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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, BE7.14 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 surveillance, immune background surveillance is also imperative for predicting
forthcoming mutations and understanding how these variants spread in the population.
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INTRODUCTION

Due to the implementation of different strategies for
COVID-19 epidemic prevention and control [1-3],
the overall infection rate in China was extremely low

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

compared with other countries in December 2022 potent humoral immunity background compared to

(e.g- 0.68% in China vs. 49.98% in Israel on 1 De-
cember 2022, data from www.ourworldindata.org).

other countries in December 2022.

In late 2022, China revised its public health con-
Meanwhile, China has achieved a relatively high vac- trol measures [8]. Subsequent.ly, 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

cination rate, with 92.54% of the population having
received at least one dose of the COVID-19 vaccine
and 90.28% having completed vaccination (as of 28
November 2022) [4,5]. The predominant vaccine
used in China was an inactivated vaccine utilizing

a growing concern that new variants might emerge
within China, akin to how the Delta and Omi-

the original wild-type strain. The elicited antibodies cron variants originated [11-13]. Although three
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novel Pango lineages, namely BA.5.2.48, BA.5.2.49
and BF.7.14, were designated based on the genome
surveillance data in China [14,15], a systematic as-
sessment of the mutations, particularly their impacts
on immune evasion and angiotensin-converting en-
zyme 2 (ACE2) binding affinity, is missing.

Prior infection and vaccination history gives rise
to specific immune responses, leading to a phe-
nomenon known as immune imprinting [16], which
involves the generation of cross-neutralizing anti-
bodies upon encountering new variants, rather than
producing new antibodies [17,18]. Consequently,
the antibody spectrum elicited by the same virus
would differ among populations with varying im-
mune backgrounds. This divergence would lead to
distinct immune pressure on the virus, which in
turn generates variants with different escape muta-
tions. This hypothesis has been indirectly validated
through the analysis of differences in the mutation
spectrum (the independent occurrences distribu-
tion of different mutations) among different SARS-
CoV-2 variants circulating at different time periods
[19], yet it has not been validated in any partic-
ular variant that extensively spread across popula-
tions with distinct backgrounds. China’s distinctive
immune landscape, combined with the prolonged
transmission of the same viral strains in both China
and other countries, presents an unparalleled chance
to directly scrutinize the evolutionary differences of
this virus within distinct immune contexts.

RESULTS

Circulation of three SARS-CoV-2 clades
in China from December 2022
to March 2023

Between 1 July 2022 and 31 May 2023, a total of
21346 complete SARS-CoV-2 genome sequences
were collected in China after deduplication from
the Global Initiative on Sharing All Influenza Data
(GISAID) and the RCoV19 databases [20,21]. We
placed all sequences onto the global phylogenetic
tree using the UCSC UShER software (Ultrafast
Sample placement on Existing tRees), following the
removal of duplicated sequences and the masking
of error-prone positions [22]. We detected three
clades predominantly composed of Chinese se-
quences (constituting over 92% of sequences in the
clade). Each clade encompassed >1000 Chinese
sequences, and collectively constituted 68.8% of all
the sequences from China (Fig. 1A). These three
clades corresponded to the BA.5.2.48 BF.7.14* and
BA.5.2.49 lineages, respectively. The most recent
common ancestor (MRCA) of the three clades can
be traced back to a node that belongs to the BA.5.2
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lineage (Fig. 1B). 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.S,
were predominant during that period (Table S1).
BA.5.2.48% BE7.14* 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. 1C). 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). Therefore, 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 10692 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. 1B), 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-synonymous (NS)
mutations in most genomic regions was similar
between three Chinese-dominant lineages and
their counterparts from other countries (Fig. 2A
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 BE7.14* and its
immediate predecessor BE.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 1332408, 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.

regions (Fig. 2A, Fig. S2B). BE7.14* exhibited a
similar decrease in NS mutations within the NSP13
region when compared to BE7. Of note, ORF6,
NSP1, NSP3 and NSP13 proteins were all involved
in innate immune evasion [23,24].

The BA.5.2.48/49* variant also demonstrated
an enrichment of NS mutations in the S gene,
particularly within the RBD region. This enrichment
was associated with a significantly higher dN/dS
ratio compared to BA.5.2 (dN/dS: 0.95 vs. 0.44,
Fig. 2A). The distribution of RBD NS mutations
in BA.5.2.48/49* was more widely dispersed com-
pared to BA.S.2 (Fig. 2B and Fig. S2C), which
may reflect a less concentrated selection pressure
on the virus in China. The most frequent RBD
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amino acid mutations displayed variations between
the BA.5.2.48/49* and BE.7.14* lineages and their
international counterparts (Fig. 2C). 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 BE7.14* when compared to BE.7. Among
these mutations, R403K exhibited the most remark-
able disparity, and this mutation has been rarely ob-
served in other BA.S 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
(Table S4).
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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 ACEZ2 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.

SARS-CoV-2 evolution in China exhibited  mutations) on two crucial functional aspects—
a preference for heightened ACE2 ACE2 binding affinity and immune evasion—that

binding and lower immune evasion manifested in different countries [19]. We found
that RBD mutations occurring on BA.5.2.48/49*

To further elucidate the difference in the driving had a lower mutation escape score and a higher

force behind SARS-CoV-2 evolution in China and ACE2 binding score compared to BA.5.2 (Fig. 3A).

other countries, we assessed the impact of RBD  ppo 4% (1 jwed a similar trend when compared to
amino acid mutations (hereafter referred to as RBD BE7
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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 F-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 harizontal 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-
ing 24 BA.4/5 sub-lineages that were prevalent in
other countries with a high number of sequences
(>4600, Table SS). These variants were categorized
into two groups (BA.4/S, BA.4/5+) depending on
whether additional mutations occurred in the RBD
region relative to the BA.S prototype. Interestingly,
we found that the two groups can be distinctly differ-
entiated based on their mutation escape scores and
ACE?2 binding scores (Fig. 3B). The group with ad-
ditional RBD mutations (BA.4/5+) favored muta-
tions with lower immune evasion and lower ACE2
binding potential. This might indicate a reduced se-
lective pressure attributed to the additional muta-
tions in this group. Of all five lineages belonging
to this group, the R346T mutation in BA.4.6 and
BF.7 enhanced the ACE2 binding affinity and facili-
tated evasion from antibodies targeting the E1/E2.1
epitope; the K444T and N460K mutations within
BQ.1, BQ.1.1 and BQ.1.1.32 augmented the ACE2
binding affinity and evaded antibodies targeting A1,
D2, D3 and E1/E2.1 epitopes [25,26].

The RBD mutations observed in the
BA.5.248/49% and BE7.14* lineages showed a
greater propensity for ACE2 binding and a reduced
inclination for immune evasion, in comparison to
other lineages with the same RBD sequence, includ-
ing two lineages that were mainly collected from the
USA, BE26 and BQ.L.1.32 (Fig. 3B and Fig. S3).
Furthermore, the difference between BA.S.2 and
BA.5.2.48/49* was more significant than that be-
tween BA.S.2 and other BA.4/5 lineages (Fig. S3).
Meanwhile, the proportion of immune escaped mu-
tations was considerably lower in the BA.5.2.48/49*
and BE.7.14* lineages, and their distribution was
more evenly spread across different antigenic epi-
topes compared to other lineages with the same
RBD sequences (Fig. 3C). Collectively, these find-
ings suggest a relatively lower and less concentrated
immune pressure on the virus in China, while
variants acquiring additional binding-enhancing
mutations were more prone to spread.

Meanwhile, the distribution of immune escape
mutations in the BA.5.2.48/49* and BF.7.14* lin-
eages showed a significant enrichment at the A2 epi-
tope (Fig. S4A). However, this did not align with
the humoral immune profile acquired from con-
valescent sera, as BA.S and BE7 breakthrough in-
fections induced greater immune pressure on the
E1/E2.1 and Al epitopes, respectively, compared to
the A2 epitopes, as opposed to the Omicron reinfec-
tion group (mimicking the antibody profile elicited
in other countries) (Fig. S4B and C). Hence, the
proliferation of escape mutations on the A2 epi-
tope was unlikely to originate from immune im-
printing or heightened immune pressure on the A2
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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. 3D). 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, N4171/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 BE.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. 4A). 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.S.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. 4B). De-
spite the prolonged circulation of immune-evading
variants BE.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.5248/49 and BE7.14 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
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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 BFE.7* sequences are not shown due to the large sample size. The dashed line indicates the minimum values of antibody neutralization pressures
across all variants circulating at each time point. The solid line represents the average values of antibody neutralization pressures across all variants
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
for A and B). Notably, BA.4/5% does not include BA.5.2* and BF.7*, and BA.5.2* does not include BF.7*. The antibody neutralization pressures for XBB.1
and XBB.1.5 are depicted as dashed lines at the bottom.

BA.5.2.48/49, BE.7.14, BA.5.2 and BE.7. Its superior
ability to evade the antibodies elicited by prior
Omicron variants has also been well documented in
recent studies [27,28].

DISCUSSION

In this study, we examined the evolutionary tra-
jectory of SARS-CoV-2 in China both during and
after the large-scale infection and compared it
with its global counterparts. We found that the
BA.5.2.48/49* and BF.7.14* variants, which infected
more than one billion individuals, exhibited distinct
RBD mutation preferences in contrast to theirimme-
diate predecessors, BA.5.2 and BE.7, as well as other
Omicron variants sharing the same RBD sequences.
The mutations occurring in the RBD region of
BA.5.2.48/49* and BF.7.14* variants exhibited three
characteristics: (i) the distribution of mutation
events was less concentrated; (ii) the mutations
resulted in a weaker immune-evasion capability;
(iii) the mutations resulted in an elevated ACE2
binding affinity compared to their global coun-
terparts. Since the variants in China and other
countries share the same RBD sequence and nearly
identical complete genomes, we speculate that these
characteristics were associated with the differences
in the immune background between China and
other countries.
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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 BE7.14* 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 BE.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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in the BA.5.2.48/49* and BE.7.14* lineages also led
to the accumulation of immune-evading capacity
within the A2 epitope, which accounts for ~11.9%
and 84% of the estimated immune pressure on
BA.5.2.48/49* and BE.7.14%, respectively. This could
potentially alter the immune pressure exerted on the
virus and result in a divergent mutation trajectory in
the future.

It is worth noting that, despite sporadic im-
mune evasion mutations being identified in the vi-
ral genome, the immune-evading variants of the
BA.5.2.48/49 and BF.7.14* lineages did not exhibit
transmission advantage against the original strain
in the population until May 2023. This might be
attributed to the antibody concentration not hav-
ing significantly decreased yet, along with the ef-
fective cross-protection of antibodies among differ-
ent variants [32,33]. Thus, reinfection may occur
when the antibody concentration decreases and a
highly immune-evasive variant emerges, which all
takes time. For BA.5.2%, it took 10 months for the
proportion of immune-evading variants to start to
increase in the infected population, whereupon the
infection proportion of BA.4/5* reached ~20%; for
BE.7*% the turning points are not apparent until May
2023. Thus, evolving a new advantageous variant
from an existing strain may require a long time, pos-
sibly exceeding one year. However, the emergence
of new variants that are not evolutionarily related
to previously infected variants, possibly originating
from individuals with chronic infections [34], might
rapidly replace the previous variants due to their ex-
ceptional immune evasion capacities [35], such as
the displacement of the Delta by Omicron and the
recent replacement of BA.5 by XBB.

Convergent mutations have been frequently
observed in various Omicron sub-lineages, and this
trend has become more significant over time [ 19,29].
However, our results indicate that the intensity and
distribution of immune pressure dynamically change
along with the emergence of new immune-evading
variants, and the trend of convergent evolution be-
came less remarkable in recent lineages (Fig. 3). The
BQ.1, BA.4.6 and BE7 lineages exhibited a distinct
mutation spectrum characterized by lower immune
evasion, reduced ACE2 binding affinity, and a more
widely distributed pattern, in contrast to other
BA.4/5 sub-lineages that retain the prototype RBD
sequence. We speculate that this could be attributed
to two factors. On the one hand, the emergence
of additional immune-evading mutations led to a
significant reduction in overall immune pressure,
particularly in regions targeted by the most potent
antibodies. On the other hand, the rising rate of re-
infection might undermine the immune imprinting
effect and restore some antibody diversity, which is
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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. 1B). 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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virus evolution to establish a predictive model for the
evolution of SARS-CoV-2 remains a substantial chal-
lenge we are confronted with.

METHOD
Data preparation

We retrieved 18955 complete SARS-COV-2 se-
quences collected from China from the GISAID
(the Global Initiative on Sharing All Influenza
Data) database [20] and 10 821 sequences from the
RCoV19 database [21], with collection dates be-
tween 1 July 2022 and 31 May 2023. Sequence
ID, sequences, collection date and submitting lab-
oratory names were used to remove duplicate se-
quences (8430), leaving a total of 21 346 sequences
for subsequent analyses (Table S1). Daily case
numbers in China during the outbreak were re-
trieved from the Our World In Data (OWID)
website (https: //github.com/owid/covid- 19-data)
[37]. Vaccination information was retrieved from
the OWID website (https://ourworldindata.org/
coronavirus-data). The estimated global daily num-
ber of infections was obtained from a previous study
[38], and the accumulative infection rate of a spe-
cific variant was calculated by summing the product
of daily variant proportion and the estimated daily
infection rate.

Mutation identification and incidence
estimation

A deduplication was performed between the 21 346
Chinese sequences and the sequences included
in the masked global SARS-COV-2 mutation-
annotated tree (downloaded on 31 May 2023 from
http://hgdownload.soe.ucsc.edu/goldenPath/

wuhCorl/UShER_SARS-CoV-2/, which contains
7129948 public sequences) through metadata
comparison. Alignment of the additional Chinese
sequences was done by MAFFT [39] (v7.453), and
the aligned sequences were placed on the same tree
using the UShER script [22,40], with 481 problem-
atic sites masked [41]. The mutation events were
retrieved from the resulting phylogenetic tree using
our customized scripts, with only mutation events
in the designated sub-branches (e.g. BA.S.2, BF7,
BA.5.2.48/49 and BE.7.14) being considered. First,
we employed the matUtils tool from the UShER
toolkit to transform the protocol buffer format into
JSON format. Then, to reduce the number of false
positive events caused by incorrect placement of
the sequence on the phylogenetic tree, mutation
events were exclusively identified within leaf nodes
(actual sequences) or internal nodes possessing
at least one identical descendant that was a leaf
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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 BE.7.14, other countries
for BA.5.2 and BE7). 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 1000 Chinese
sequences and representing a proportion exceeding
92%, were selected. The BEAST [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.S
and BE7 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
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was calculated by summing the escape scores against
all antibodies identified from the related sera.

The antibodies were classified into 12 epitopes
based on their escape profile against the BA.S
variant. For each epitope group, mutations with an
escape score (average of the scores against all anti-
bodies belonging to the epitope group) greater than
three times the average escape score of all mutations
were defined as immune escape mutations.

The ACE2 binding affinity data were obtained
from a previous study utilizing a DMS approach
[45]. The ACE2 binding affinity score of the muta-
tion was represented as the sum of ACE2 binding
value and RBD expression value based on the BA.2
variant.

Estimation of the antibody neutralization
pressure on the variant

The immune pressure exerted on the SARS-CoV-
2 variant was calculated by summing the neutraliz-
ing activity of all antibodies originating from a spe-
cificimmune background, i.e. BA.5 convalescent sera
for BA.5.2 and BA.5.2.48/49, and BF.7 convalescent
sera for BE.7 and BF.7.14. When an additional mu-
tation emerged within the variant, the updated neu-
tralizing activity of each antibody was calculated, em-
ploying the formula provided by the SARS-CoV-2
RBD antibody escape calculator [46].

DATA AVAILABILITY

All data generated in this study, including original in-
put sequence files and phylogenetic files, as well as
all customized scripts were uploaded to the GitHub
website along with an introduction (https: //github.
com/ipplol/SARS2EVO_CHN, doi: 10.5281/zen-
0d0.8248127).

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.

ACKNOWLEDGEMENTS

We gratefully acknowledge all data contributors, ie. the au-
thors and their originating laboratories responsible for obtain-
ing the specimens, and their submitting laboratories for gen-
erating the genetic sequence and metadata and sharing via
the GISAID Initiative (EPI_SET ID: EPI_SET_2307190u, doi:
10.55876/gis8.2307190u) and the RCoV19 database, on which

this research is based.

FUNDING

This work was supported by the Key Collaborative Research
Program of the Alliance of International Science Organizations
(ANSO-CR-KP-2022-09 to M.L.), the National Natural Science

Page 10 of 11

Foundation of China (82161148009 to M.L.) and the Strategic
Priority Research Program of the Chinese Academy of Sciences
(XDB38030400 to M.L.).

AUTHOR CONTRIBUTIONS

M.L. designed the study. W.M. and M.L. wrote the manuscript
with input from all authors. W.M. and H.E. performed bioinfor-
matics analyses. Y.C. and EJ. generated the DMS and neutraliza-

tion data and supervised the immune analysis.

Conflict of interest statement. None declared

REFERENCES

1. LiZ,Chen Q, Feng L et al. Active case finding with case manage-
ment: the key to tackling the COVID-19 pandemic. Lancet 2020;
396: 63-70.

2. Pan'Y, Wang L, Feng Z et al. Characterisation of SARS-CoV-2
variants in Beijing during 2022: an epidemiological and phylo-
genetic analysis. Lancet 2023; 401: 664—72.

3. Johns Hopkins Coronavirus Resource Center. COVID-19 Dash-
board. https://coronavirus.jhu.edu/map.html (16 April 2024,
date last accessed).

4. Meng Z, Shan S, Zhang R. China's COVID-19 vaccination strat-
egy and its impact on the global pandemic. fisk Manag Healthe
Policy 2021; 14: 4649-55.

5. The State Council. Press Conference of the Joint Prevention
and Control Mechanism of the State Council On November 29,
2022. https://www.gov.cn/xinwen/gwylflkjz216/index.htm (16
April 2024, date last accessed).

6. Cao Y, Wang J, Jian F et al. Omicron escapes the majority of
existing SARS-CoV-2 neutralizing antibodies. Nature 2022; 602:
657-63.

7. Cao, Yisimayi A, Jian F etal. BA.2.12.1, BA.4 and BA.5 escape
antibodies elicited by Omicron infection. Nature 2022; 608: 593—
602.

8. Comprehensive Group of Joint Prevention and Control Mech-
anism of the State Council in Response to Novel Coronavirus
Pneumonia. Notice on Further Optimising the Implementation
of Measures to Prevent and Control the COVID-19 Epidemic.
http://www.gov.cn/xinwen/2022-12/07/content_5730443.
htm (16 April 2024, date last accessed).

9. Fu D, He GH, Li HL et al. Effectiveness of COVID-19 vaccination
against SARS-CoV-2 omicron variant infection and symptoms—
China, December 2022—February 2023. China COC Weekly2023;
5:369-73.

10. Leung K, Lau EHY, Wong CKH et al. Estimating the transmis-
sion dynamics of SARS-CoV-2 Omicron BF.7 in Beijing after ad-
justment of the zero-COVID policy in November-December 2022.
Nat Med 2023; 29: 579-82.

11. Dhar MS, Marwal R, Vs R et al. Genomic characterization and
epidemiology of an emerging SARS-CoV-2 variant in Delhi, In-
dia. Science 2021; 374: 995-9.

12. Viana R, Moyo S, Amoako DG et al. Rapid epidemic expansion
of the SARS-CoV-2 Omicron variant in southern Africa. Nature
2022; 603: 679-86.

$20Z J8qWIBAON g0 UO Jasn AlISISAIUN [BWION BUIYD [enus) Aq 2/#889//96 L 8eMuU///| | /a[oIie/isu/woo dno olwapeoe//:sdiy Woll papeojumoc]


https://github.com/ipplol/SARS2EVO_CHN
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae196#supplementary-data
http://dx.doi.org/10.1016/S0140-6736(20)31278-2
http://dx.doi.org/10.1016/S0140-6736(23)00129-0
https://coronavirus.jhu.edu/map.html
http://dx.doi.org/10.2147/RMHP.S338701
https://www.gov.cn/xinwen/gwylflkjz216/index.htm
http://dx.doi.org/10.1038/s41586-021-04385-3
http://dx.doi.org/10.1038/s41586-022-04980-y
http://www.gov.cn/xinwen/2022-12/07/content_5730443.htm
http://dx.doi.org/10.46234/ccdcw2023.070
http://dx.doi.org/10.1038/s41591-023-02212-y
http://dx.doi.org/10.1126/science.abj9932
http://dx.doi.org/10.1038/s41586-022-04411-y

22.

23.

24.

25.

26.

27.

28.

29.

30.

21.

Natl Sci Rev, 2024, Vol. 11, nwae196

. Tegally H, Moir M, Everatt J et al. Emergence of SARS-CoV-2 Omicron lineages

BA.4 and BA5 in South Africa. Nat Med 2022; 28: 1785-90.

. The GitHub. BA.5.24+-0RF1b:T1050N sublineage circulating in China (312

seq as of 2023-01-06). https://github.com/cov-lineages/pango-designation/
issues/1471 (24 October 2023, date last accessed).

. The GitHub. BF.7 sublineage with S:C1243F circulating in China (292 seq as

of 2023-01-06). https://github.com/cov-lineages/pango-designation/issues/
1470 (24 October 2023, date last accessed).

. Roltgen K, Nielsen SCA, Silva O et al. Immune imprinting, breadth of variant

recognition, and germinal center response in human SARS-CoV-2 infection and
vaccination. Cell 2022; 185: 1025-40.

. Dowell AC, Lancaster T, Bruton R et al. Inmunological imprinting of humoral

immunity to SARS-CoV-2 in children. Nat Commun 2023; 14: 3845.

. Koutsakos M and Ellebedy AH. Immunological imprinting: understanding

COVID-19. Immunity 2023; 56: 909-13.

.MaW, FuH, JianF et al. Inmune evasion and ACE2 binding affinity contribute

to SARS-CoV-2 evolution. Nat Fcol Fvol 2023; 7: 1457—-66.

. Khare S, Gurry C, Freitas L et al. GISAID's role in pandemic response. China

CDC Wkly2021; 3: 1049-51.

CNCB-NGDC Members and Partners. Database resources of the National Ge-
nomics Data Center, China National Center for Bioinformation in 2023. Nucleic
Acids Res 2023; 51: D18-28.

Turakhia Y, Thornlow B, Hinrichs AS et al. Ultrafast sample placement on ex-
isting tRees (UShER) enables real-time phylogenetics for the SARS-CoV-2 pan-
demic. Nat Genet 2021; 53: 809-16.

Kim YM and Shin EC. Type | and IIl interferon responses in SARS-CoV-2 infec-
tion. Exp Mol Med 2021; 53: 750-60.

Rashid F, Xie Z, Suleman M et al. Roles and functions of SARS-CoV-2 proteins
in host immune evasion. Front Immunol 2022; 13: 940756.

Wang Q, Lekthan S, Li ZT et al. Alarming antibody evasion properties of rising
SARS-CoV-2 BQ and XBB subvariants. Cell 2023; 186: 279-86.

Qu PK, Evans JP, Faraone JN et al. Enhanced neutralization resistance of SARS-
CoV-2 Omicron subvariants BQ.1,BQ.1.1, BA.4.6, BF.7, and BA.2.75.2. Cell Host
Microbe 2023; 31: 9.

Yue C, Song W, Wang L et al. ACE2 binding and antibody evasion in enhanced
transmissibility of XBB.1.5. Lancet Infect Dis 2023; 23: 278-80.

Tamura T, Ito J, Uriu K et al. Virological characteristics of the SARS-CoV-2 XBB
variant derived from recombination of two Omicron subvariants. Nat Commun
2023; 14: 2800.

Cao Y, Jian F, Wang J et al. Imprinted SARS-CoV-2 humoral immunity induces
convergent Omicron RBD evolution. Nature 2022; 614: 521-9.

Wang G, Liu X, Wang K et al. Deep-learning-enabled protein-protein interac-
tion analysis for prediction of SARS-CoV-2 infectivity and variant evolution. Nat
Med 2023; 29: 2007-18.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

42.

43.

44.

45.

46.

Bushman M, Kahn R, Taylor BP et al. Population impact of SARS-CoV-2 variants
with enhanced transmissibility and/or partial immune escape. Ce// 2021; 184:
6229-42.

Hariharan S, Israni AK, Danovitch G. Antibody persistence through 6 months
after the second dose of mRNA-1273 vaccine for Covid-19. New Engl J Med
2021; 384: 2259-61.

Levin EG, Lustig Y, Cohen C et al. Waning immune humoral response to
BNT162b2 covid-19 vaccine over 6 months. New Engl J Med 2021; 385:
E84.

Gonzalez-Reiche AS, Alshammary H, Schaefer S et al. Sequential intrahost evo-
lution and onward transmission of SARS-CoV-2 variants. Nat Commun 2023;
14: 3235.

Markov PV, Katzourakis A, Stilianakis NI. Antigenic evolution will lead to new
SARS-CoV-2 variants with unpredictable severity. Nat Rev Micro 2022; 20:
251-2.

Yisimayi A, Song W, Wang J et al. Repeated Omicron exposures over-
ride ancestral SARS-CoV-2 immune imprinting. Nature 2024; 625: 148—
56.

Mathieu E, Ritchie H, Ortiz-Ospina E et al. A global database of COVID-19 vac-
cinations. Nat Hum Behav2021; 5: 947-53.

Barber RM, Sorensen RJD, Pigott DM et al. Estimating global, regional, and na-
tional daily and cumulative infections with SARS-CoV-2 through Nov 14, 2021:
a statistical analysis. Lancet 2022; 399: 2351-80.

Rozewicki J, Li S, Amada KM et al. MAFFT-DASH: integrated protein sequence
and structural alignment. Nucleic Acids Res 2019; 47: W5-10.

McBroome J, Thornlow B, Hinrichs AS et al. A daily-updated database and
tools for comprehensive SARS-CoV-2 mutation-annotated trees. Mo/ Biol Evol
2021; 38: 5819-24.

. Turakhia Y, De Maio N, Thornlow B et al. Stability of SARS-CoV-2 phylogenies.

PLoS Genet 2020; 16: 1009175.

Drummond AJ, Suchard MA, Xie D et al. Bayesian phylogenetics with BEAULi
and the BEAST 1.7. Mol Biol Evol 2012; 29: 1969-73.

Sanderson T. Taxonium, a web-based tool for exploring large phylogenetic
trees. eLife 2022; 11: e82392.

Starr TN, Greaney AJ, Hilton SK et al. Deep mutational scanning of SARS-CoV-
2 receptor binding domain reveals constraints on folding and ACE2 binding.
Cell2020; 182: 1295-310.

Starr TN, Greaney AJ, Stewart CM et al. Deep mutational scans for
ACE2 binding, RBD expression, and antibody escape in the SARS-CoV-2
omicron BA.1 and BA.2 receptor-binding domains. PLoS Pathog 2022; 18:
e1010951.

Greaney AJ, Starr TN, Bloom JD. An antibody-escape estimator for mu-
tations to the SARS-CoV-2 receptor-binding domain. Virus Evol 2022; 8:
veac021.

© The Author(s) 2024. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.

Page 11 of 11

$20Z J8qWIBAON g0 UO Jasn AlISISAIUN [BWION BUIYD [enus) Aq 2/#889//96 L 8eMuU///| | /a[oIie/isu/woo dno olwapeoe//:sdiy Woll papeojumoc]


http://dx.doi.org/10.1038/s41591-022-01911-2
https://github.com/cov-lineages/pango-designation/issues/1471
https://github.com/cov-lineages/pango-designation/issues/1470
http://dx.doi.org/10.1016/j.cell.2022.01.018
http://dx.doi.org/10.1038/s41467-023-39575-2
http://dx.doi.org/10.1016/j.immuni.2023.04.012
http://dx.doi.org/10.1038/s41559-023-02123-8
http://dx.doi.org/10.46234/ccdcw2021.255
http://dx.doi.org/10.1093/nar/gkac1073
http://dx.doi.org/10.1038/s41588-021-00862-7
http://dx.doi.org/10.1038/s12276-021-00592-0
http://dx.doi.org/10.3389/fimmu.2022.940756
http://dx.doi.org/10.1016/j.cell.2022.12.018
http://dx.doi.org/10.1016/S1473-3099(23)00010-5
http://dx.doi.org/10.1038/s41467-023-38435-3
http://dx.doi.org/10.1038/s41586-022-05644-7
http://dx.doi.org/10.1038/s41591-023-02483-5
http://dx.doi.org/10.1016/j.cell.2021.11.026
http://dx.doi.org/10.1056/NEJMx220001
http://dx.doi.org/10.1056/NEJMoa2114583
http://dx.doi.org/10.1038/s41467-023-38867-x
http://dx.doi.org/10.1038/s41579-022-00722-z
http://dx.doi.org/10.1038/s41586-023-06753-7
http://dx.doi.org/10.1038/s41562-021-01122-8
http://dx.doi.org/10.1016/S0140-6736(22)00484-6
http://dx.doi.org/10.1093/nar/gkz342
http://dx.doi.org/10.1093/molbev/msab264
http://dx.doi.org/10.1371/journal.pgen.1009175
http://dx.doi.org/10.1093/molbev/mss075
http://dx.doi.org/10.7554/eLife.82392
http://dx.doi.org/10.1016/j.cell.2020.08.012
http://dx.doi.org/10.1371/journal.ppat.1010951
http://dx.doi.org/10.1093/ve/veac021
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	RESULTS
	Circulation of three SARS-CoV-2 clades in China from December 2022 to March 2023
	The mutation spectrum in the RBD region differed between China and other countries
	SARS-CoV-2 evolution in China exhibited a preference for heightened ACE2 binding and lower immune evasion
	SARS-CoV-2 evolution in China did not generate a potent immune-evading strain

	DISCUSSION
	METHOD
	Data preparation
	Mutation identification and incidence estimation
	Searching for SARS-CoV-2 clades in China
	Calculation of the ACE2 binding affinity score and the immune escape score
	Estimation of the antibody neutralization pressure on the variant

	DATA AVAILABILITY
	SUPPLEMENTARY DATA
	ACKNOWLEDGEMENTS
	FUNDING
	Author contributions
	REFERENCES

