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24 Abstract

25  Immune evasion is a pivotal force shaping the evolution of viruses. Nonetheless, the
26  extent to which virus evolution varies among populations with diverse immune
27  backgrounds remains an unsolved mystery. Prior to the widespread SARS-CoV-2
28 infections in December 2022 and January 2023, the Chinese population possessed a
29  markedly distinct (less potent) immune background due to its low infection rate,
30 compared to countries experiencing multiple infection waves, presenting an
31  unprecedented opportunity to investigate how the virus has evolved under different
32 immune contexts. We compared the mutation spectrum and functional potential of
33 BA.5.2.48, BFE.7.14, and BA.5.2.49—variants prevalent in China—with their
34  counterparts in other countries. We found that mutations in the RBD region in these
35 lineages were more widely dispersed and evenly distributed across different epitopes.
36 These mutations led to a higher ACE2 binding affinity and reduced potential for
37  immune evasion compared to their counterparts in other countries. These findings
38  suggest a milder immune pressure and less evident immune imprinting within the
39  Chinese population. Despite the emergence of numerous immune-evading variants in
40  China, none of them exhibited a transmission advantage. Instead, they were replaced
41 by the imported XBB variant with stronger immune evasion since April 2023. Our
42  findings demonstrated that the continuously changing immune background led to
43  varying evolutionary pressures on SARS-CoV-2. Thus, in addition to the viral genome
44  surveillance, immune background surveillance is also imperative for predicting

45  forthcoming mutations and understanding how these variants spread in the population.


https://doi.org/10.1101/2023.12.19.572469
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.19.572469; this version posted December 20, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

46  Introduction

47  According to different strategies for COVID-19 epidemic prevention and control[1-3],
48  the overall infection rate in China was extremely low compared with other countries
49  on December 2022 (e.g., 0.68% in China vs. 49.98% in Israel on Dec 1, 2022, data
50  from www.ourworldindata.org). Meanwhile, China has achieved a relatively high
51  vaccination rate, with 92.54% of the population having received at least one dose of
52 the COVID-19 vaccine and 90.28% having completed vaccination (as of 28
53 November 2022)[4, 5]. The predominant vaccine used in China was an inactivated
54  vaccine utilizing the original wild-type strain, the elicited antibodies had been largely
55 evaded by the circulating Omicron strains[6, 7]. Moreover, it had been over half a
56  year since the last vaccination for approximately 96% of the vaccinated population.
57  Thus, the Chinese population had a less potent humoral immunity background
58  compared to other countries on December 2022.

59 In late 2022, China revised its public health control measures[8]. Subsequently,
60  the virus quickly spread across the country and infected over 80% of the population
61 according to an online survey [9, 10]. Given the significant number of infections,
62  there was a growing concern that new variants might emerge within China, akin to
63  how the Delta and Omicron variants originated[11-13]. Although three novel Pango
64  lineages, namely BA.5.2.48, BA.5.2.49, and BF.7.14, were designated based on the
65  genome surveillance data in China[14, 15], a systematic assessment of the mutations,
66  particularly their impacts on immune evasion and ACE2 binding affinity, is missing.

67 Prior infection and vaccination history gives rise to specific immune response,
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68 leading to a phenomenon known as immune imprinting[16], which involves the
69  generation of cross-neutralizing antibodies upon encountering new variants, rather
70  than producing new antibodies[17, 18]. Consequently, the antibody spectrum elicited
71 by the same virus would differ among populations with varying immune backgrounds.
72 This divergence would lead to distinct immune pressure on the virus, which in turn
73 generates variants with different escape mutations. This hypothesis has been indirectly
74  validated through the analysis of differences in the mutation spectrum (the
75  independent occurrences distribution of different mutations) among different
76 SARS-CoV-2 variants circulated at different time periods[19], yet it has not been
77  validated in any particular variant that extensively spread across populations with
78  distinct backgrounds. China's distinctive immune landscape, combined with the
79  prolonged transmission of the same viral strains in both China and other countries,
80  presents an unparalleled chance to directly scrutinize the evolutionary differences of
81  this virus within distinct immune contexts.

82  Results

83  Circulation of three SARS-CoV-2 clades in China from December 2022 to March
84 2023

85  Between st July 2022 and 31st May 2023, a total of 21,346 complete SARS-CoV-2
86  genome sequences were collected in China after deduplication from GISAID and the
87  RCoV19 databases[20, 21]. We placed all sequences onto the global phylogenetic tree
88  using UShER, following the removal of duplicated sequences and the masking of

89  error-prone positions[22]. We detected three clades predominantly composed of
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90  Chinese sequences (constituting over 92% of sequences in the clade). Each clade

91  encompassed more than 1,000 Chinese sequences, and collectively constituting 68.8%

92  of the all sequences from China (Figure 1A). These three clades corresponded to the

93  BA.5.2.48*%, BF.7.14*, and BA.5.2.49 lineages, respectively. The most recent common

94  ancestor (MRCA) of the three clades can be traced back to a node that belongs to the

95  BA.5.2 lineage (Figure 1B). The estimated emergence time of the MRCA for the three

96 clades falls within the range of June to August 2022. Hence, the presence of three

97  clades may signify three distinct introduction events, occurring several months prior

98  to the easing of containment measures (Supplementary Fig. S1).

99 Notably, the three clades had a limited presence in China before October 2022,
100  whereas other clades, including sub-lineages of BA.2, BA.4, and BA.5 were
101 predominant during that period (Table S1). BA.5.2.48*, BF.7.14*, and BA.5.2.49
102 became the prevailing circulating variants since October 2022, and were supplanted
103 by XBB* in April 2023 (Figure 1C). The daily count of sequences belonging to the
104  three clades exhibited a strong correlation with the number of daily reported cases
105  (Supplementary Fig. S1), and these three clades constituted 93.4% of the sequences
106  during the surge between Dec 2022 and March 2023. Therefore, we opted to
107  investigate the evolutionary dynamics of the SARS-CoV-2 virus using these three

108  clades in subsequent analyses.
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110  Figure 1. The three SRAS-CoV-2 clades circulating in China. A) The UShER
111 phylogenetic subtree under node 1332408, which is the most recent common ancestor
112 of clades BA.5.2.48, BF.7.14, and BA.5.2.49. Sequences collected in China are
113 colored based on their lineages, and global sequences (collected outside China) are
114  shown in grey. The total number of sequences and the proportion of Chinese
115 sequences in the clade were indicated beneath each clade. B) The phylogenetic
116  relationships between three Chinese-dominant clades. The feature amino acid
117  mutations are labeled on the branch. C) The composition of the circulating
118  SARS-CoV-2 variants in China. The number of daily cases is marked on the top of the
119  panel.
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121  The mutation spectrum in the RBD region differed between China and other
122 countries.

123 We identified 10,692 nucleotide mutation events occurred in the BA.5.2.48* lineage,
124 7,264 in the BF.7.14* lineage, and 1,219 in the BA.5.2.49 lineage. Considering the
125 small number of sequences and mutation events within the BA.5.2.49 lineage, its
126 sub-lineage association with the BA.5.2.48* lineage (Figure 1B), and the shared
127 receptor binding domain (RBD) sequences with BA.5.2.48%, we consolidated the
128  BA.5.2.48* and BA.5.2.49 lineages for subsequent analyses (named BA.5.2.48/49%).
129 The distribution of the non-synonymous (NS) mutations in most genomic regions
130 was similar between three Chinese-dominant lineages and their counterparts from
131 other countries (Fig. 2A). And there was a positive correlation between the incidence
132 of NS mutation on BA.5.2.48/49* and those on its immediate predecessor, BA.5.2, in
133 other countries (Supplementary Fig. S2A). Similar tendency was observed between
134  BF.7.14* and its immediate predecessor BF.7, with the exception of the ORF'6 region.
135 Meanwhile, we observed a notable decrease in NS mutations within the ORF/ab gene
136 of BA.5.2.48/49* compared to BA.5.2. This reduction was attributed to decreased
137 occurrence of NS mutations in the NSP1, NSP3, and NSP13 regions (Figure 2A,
138 Supplementary Fig. S2B). BF.7.14* exhibited a similar decrease in NS mutations
139 within the NSP13 region when compared to BF.7. Of note, ORF6, NSP1, NSP3, and
140  NSP13 proteins were all involved in innate immune evasion[23, 24].

141 The BA.5.2.48/49* variant also demonstrated an enrichment of non-synonymous

142 (NS) mutations in the S gene, particularly within the receptor-binding domain (RBD)
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143 region. This enrichment was associated with a significantly higher dN/dS ratio
144 compared to BA.5.2 (dN/dS: 0.95 vs. 0.44, Figure 2A). The distribution of RBD NS
145  mutations in BA.5.2.48/49* was more widely dispersed compared to BA.5.2 (Figure
146 2B), which may reflect a less concentrated selection pressure on the virus in China.
147  The most prevalent RBD amino acid mutations displayed variations between the
148 BA.5.2.48/49* and BF.7.14* lineages and their international counterparts (Figure 2C).
149 Specifically, BA.5.2.48/49* displayed an enrichment of R346T, G446S, E484V, and
150  R403K mutations compared to BA.5.2. Notably, G446S, E484V, and R403K were
151  also enriched in BF.7.14* when compared to BF.7. Among these mutations, R403K
152 exhibited the most remarkable disparity, and this mutation has been rarely observed in
153 other BA.5 sub-lineages (Table S2). Notably, the R403K is an ACE2
154  binding-enhancing mutation that ranked 8" in terms of ACE2 binding alterations and
155 555 in terms of escape scores among all 1,191 possible mutations in the RBD region

156  (Table S3).
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Figure 2. The mutation spectrum differences between variants in China and
other countries. A) Mutation distribution across different genes. The sub-lineages of
BA.5.2 and BF.7 lineages were not included in the analysis. The bar indicts the
proportion of non-synonymous mutations (left y-axis) while the dots indicates the
dN/dS ratio for each gene (right y-axis). The ratio for ORF3a, ORF6, ORF7b, and
ORF10 were not shown due to insufficient mutation events number (<100). The
Bonferroni adjusted p-value was computed by Fisher's exact test, with only
statistically significant p-values (<0.05) are labeled in the figure. 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
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169  account for half of the total mutation events. C) The top five most prevalent RBD
170 amino acid mutations in four lineages. Cross indicates no mutation at that position.
171 The green and purple square next to the mutation indicates whether the mutation is
172 able to invade humoral immunity or increase ACE2 binding affinity. The total number
173 of mutation events is provided in the parentheses adjacent to the lineage name
174 underneath the figure. The Bonferroni adjusted p-value was computed by Fisher's
175  exact test, with only statistically significant p-values (<0.05) are labeled in the figure.
176

177 SARS-CoV-2 evolution in China exhibited a preference for heightened ACE2
178  binding and lower immune evasion

179 To further elucidate the difference in the driving force behind SARS-CoV-2 evolution
180  in China and other countries, we assessed the impact of RBD amino acid mutations
181  (hereafter referred to as RBD mutations) on two crucial functional aspects—ACE2
182 binding affinity and immune evasion—that manifested in different countries[19]. We
183  found that RBD mutations occurred on BA.5.2.48/49* had a lower mutation escape
184  score and a higher ACE2 binding score compared to BA.5.2 (Figure 3A). The
185  BF.7.14* showed a similar trend when compared to BF.7.

186 We further extended the analysis by incorporating 24 BA.4/5 sub-lineages that
187  prevalent in other countries with a high number of sequences (>4,600, Table S4).
188  These variants were categorized into two groups (BA.4/5, BA.4/5+) depending on
189  whether additional mutations occurred in the RBD region relative to BA.5 prototype.

190  Interestingly, we found that the two groups can be distinctly differentiated based on

10
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191  their mutation escape scores and ACE2 binding scores (Figure 3B). The group with
192 additional RBD mutations (BA.4/5+) favored mutations with lower immune evasion
193 and lower ACE2 binding potential. This might indicate a reduced selective pressure
194  attributed to the additional mutations in this group. For instance, the R346T mutation
195 in BA.4.6 and BF.7 enhanced the ACE2 binding affinity and facilitated evasion from
196  antibodies targeting the E1/E2.1 epitope; the K444T and N460K mutations within
197  BQ.1 augmented the ACE2 binding affinity and evaded antibodies targeting A1, D2,
198 D3, and E1/E2.1 epitopes[25, 26].

199 The RBD mutations observed in the BA.5.2.48/49* and BF.7.14* lineages
200  showed a greater propensity for ACE2 binding and a reduced inclination for immune
201  evasion, in comparison to other lineages within the same RBD sequence (Figure 3B).
202  Furthermore, the difference between BA.5.2 and BA.5.2.48/49* was more significant
203  than that between BA.5.2 and other BA.4/5 lineages (Supplementary Fig. S3).
204  Meanwhile, the proportion of immune escaped mutations was considerably lower in
205 the BA.5.2.48/49* and BF.7.14* lineages, and their distribution was more evenly
206  spread across different antigenic epitopes compared to other lineages with the same
207  RBD sequences (Figure 3C). Collectively, these findings suggest a relatively lower
208  and less concentrated immune pressure on the virus in China, while variants acquiring
209  additional binding-enhancing mutations being more prone to spread.

210 Meanwhile, the distribution of immune escape mutations in the BA.5.2.48/49%*
211 and BF.7.14* lineages showed a significant enrichment at the A2 epitope

212 (Supplementary Fig. S4A). However, this did not align with the humoral immune

11
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213 profile acquired from convalescent sera, as BA.5 and BF.7 breakthrough infections
214  induced greater immune pressure on the E1/E2.1 and Al epitopes, respectively,
215 compared to the A2 epitopes, as opposed to the Omicron reinfection group
216  (mimicking the antibody profile elicited in other countries) (Supplementary Fig. S4B
217  and C). Hence, the proliferation of escape mutations on the A2 epitope was unlikely to
218  originate from immune imprinting or heightened immune pressure on the A2 epitope.
219  Instead, the enrichment in the A2 epitope might be a side effect of enhancing ACE2
220  binding affinity, as we found that escape mutations in the A2 epitope in
221  BA.5.2.48/49* exhibited an elevated ACE2 binding affinity, while having a minor
222 effect on immune evasion compared to their global counterparts (Figure 3D).
223 Furthermore, we discovered that the A2 epitope was a hotspot for mutations that
224  enhance ACE2 binding affinity, as seven out of the top nine potential ACE2
225  binding-enhancing mutations were located in this epitope on the BA.5.2 backbone
226 (Supplementary Fig. S4D, Table S3). Among these, four ACE2 binding-enhancing
227  mutations (Q493K, N4171/H, and R403K) were observed in the BA.5.2.48/49* and
228  BF.7.14* lineages, constituting 58% of all mutation events in this epitope region

229  (19/33, Table S5).

12
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232 Figure 3. Divergent mutation preferences in viral evolution. A) The comparison of
233 mutation escape scores and ACE2 binding scores between the BA.5.2.48/49* and
234  BF.7.14* lineages and global counterparts (BA.5.2 and BF.7). The x-axis represents
235  the mutations that are sorted by the scores from high to low. The left panel shows the
236  distribution of scores. The right panel shows the box plot of scores. The p-value was
237  calculated by the Wilcoxon rank-sum test. B) The mutation spectrum of BA.4/5
238  sub-lineages. The mutation functional scores were compared between the
239  BA.5.2.48/49* and BF.7.14* lineages and their close related lineages (BA.4/5

240  lineages with at least 4600 sequences). The lineages were divided into two groups, the

13
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241  BA.4/5 and the BA.4/5+, based on whether additional amino acid mutations occurred
242 in the RBD region compared to the BA.4/5 prototype. Notably, the BA.5.2.48/49
243 lineage had no additional RBD mutations whereas the BF.7.14 had one additional
244  mutation R346T. The lineages were positioned based on the median escape score and
245  ACE2 binding affinity score of all mutation events. BA.5.2.48/49* and BF.7.14*
246  lineages are marked in red and connected to their immediate predecessors by a solid
247  line. The circle indicates the 95% confidence interval of two groups. C) The
248  distribution of escape mutations across 12 RBD epitopes. The heatmap illustrates the
249  proportion of escape mutations in each epitope over all mutation events. The
250  percentage of escape mutations in each lineage is denoted by a white circle at the top
251  of the figure, while the red dashed line shows the escape mutation proportion for the
252 BA.5.2.48/49* and BF.7.14* lineages (whose IDs are highlighted in red). The
253  histogram graph depicts the standard deviation of the escape mutation proportion
254 distribution across the 12 epitopes. D) The distribution of ACE2 binding affinity
255  scores and immune evasion scores of escape mutations in 12 epitopes. The horizontal
256 line represents the median value while the vertical line represents the upper and lower
257  quartiles. Comparisons were conducted between BA.4/5 and BA.5.2.48/49%*, as well
258  as between BA.4/5+ and BF.7.14%*. The Bonferroni adjusted p-values were computed
259 by the Wilcoxon rank-sum test, with only statistically significant p-values (<0.05) are
260 labeled in the figure.

261

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

264  To examine whether immune-evading variants emerged in China, we calculated the
265 remaining neutralization capacity of antibodies identified in convalescent sera from
266  individuals with BFE.7* and BA.5.2* breakthrough infections against the newly
267  emerged variants in China. The first immune-evading variant of the BA.5.2.48/49*
268  lineage emerged shortly after its introduction to China in August 2022, while the
269  second immune-evading variant emerged two months later, along with numerous
270  others. The average immune evasion capacity of the circulating variants is limited
271 until January 2023, when highly immune-evading variants emerged, resulting in a
272 27% reduction in immune pressure (Figure 4A). However, these newly emerged
273 immune-evading variants did not gain significant selective advantage at the
274  population level until May 2023, as the original variant continued to be the
275  predominant variant in the new cases. In contrast, newly emerged variants of BA.5.2
276  with increased immune evasion capacity exhibited a significant selection advantage
277  since August 2022 in other countries (10 months after the first appearance of BA.5.2).
278 The immune evasion dynamics of the BF.7.14* was similar to that of
279  BA.5.2.48/49* (Figure 4B). Despite the prolonged circulation of immune-evading
280  variants of BFE.7* and BF.7.14* circulated in the population (5-10 months), their
281  frequencies in the population did not increase significantly, suggesting no obvious
282 selection advantage over the original variant.

283 The imported XBB lineage replaced the BA.5.2.48/49 and BF.7.14 lineages,

284  emerging as the prevailing variant among newly infected individuals since April 2023.
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285  The XBB lineage exhibited a significantly greater immune evasion capacity compared
286  to the newly emerged variants of BA.5.2.48/49, BF.7.14, BA.5.2, and BF.7. Its
287  superior ability to evade the antibodies elicited by prior Omicron variants has also

288  been well documented in recent studies[27, 28].
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290  Figure 4. Dynamics of immune evasion capacity during viral evolution. A)
291  Antibody neutralization pressure dynamics on BA.5.2* and BA.5.2.48/49*. B)
292 Antibody neutralization pressure dynamics on BF.7* and BF.7.14*. Each red dot
293  represents a sequence collected in China. Dots representing BA.5.2* and BF.7*
294  sequences are not shown due to the large sample size. The dashed line indicates the
295  minimum values of antibody neutralization pressures across all variants circulating at
296  each time point. The solid line represents the average values of antibody
297  neutralization pressures across all variants circulating at each time points. The global
298  proportion of virus lineages in the infected cases at each time point is displayed on the
299  top of the figure (same for A and B). Notably, BA.4/5* does not include BA.5.2* and
300 BF.7*, and BA.5.2* does not include BF.7*. The antibody neutralization pressures for

301  XBB.1 and XBB.1.5 are depicted as black dashed lines.
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302

303  Discussion

304  In this study, we examined the evolutionary trajectory of SARS-CoV-2 in China both
305 during and after the large-scale infection and compared with that of their global
306  counterparts. We found that the BA.5.2.48/49* and BF.7.14* variants, which infected
307 more than one billion individuals, exhibited distinct RBD mutation preferences in
308  contrast to their immediate predecessors, BA.5.2 and BF.7, as well as other Omicron
309  variants sharing the same RBD sequences. The mutations occurring in the RBD
310  region of BA.5.2.48/49* and BF.7.14* variants exhibited three characteristics. 1) The
311  distribution of mutation events was less concentrated; 2) The mutations resulted in a
312 weaker immune evasion capability; 3) The mutations resulted in an elevated ACE2
313 binding affinity; compared to their global counterparts. Since the variants in China
314  and other countries share the same RBD sequence and nearly identical complete
315  genomes, we speculate that these characteristics were associated with the differences
316  in the immune background between China and other countries.

317 Due to a low infection rate, a long time since the last vaccine administration, and
318  the mismatch between the vaccine strain and the circulating strain, the humoral
319  immune barrier and immune pressure on the virus at the beginning of the outbreak
320  should be lower in China compared to other countries. This may explain the rapid
321  spread of infections and the reduced occurrence of immune-evading mutations in the
322 BA.5.2.48/49* and BF.7.14* lineages. Meanwhile, because of the less frequent

323 breakthrough infections and reinfections, the virus underwent weaker immune
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324  pressure on specific epitope regions compared to other countries that influenced by
325 the immune imprinting effect[29]. This may elucidate why mutations in the
326 BA.5.2.48/49* and BF.7.14* lineages were more widely distributed in the RBD
327  region, and why immune-evading mutations were more evenly distributed across
328  different epitopes.

329 In a population with a relatively low level of humoral immunity, variants with
330  mutations that enhance transmissibility are more prone to establishing infections, and
331  thus have greater fitness in comparison to variants with immune-evading mutations,
332 which has been observed in our study and previous studies[19, 30, 31]. However,
333 since some mutations, like R403K, could influence both ACE2 binding affinity and
334  immune evasion, the enrichment of ACE2 binding-enhancing mutations in the
335  BA.5.2.48/49* and BF.7.14* lineages had also led to the accumulation of
336  immune-evading capacity within the A2 epitope, which accounts for approximately
337  11.9% and 8.4% of the estimated immune pressure on BA.5.2.48/49* and BF.7.14%*,
338  respectively. This could potentially alter the immune pressure exerted on the virus and
339  result in a divergent mutation trajectory in the future.

340 It is worth noting that, despite sporadic immune evasion mutations being
341  identified in the viral genome, the immune-evading variants of the BA.5.2.48/49* and
342 BF.7.14* lineages did not exhibit transmission advantage against the original strain in
343 the population until May 2023. This might be attributed to the antibody concentration
344  not having significantly decreased yet, along with the effective cross-protection of

345  antibodies among different variants[32, 33]. For BA.5.2*, it took 10 months that the
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346  proportion of immune-evading variants started to increase in the infected population,
347  when the infection proportion of BA.4/5* was approximately 20%; For BF.7*, we
348  have not observed the turning points until May 2023. Thus, evolving a new
349  advantageous variant from an existing strain may require a long time, possibly
350 exceeding one year. However, the emergence of new variants that are not
351  evolutionarily related to previously infected variants, possibly originating from
352 individuals with chronic infections[34], might rapidly replace the previous variants
353  due to their exceptional immune evasion capacities[35], such as the displacement of
354  the Delta by Omicron and the recent replacement of BA.5 by XBB.

355 Convergent mutations have been frequently observed in various Omicron
356  sub-lineages, and this trend had become more significant over time[19, 29]. However,
357  our results indicate that the intensity and distribution of immune pressure dynamically
358  change along with the emergence of new immune-evading variants, and the trend of
359  convergent evolution became less remarkable in recent lineages (Figure 3). The BQ.1,
360 BA.4.6, and BF.7 lineages exhibited a distinct mutation spectrum characterized by
361  lower immune evasion, reduced ACE2 binding affinity, and a more widely distributed
362  pattern, in contrast to other BA.4/5 sub-lineages that retain the prototype RBD
363  sequence. We speculate that this could be attributed to two factors. On the one hand,
364  the emergence of additional immune-evading mutations had led to a significant
365  reduction in overall immune pressure, particularly in regions targeted by the most
366  potent antibodies. On the other hand, the rising rate of reinfection might undermine

367  the immune imprinting effect and restore some antibody diversity, which is supported
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368 by a recent study on individuals re-infected with the Omicron variants[36].
369  Nevertheless, our understanding of the patterns and trends in the population’s
370  immunity landscape remains limited. It is imperative to establish real-time monitoring
371  and estimation methods for assessing the magnitude and extent of the immune
372 pressure, to accurately predict the future direction of viral evolution.

373 A limitation of this study arises from the differences between the variants
374  circulating in China and those in other countries. Although they share the same RBD
375  sequences, there are some differences in the Spike gene and other non-structural genes
376  (Figure 1B). These dissimilarities could potentially lead to varying immune responses,
377  consequently resulting in distinct immune pressures on the virus. Unfortunately, only
378  a limited number of the three predominant variants in China have been reported in
379  other countries, preventing us from conducting a comparative analysis of these
380  variants in other countries. Nevertheless, the presence of distinct variants circulating
381  across different countries ensures that there has been no transmission of these variants
382  between China and other countries. This in turn guarantees that the mutation and
383  immune backgrounds correspond accurately. Another limitation arises from the
384  limited number of lineages being compared. Including endemic lineages from other
385  countries with relatively strict disease prevention strategies would enhance the
386  reflection of the correlation between immune background and mutation preference.
387  However, we cannot find any other Omicron lineages with more than 4600 sequences
388  that mostly (>90%) collected from any of these countries, highlighting the uniqueness

389  and superiority of our study. Furthermore, while the control lineages/samples used for
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390  comparison in this study were collected from different countries, potentially
391  possessing diverse immune backgrounds, all these countries experienced multiple
392 waves of SARS-COV-2 infections during the Omicron era. Consequently, their
393  immune backgrounds were primarily shaped by Omicron variants, rather than being
394  shaped by pre-Omicron variants or prototype vaccines in the Chinese populations,
395  which enables a reasonable and practical comparative analysis in our study.

396 The immune background inducted by either infection or vaccination is a driving
397  force of virus evolution. Our study has demonstrated a diverse evolution trajectory of
398  SARS-CoV-2 within populations possessing distinct immune backgrounds, shedding
399  light on the emergence and circulation of certain variants in specific geographic
400  regions. In addition to immune pressure, other factors like ACE2 binding affinity, host
401  genetics, and drug usage may also contribute to the evolution of SARS-CoV-2.
402  Quantifying the interplay between these factors and virus evolution to establish a
403  predictive model for the evolution of SARS-CoV-2 remains a substantial challenge we
404  are confronted with.

405  Method

406  Data Preparation

407  We retrieved 18,955 complete SARS-COV-2 sequences collected from China from
408  the GISAID database[20] and 10,821 sequences from the RCoV19 database[21], with
409  collection date between 1 July 2022 and 31 May 2023. Sequence ID, sequences,
410  collection date, and submitting laboratory names were used to remove duplicate

411  sequences (8,430), leaving a total of 21,346 sequences for subsequent analyses (Table
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412 S1). Daily case numbers in China during the outbreak were retrieved from the OWID
413  website (https://github.com/owid/covid-19-data)[37]. Vaccination information was
414  retrieved from the Our World in Data website
415  (https://ourworldindata.org/coronavirus-data). The estimated global daily number of
416  infections was obtained from a previous study[38], and the accumulative infection
417  rate of a specific variant was calculated by summing the product of daily variant
418  proportion and the estimated daily infection rate.

419  Mutation identification and incidence estimation

420 A deduplication was performed between the 21,346 Chinese sequences and the
421  sequences included in the masked globally SARS-COV-2 mutation-annotated tree
422 (downloaded on 31 May 2023 from

423 http://hgdownload.soe.ucsc.edu/goldenPath/wuhCorl/UShER_SARS-CoV-2/  which

424  contains 7,129,948 public sequences) through metadata comparison. Alignment of the
425  additional Chinese sequences was done by MAFFT[39] (v7.453), and the aligned
426  sequences were placed on the same tree using the UShER script[22, 40], with 481
427  problematic sites masked[41]. The mutation events were retrieved from the resulting
428  phylogenetic tree using our customized scripts. First, we employed the matUltils tool
429  from the UShER toolkit to transform the protocol buffer format into JSON format.
430  Then, to reduce the number of false positive events caused by incorrect placement of
431  the sequence on the phylogenetic tree, mutation events were exclusively identified
432 within leaf nodes (actual sequences) or internal nodes possessing at least one identical

433  descendant that was a leaf node. Meanwhile, no more than two mutations were
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434  allowed between the node and its parental node. Singleton mutations were kept for the
435  analysis. The number of mutation events identified on the phylogenetic tree was used
436  to represent mutation incidence.

437 When comparing the mutation spectrum between different BA.4/5 lineages, only
438  sub-lineages with more than 4,600 sequences (the number of BF.7.14 sequences) were
439  included for the analysis to minimize the bias caused by a small sample size.

440  Searching for SARS-CoV-2 clades in China

441  We conducted a search for clades primarily composed of sequences from China,
442  stipulating a criterion of having over 80% of sequences originating from China. In
443  total, 1,050 distinct non-overlapping clades were identified, and the three most
444  prominent clades, each comprising over 1,000 Chinese sequences and representing a
445  proportion exceeding 92%, were selected. The BEAST[42] (v2.6.6) was used to infer
446  the TMRCA of each clade. The substitution model was TN93 that selected by the
447  BModelTest function. Visualization of the phylogenetic tree was performed using
448  Taxonium([43].

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

450  The antibody spectrum, neutralizing activity, antibody epitope group, and raw
451  mutation escape score were obtained from previous studies[29, 36]. Briefly, a total of
452 1,350 antibodies were identified in the sera of vaccinated individuals and
453  convalescent patients of the wild-type (WT), BA.1, BA.2, BA.5, and BF.7 variants.
454  The impact of mutations in the RBD region on the neutralization effectiveness of

455  antibodies was obtained through a high-throughput Deep Mutational Scanning (DMS)
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456  approach. For each mutation, a raw escape score was calculated by fitting an epistasis
457  model that captures the extent of alteration in antibody neutralization effectiveness
458  attributed to the mutation[44]. The raw escape score for each antibody was then
459  normalized to the highest score among all mutations and multiplied by the
460  neutralization value of the antibody. Then, the escape score for a mutation was
461  calculated by summing the escape scores across all antibodies.

462 The antibodies were classified into 12 epitopes based on their escape profile
463  against the BA.5 variant. For each epitope group, mutations with an escape score
464  (average of the scores against all antibodies belonging to the epitope group) greater
465  than three times the average escape score of all mutations were defined as immune
466 ~ escape mutations.

467 The ACE2 binding affinity data was obtained from a previous study utilizing a
468  MDS approach[45]. The ACE2 binding affinity score of the mutation was represented
469  as the sum of ACE2 binding value and RBD expression value based on the BA.2
470  variant.

471  Estimation of the antibody neutralization pressure on the variant

472 The immune pressure exerted on the SARS-CoV-2 variant was calculated by
473 summing the neutralizing activity of all antibodies originating from a specific immune
474  background, i.e., BA.5 convalescents sera for BA.5.2 and BA.5.2.48/49, BF.7
475  convalescents sera for BF.7 and BF.7.14. When additional mutation emerged within
476  the variant, the updated neutralizing activity of each antibody was calculated

477  employing the formula provided by the SARS-CoV-2 RBD antibody escape
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478  calculator[46].

479  Data and code availability

480  All data generated in this study, including original input sequence files and
481  phylogenetic files, as well as all customized scripts were uploaded to the GitHub

482  website along with an introduction (https://github.com/ipplol/SARS2EVO_CHN,

483  DOI: 10.5281/zen0do.8248127).
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617  Supplementary Fig. S1. The daily sequence numbers and cases. The red line
618  indicates the daily number of cases in China (right y-axis). The black line indicates
619  the daily number of sequences collected in China that are uploaded to public
620  databases (left y-axis). The occurrence time of the most recent common ancestor for
621  each clade is inferred by BEAST and marked in blue, displaying both the median and
622  the 95% confidence interval. The Pearson correlation coefficient between the number
623  of daily sequence and the number of daily reported cases were 0.48, 0.44, and 0.41

624  (p<0.0001) for BA.5.2.48*, BF.7.14*, and BA.5.2.49.
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628  Supplementary Fig. S2. Different in mutation incidence and distribution between
629 the BA.5.2.48/49* and BF.7.14* lineages and their global counterparts. A)
630  Correlation of mutation incidence between the BA.5.2.48/49* and BF.7.14* lineages
631 and their global counterparts. The cosine similarity was calculated based on the
632  incidence of non-synonymous mutations in different genes of SARS-CoV-2. S gene
633 was categorized into S RBD, S NTD, and S_Other in the analysis. B) Distribution of
634  non-synonymous mutation events across sixteen nonstructural proteins (NSP) regions
635  of the ORFlab gene. The bar indicts the proportion of non-synonymous mutations
636  (left y-axis) while the dots indicates the dN/dS ratio for each gene (right y-axis). The
637  Bonferroni adjusted p-value was calculated by Fisher's exact test, with only
638  statistically significant p-values (<0.05) are labeled in the figure. The sub-lineages
639  were not included in either the BA.5.2 or the BF.7 lineage.
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642  Supplementary Fig. S3. The comparison of mutation escape scores and ACE2
643  binding scores between BF.7, BA.5.2, and other lineages. A) Comparison of the
644  ACE2 binding scores between the BA.5.2 and other lineages that have the same RBD
645  sequence. B) Comparison of the ACE2 binding scores between BF.7 and other
646  lineages that have additional mutations in the RBD compared to BA.5.2. C)
647  Comparison of the escape score between BA.5.2 and other lineages that have the
648  same RBD sequence. D) Comparison of the escape scores between BF.7 and other
649  lineages that have additional mutations in the RBD compared toBA.5.2. Lineages

650  were sorted by the median value.
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Supplementary Fig. S4. The comparison of the property of escape mutations
between the BA.5.2.48/49* and BF.7.14* lineages and global counterparts. A) The
proportion of escape mutations in different lineages. The proportion of escape
mutations was normalized using the maximum value within each epitope. The density
distribution was estimated using data from the BA.4/5 and BA.4/5+ groups, with the
exclusion of the BA.5.2.48/49 and BF.7.14 lineages. The significance of the deviation
in the escape score of BA.5.2.48/49 and BF.7.14 from the background distribution
(assuming a normal distribution) was calculated as the probability of obtaining a value
equal to or greater than the observed value, with only statistically significant p-values
(<0.05) are labeled in the figure. B) The composition of the antibodies targeting

different epitopes in convalescent sera with different infection histories. C) The
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664  distribution of humoral immune pressure on different epitopes. Dotted boxes highlight
665  epitopes with immune pressure alterations of over two-fold between convalescent sera
666  from reinfection and breakthrough infection cases (the value within the box denotes
667  the ratio of immune pressure in breakthrough infection sera to that in reinfection sera).
668  Immune pressure on a specific epitope was calculated by summing the normalized
669  neutralization IC50 values of the antibody that target the epitope. BA.1 BTI+Re:
670  BA.1 breakthrough infection followed by reinfection with BA.5/BF.7; BA.2 BTI+re:
671  BA.2 breakthrough infection followed by reinfection with BA.5/BF.7; BA.5 BTI:
672  BA.S breakthrough infection, BF.7 BTI: BF7 breakthrough infection. D) The ACE2
673  binding affinity score of escape mutations located in 12 RBD epitopes. Possible RBD
674  mutations encompassed those caused by single-step nucleotide changes on the BA.5.2
675 genome (EPI ISL 16614729). The center line indicates the median, the box
676  represents the interquartile range (IQR), the whiskers extend to the furthest data point
677 in each wing that is within 1.5 times the IQR, and the dots represents outliers.
678  Bonferroni adjusted p-values were calculated using the Wilcoxon rank sum test. ns:
679  not significant.

680
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