed in the BA.5.2.48/49* 
and BF.7.14* lineages, constituting 58% of all muta- 
tion events in this epitope region (19/33, Table S6). 

SARS-CoV-2 evolution in China did not 
generate a potent immune-evading strain 

To examine whether immune-evading variants 
emerged in China, we calculated the remaining neu- 
tralization capacity of antibodies identified in conva- 
lescent sera from individuals with BF.7* and BA.5.2* 
breakthrough infections against the newly emerged 
variants in China. The first immune-evading variant 
of the BA.5.2.48/49* lineage emerged shortly after 
its introduction to China in August 2022, while 
the second immune-evading variant emerged two 
months later, along with numerous others. The 
average immune evasion capacity of the circulating 
variants is limited until January 2023, when highly 
immune-evading variants emerged, resulting in a 
27% reduction in immune pressure (Fig. 4 A). How- 
ever, these newly emerged immune-evading variants 
did not gain significant selective advantage at the 
population level until May 2023, as the original 
variant continued to be the predominant variant in 
the new cases. In contrast, newly emerged variants 
of BA.5.2 with increased immune evasion capacity 
exhibited a significant selection advantage from 

August 2022 onwards in other countries (10 months 
after the first appearance of BA.5.2). 

The immune evasion dynamics of BF.7.14* was 
similar to that of BA.5.2.48/49* (Fig. 4 B). De- 
spite the prolonged circulation of immune-evading 
variants BF.7* and BF.7.14* in the population (5–
10 months), their frequencies in the population did 
not increase significantly, suggesting no obvious se- 
lection advantage over the original variant. 

The imported XBB lineage replaced the 
BA.5.2.48/49 and BF.7.14 lineages, emerging as 
the prevailing variant among newly infected indi- 
viduals from April 2023 onwards. The XBB lineage 
exhibited a significantly greater immune-evasion 
capacity compared to the newly emerged variants of 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae196#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae196#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae196#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae196#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae196#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae196#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae196#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae196#supplementary-data
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Figure 4. Dynamics of immune evasion capacity during viral evolution. (A) Antibody neutralization pressure dynamics on BA.5.2* and BA.5.2.48/49*. 
(B) Antibody neutralization pressure dynamics on BF.7* and BF.7.14*. Each dot represents a sequence collected in China. Dots representing BA.5.2* 
and BF.7* sequences are not shown due to the large sample size. The dashed line indicates the minimum values of antibody neutralization pressures 
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circulating at each time point. The global proportion of virus lineages in the infected cases at each time point is displayed at the top of the figure (same 
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and XBB.1.5 are depicted as dashed lines at the bottom. 

B  

a  

O  

r

D
I  

j  

a  

w  

B  

m  

R  

d  

O  

T  

B  

c  

e  

r  

(  

b  

t  

c  

i  

c  

i  

o

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/11/7/nw

ae196/7688472 by C
entral C

hina N
orm

al U
niversity user on 08 N

ovem
ber 2024
A .5.2.48/49, BF.7.14, BA .5.2 and BF.7. Its superior
bility to evade the antibodies elicited by prior
micron variants has also been well documented in
ecent studies [27 ,28 ]. 

ISCUSSION 

n this study, we examined the evolutionary tra-
ectory of SARS-CoV-2 in China both during and
fter the large-scale infection and compared it
ith its global counterparts. We found that the
A.5.2.48/49* and BF.7.14* variants, which infected
ore than one bi l lion individuals, exhibited distinct
BD mutation preferences in contrast to their imme-
iate predecessors, BA.5.2 and BF.7, as well as other
micron variants sharing the same RBD sequences.
he mutations occurring in the RBD region of
A.5.2.48/49* and BF.7.14* variants exhibited three
haracteristics: (i) the distribution of mutation
vents was less concentrated; (ii) the mutations
esulted in a weaker immune-evasion capability;
iii) the mutations resulted in an elevated ACE2
inding affinity compared to their global coun-
erparts. Since the variants in China and other
ountries share the same RBD sequence and nearly
dentical complete genomes, we speculate that these
haracteristics were associated with the differences
n the immune background between China and
ther countries. 
Page 7 of 11
Due to the low infection rate, the length of time
since the last vaccine administration, and the mis- 
match between the vaccine strain and the circulat- 
ing strain, the humoral immune barrier and immune 
pressure on the virus at the beginning of the outbreak 
should be lower in China compared to other coun- 
tries. This may explain the rapid spread of infections 
and the reduced occurrence of immune-evading 
mutations in the BA.5.2.48/49* and BF.7.14* lin- 
eages. Meanwhile, because of the less frequent break- 
through infections and reinfections, the virus under- 
went weaker immune pressure on specific epitope 
regions compared to other countries that were influ- 
enced by the immune imprinting effect [29 ]. This 
may elucidate why mutations in the BA.5.2.48/49* 
and BF.7.14* lineages were more widely distributed 
in the RBD region, and why immune-evading muta- 
tions were more evenly distributed across different 
epitopes. 

In a population with a relatively low level of 
humoral immunity, variants with mutations that 
enhance transmissibility are more prone to estab- 
lishing infections, and thus have greater fitness in 
comparison to variants with immune-evading mu- 
tations, which has been observed in our study 
and previous studies [19 ,30 ,31 ]. However, since 
some mutations, like R403K, could influence both 
ACE2 binding affinity and immune evasion, the 
enrichment of ACE2 binding-enhancing mutations 
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n the BA.5.2.48/49* and BF.7.14* lineages also led
o the accumulation of immune-evading capacity
ithin the A2 epitope, which accounts for ∼11.9%
nd 8.4% of the estimated immune pressure on
A.5.2.48/49* and BF.7.14*, respectively. This could
otentially alter the immune pressure exerted on the
irus and result in a divergent mutation trajectory in
he future. 
It is worth noting that, despite sporadic im-
une evasion mutations being identified in the vi-
al genome, the immune-evading variants of the
A.5.2.48/49* and BF.7.14* lineages did not exhibit
ransmission advantage against the original strain
n the population until May 2023. This might be
ttributed to the antibody concentration not hav-
ng significantly decreased yet, along with the ef-
ective cross-protection of antibodies among differ-
nt variants [32 ,33 ]. Thus, reinfection may occur
hen the antibody concentration decreases and a
ighly immune-evasive variant emerges, which all
akes time. For BA.5.2*, it took 10 months for the
roportion of immune-evading variants to start to
ncrease in the infected population, whereupon the
nfection proportion of BA.4/5* reached ∼20%; for
F.7*, the turning points are not apparent until May
023. Thus, evolving a new advantageous variant
rom an existing strain may require a long time, pos-
ibly exceeding one year. However, the emergence
f new variants that are not evolutionarily related
o previously infected variants, possibly originating
rom individuals with chronic infections [34 ], might
apidly replace the previous variants due to their ex-
eptional immune evasion capacities [35 ], such as
he displacement of the Delta by Omicron and the
ecent replacement of BA.5 by XBB. 
Convergent mutations have been frequently

bserved in various Omicron sub-lineages, and this
rend has become more significant over time [19 ,29 ].
owever, our results indicate that the intensity and
istribution of immune pressure dynamically change
long with the emergence of new immune-evading
ariants, and the trend of convergent evolution be-
ame less remarkable in recent lineages (Fig. 3 ). The
Q.1, BA.4.6 and BF.7 lineages exhibited a distinct
utation spectrum characterized by lower immune
vasion, reduced ACE2 binding affinity, and a more
idely distributed pattern, in contrast to other
A.4/5 sub-lineages that retain the prototype RBD
equence. We speculate that this could be attributed
o two factors. On the one hand, the emergence
f additional immune-evading mutations led to a
ignificant reduction in overall immune pressure,
articularly in regions targeted by the most potent
ntibodies. On the other hand, the rising rate of re-
nfection might undermine the immune imprinting
ffect and restore some antibody diversity, which is
Page 8 of 11
supported by a recent study on individuals reinfected 
with the Omicron variants [36 ]. Nevertheless, our 
understanding of the patterns and trends in the 
population’s immunity landscape remains limited. It 
is imperative to establish real-time monitoring and 
estimation methods for assessing the magnitude and 
extent of the immune pressure, to accurately predict 
the future direction of viral evolution. 

A limitation of this study arises from the dif- 
ferences between the variants circulating in China 
and those in other countries. Although they share 
the same RBD sequences, there are some differ- 
ences in the S gene and other non-structural genes 
(Fig. 1 B). These dissimilarities could potentially lead 
to varying immune responses, consequently result- 
ing in distinct immune pressures on the virus. Unfor- 
tunately, only a limited number of the three predom- 
inant variants in China have been reported in other 
countries, preventing us from conducting a compar- 
ative analysis of these variants in other countries. 
Nevertheless, the presence of distinct variants cir- 
culating across different countries ensures that there 
has been no transmission of these variants between 
China and other countries. This in turn guarantees 
that the mutation and immune backgrounds cor- 
respond accurately. Another limitation arises from 

the limited number of lineages being compared. In- 
cluding endemic lineages from other countries with 
relatively strict disease prevention strategies would 
enhance the reflection of the correlation between 
immune background and mutation preference. Un- 
fortunately, we cannot find any other Omicron lin- 
eages with more than 4600 sequences that have been 
mostly collected from these countries. Furthermore, 
while the control lineages/samples used for compar- 
ison in this study were collected from different coun- 
tries, potentially possessing diverse immune back- 
grounds, all these countries experienced multiple 
waves of SARS-COV-2 infections during the Omi- 
cron era. Consequently, their immune backgrounds 
were primarily shaped by Omicron variants, rather 
than being shaped by pre-Omicron variants or proto- 
type vaccines in the Chinese populations, which en- 
ables a reasonable and practical comparative analysis 
in our study. 

The immune background inducted by either in- 
fection or vaccination is a driving force of virus 
evolution. Our study has demonstrated a diverse 
evolution trajectory of SARS-CoV-2 within pop- 
ulations possessing distinct immune backgrounds, 
shedding light on the emergence and circulation of 
certain variants in specific geographic regions. In ad- 
dition to immune pressure, other factors like ACE2 
binding affinity, host genetics and drug usage may 
also contribute to the evolution of SARS-CoV-2. 
Quantifying the interplay between these factors and 
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irus evolution to establish a predictive model for the
volution of SARS-CoV-2 remains a substantial chal-
enge we are confronted with. 

ETHOD 

ata preparation 

e retrieved 18 955 complete SARS-COV-2 se-
uences collected from China from the GISAID
the Global Initiative on Sharing All Influenza
ata) database [20 ] and 10 821 sequences from the
CoV19 database [21 ], with collection dates be-
ween 1 July 2022 and 31 May 2023. Sequence
D, sequences, collection date and submitting lab-
ratory names were used to remove duplicate se-
uences (8430), leaving a total of 21 346 sequences
or subsequent analyses ( Table S1). Daily case
umbers in China during the outbreak were re-
rieved from the Our World In Data (OWID)
ebsite ( https://github.com/owid/covid-19-data)
37 ]. Vaccination information was retrieved from
he OWID website ( https://ourworldindata.org/
oronavirus-data). The estimated global daily num-
er of infections was obtained from a previous study
38 ], and the accumulative infection rate of a spe-
ific variant was calculated by summing the product
f daily variant proportion and the estimated daily
nfection rate. 

utation identification and incidence 

stimation 

 deduplication was performed between the 21 346
hinese sequences and the sequences included
n the masked global SARS-COV-2 mutation-
nnotated tree (downloaded on 31 May 2023 from
ttp://hgdownload.soe.ucsc.edu/goldenPath/
uhCor1/UShER_SARS-CoV-2/, which contains
 129 948 public sequences) through metadata
omparison. Alignment of the additional Chinese
equences was done by MAFFT [39 ] (v7.453), and
he aligned sequences were placed on the same tree
sing the UShER script [22 ,40 ], with 481 problem-
tic sites masked [41 ]. The mutation events were
etrieved from the resulting phylogenetic tree using
ur customized scripts, with only mutation events
n the designated sub-branches (e.g. BA.5.2, BF.7,
A.5.2.48/49 and BF.7.14) being considered. First,
e employed the matUtils tool from the UShER
oolkit to transform the protocol buffer format into
SON format. Then, to reduce the number of false
ositive events caused by incorrect placement of
he sequence on the phylogenetic tree, mutation
vents were exclusively identified within leaf nodes
actual sequences) or internal nodes possessing
t least one identical descendant that was a leaf
Page 9 of 11
node. Meanwhile, no more than two mutations 
were allowed between the node and its parental 
node, and the sequences of both nodes had to be
collected from the same geographic region (e.g. 
China for BA.5.2.48/49 and BF.7.14, other countries 
for BA.5.2 and BF.7). Singleton mutations were kept 
for the analysis. The number of mutation events 
identified on the phylogenetic tree was used to 
represent mutation incidence. 

When comparing the mutation spectrum be- 
tween different BA.4/5 lineages, only sub-lineages 
with more than 4600 sequences (the number of 
BF.7.14 sequences) were included for the analysis to 
minimize the bias caused by a small sample size. 

Searching for SARS-CoV-2 clades 
in China 

We conducted a search for clades primarily com- 
posed of sequences from China, stipulating a cri- 
terion of having over 80% of sequences originating 
from China. In total, 1050 distinct non-overlapping 
clades were identified, and the three most promi- 
nent clades, each comprising over 10 0 0 Chinese 
sequences and representing a proportion exceeding 
92%, were selected. The BE A ST [42 ] (v2.6.6) was
used to infer the time to the most recent common
ancestor (TMRCA) of each clade, using the TN93 
substitution model selected by the BModelTest 
function. Visualization of the phylogenetic tree was 
performed using Taxonium [43 ]. 

Calculation of the ACE2 binding affinity 
score and the immune escape score 

The antibody spectrum, neutralizing activity, anti- 
body epitope group, and raw mutation escape score 
were obtained from previous studies [29 ,36 ]. Briefly, 
a total of 1350 antibodies were identified in the 
sera of vaccinated individuals and convalescent pa- 
tients of the wild-type (WT), BA .1, BA .2, BA .5
and BF.7 variants. The impact of all possible mu- 
tations in the RBD region on the neutralization 
effectiveness of the 1350 identified antibodies was 
obtained through a high-throughput deep muta- 
tional scanning (DMS) approach. For each muta- 
tion, a raw escape score was calculated by fitting an
epistasis model that captured the extent of alteration 
in antibody neutralization effectiveness attributed to 
the mutation [44 ]. The raw escape score for each
antibody was then normalized to the highest score 
among all mutations (targeting the same antibody) 
and became a number between 0 and 1. The nor-
malized score was multiplied by the neutralization 
activity value of the antibody. The final immune es- 
cape score targeting a specific immune background 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae196#supplementary-data
https://github.com/owid/covid-19-data
https://ourworldindata.org/coronavirus-data
http://hgdownload.soe.ucsc.edu/goldenPath/wuhCor1/UShER_SARS-CoV-2/
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as calculated by summing the escape scores against
ll antibodies identified from the related sera. 
The antibodies were classified into 12 epitopes

ased on their escape profile against the BA.5
ariant. For each epitope group, mutations with an
scape score (average of the scores against all anti-
odies belonging to the epitope group) greater than
hree times the average escape score of all mutations
ere defined as immune escape mutations. 
The ACE2 binding affinity data were obtained

rom a previous study utilizing a DMS approach
45 ]. The ACE2 binding affinity score of the muta-
ion was represented as the sum of ACE2 binding
alue and RBD expression value based on the BA.2
ariant. 

stimation of the antibody neutralization 

ressure on the variant 
he immune pressure exerted on the SARS-CoV-
 variant was calculated by summing the neutraliz-
ng activity of all antibodies originating from a spe-
ific immune background, i.e. BA.5 convalescent sera
or BA.5.2 and BA.5.2.48/49, and BF.7 convalescent
era for BF.7 and BF.7.14. When an additional mu-
ation emerged within the variant, the updated neu-
ralizing activity of each antibody was calculated, em-
loying the formula provided by the SARS-CoV-2
BD antibody escape calculator [46 ]. 

ATA AVAILABILITY 

ll data generated in this study, including original in-
ut sequence files and phylogenetic files, as well as
ll customized scripts were uploaded to the GitHub
ebsite along with an introduction ( https://github.
om/ipplol/SARS2EVO_CHN, doi: 10.5281/zen-
do.8248127). 

UPPLEMENTARY DATA 

upplementary data are available at NSR online. 
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