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Abstract 

Understanding the heterogeneity of population-level viral fitness dynamics, which 

reflect the interplay between intrinsic viral properties and population immunity, is crit-

ical for pandemic preparedness. However, how these dynamics vary across diverse 

immune backgrounds and mutational landscapes remain poorly characterized. We 

present Geno-GNN, a graph representation learning approach for retrospectively 

characterizing the viral fitness dynamics of severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2). Geno-GNN accurately predicts angiotensin-converting 

enzyme 2 (ACE2) binding affinity and immune escape potential across multiple 

external datasets. Using Geno-GNN, we identified temporal patterns in SARS-CoV-2 

fitness and detected varying rates of fitness change associated with distinct immune 

backgrounds. Virtual mutation scanning revealed two fitness trajectories: broad 

immune evasion at the cost of ACE2 affinity and ACE2 affinity maintenance at or 

above the Wuhan-Hu-1 level along with moderate immune escape. Notably, real-

world SARS-CoV-2 variants predominantly followed the latter trajectory, sustaining 

ACE2 affinity via fixed mutations. These findings underscore the heterogeneous, 

immune-contextualized nature of viral fitness dynamics and the complex evolutionary 

pathways of SARS-CoV-2.
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Author summary

Understanding how viruses adapt to population immunity is essential for man-
aging pandemics. Here, we developed Geno-GNN, a deep learning framework 
that accurately predicts two critical viral fitness from sequence data: the ability to 
bind to human cells and the capacity to evade immunity. Applying Geno-GNN to 
SARS-CoV-2, we found that the rate of change in its fitness varied in response 
to different contexts of population immunity. Two fitness strategies were identi-
fied: sacrificing infectivity for stronger immune escape, or maintaining infectivity 
while achieving moderate immune evasion. Real-world SARS-CoV-2 variants 
have followed the latter, balanced trajectory, maintained by the synergistic effect 
of multiple mutations acting in concert. By capturing these complex interaction, 
Geno-GNN provides a useful tool to systematically explore viral sequence space 
and to support preparedness for future emerging pathogens.

Introduction

The coronavirus disease 2019 (COVID-19) pandemic has been characterized by the 
rapid evolution of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 
driven by the accumulation of adaptive mutations [1,2]. These mutations have defined 
distinct viral variants [3–5], each exhibiting unique fitness characteristics. For exam-
ple, the Alpha (B.1.1.7) and Beta (B.1.351) variants demonstrate increased affinities 
for the human angiotensin-converting enzyme 2 (ACE2) receptor [6]. The Gamma 
(P.1) and Delta (B.1.617.2) variants possess the highest replicative fitness in human 
airway epithelia, whereas the Omicron (BA.1) variant exhibits reduced replicative 
fitness and enhanced immune activation in the lower airway [7]. Subsequent Omicron 
sublineages have further evolved to demonstrate decreased pathogenicity [8]. Vari-
ants such as BQ.1.1 and XBB exhibit resistance to therapeutic monoclonal antibodies 
(REGN10987, REGN10933, COV2–2196, COV2–2130, S309 and LY-CoV1404) [9] 
while remaining susceptible to antiviral drugs (remdesivir, molnupiravir, and nirma-
trelvir) [9,10]. Considering the ongoing evolution of SARS-CoV-2, understanding the 
dynamics of diverse viral fitness profiles is essential for assessing variant impacts, 
guiding antiviral drugs and vaccines development, and informing public health strate-
gies for managing future pandemics [8,11–15].

Extensive efforts have been made to evaluate viral fitness. Experimentally, 
approaches such as deep mutational scanning (DMS) [16–22] and high-throughput in 
vitro evolution [23,24] have been developed to construct genotype–phenotype maps 
for ACE2 binding, cell entry, and antibody binding. These methods provide essen-
tial data for computational modeling. Machine learning frameworks based on these 
experimental data have been introduced [25–27]. For example, a language model 
was used to predict the immune escape of SARS-CoV-2 with specific mutations in 
the spike protein [28]. Deep learning methods involving multitask learning [29] and 
protein‒protein interactions [30] have expanded the range of antibodies for which 
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escape potential can be predicted. Additionally, genomic surveillance data have facilitated the estimation of viral fitness, 
either through lineage classification [31], independent of lineage classification [32], or across different SARS-CoV-2 
proteins [12]. These studies have provided critical insights into viral fitness; however, they have largely focused on overall 
viral fitness without characterizing the heterogeneity influenced by the immune contexts in which the virus evolves.

Viral fitness results from the complex interplay between intrinsic viral properties and population immunity [33]. The 
global rollout of COVID-19 vaccines has profoundly altered the immune landscape, with diverse vaccine platforms—
including mRNA, adenovirus vector, and inactivated virus formulations—administered across different populations 
[34–38]. This heterogeneity, combined with varying histories of natural infection, has led to broad diversity in population 
immune backgrounds [2,39,40], which impose distinct selective pressures on viral evolution [41]. These selective pres-
sures have facilitated the accumulation of adaptive mutations, which have further modulated the SARS-CoV-2 fitness 
profile [8,42–44]. However, the dynamics of SARS-CoV-2 fitness under diverse immune backgrounds and mutational 
landscapes remain poorly understood. Efforts to address this knowledge gap are essential for understanding the interplay 
between population-level immunity and viral evolution.

Addressing this gap requires computational models that capture synergistic effects of multiple mutations. Site-level 
scoring models based on DMS data remain a valuable tool for predicting immune escape of variants, yet their assump-
tion of independent site contributions inherently limits their ability to capture epistatic interactions [45]. To this end, we 
developed a graph representation learning model, Geno-GNN, to predict ACE2 binding affinity and immune escape 
potential within diverse immune types solely based on viral sequence data. Unlike additive models, Geno-GNN learns 
complex non-linear dependencies among amino acids through the message-passing mechanism of a Graph Neural 
Network (GNN), thereby effectively integrating the impact of multiple mutations at the entire-variant level. In addition, we 
represented the protein as a heterogeneous graph with different types of nodes (amino acids) and edges (interactions), 
providing the model with richer and more biologically realistic relational information. By integrating extensive SARS-CoV-2 
sequences from the Global Initiative on Sharing All Influenza Data (GISAID), Geno-GNN identified variations in SARS-
CoV-2 fitness dynamics associated with heterogeneous immune backgrounds. Furthermore, through virtual mutation 
scanning, Geno-GNN revealed the fitness trajectories under diverse mutational landscapes. This retrospective analysis 
improves our understanding of viral fitness dynamics across diverse immune contexts and provides critical insights con-
cerning the evolutionary trajectories of SARS-CoV-2 in real-world settings.

Results

Geno-GNN and its performance in predicting viral fitness

Geno-GNN was developed to predict the multiple fitness types by employing the amino acid sequence of the SARS-CoV-2 
receptor-binding domain (RBD) as input (S1 Fig; see Methods for details). Fitness values were derived from DMS data, 
incorporating ACE2 binding affinity [43,46] and immune escape across five immunity types [18,19,42]: wild-type (WT) 
convalescent (WT infection), WT vaccine (three doses of CoronaVac), BA.1 + BTI convalescent (BA.1 infection postvacci-
nation), BA.2 + BTI convalescent (BA.2 infection postvaccination), and BA.5 + BTI convalescent (BA.5 infection postvacci-
nation) (S1 Table; Methods).

Geno-GNN demonstrated robust performance in predicting SARS-CoV-2 fitness. Tenfold cross-validation yielded a 
Spearman correlation coefficient of 0.95 for ACE2 binding affinity and showed reasonable predictive accuracy for immune 
escape, with correlation values ranging from 0.67 to 0.76 (S2A Fig). External validation further confirmed model reliability; 
Spearman correlation analysis produced correlation coefficients of 0.88 and 0.86 for ACE2 binding affinity across two inde-
pendent test datasets (S2B–C Fig). Importantly, to quantify Geno-GNN’s ability to capture epistatic effects, we compared its 
performance against a naive additive model using the external dataset from Moulana et al. [23], which contains over 32,000 
multi-mutation variants. Geno-GNN achieved a Spearman’s correlation of 0.86 (S2C Fig), substantially outperformed 
the additive model’s 0.66 (S2D Fig), providing direct evidence for its predictive power for variants with complex mutation 
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combinations. For immune escape, predictions showed strong agreement with neutralization titers (Spearman correlation 
ranging from -0.64 to -0.86, S2E–H Fig). Notably, Geno-GNN outperformed a widely used site-independent escape calcula-
tor [45], which achieved only moderate from 0.40 to 0.66 on the same datasets (S3 Fig). Collectively, these results highlight 
Geno-GNN’s ability to capture epistatic interactions governing both ACE2 binding affinity and immune escape. At the site 
level, the predictions were highly accurate, with correlation coefficients of 0.99 for ACE2 binding affinity and 0.92–0.94 for 
immune escape across diverse immune types (S4A–F Fig). Comprehensive details are available in S1 Text.

Temporal dynamics of viral fitness characterized by Geno-GNN

In total, we gathered 13,346,039 SARS-CoV-2 genomes from the GISAID database, covering the period from December 
2019 to February 2024. Recognizing potential nonuniformity in genome surveillance capacity, we used a subsampling 
approach to ensure a balanced spatiotemporal distribution of genome sequences. Specifically, 200 sequences were ran-
domly selected for each month and country; this procedure was repeated 100 times (Methods). These sequences were 
used to retrospectively assess the temporal dynamics of SARS-CoV-2 fitness at the population level via Geno-GNN.

An initial phase of fluctuation in ACE2 affinity was observed, followed by a gradual increase and eventual stabilization 
(Fig 1A). This fluctuate-rise-stabilize pattern, which aligns with DMS experimental data [47,48] across diverse SARS-CoV-2 
variants, may have resulted from the emergence and spread of successive variants of concern (S5 Fig). These dynamics 
likely reflect the interplay between short-term stochasticity and long-term directional trends in viral evolution [49].

A similar increasing trend in the ability of SARS-CoV-2 to evade both the WT convalescent and WT vaccine immu-
nity was observed, characterized by a stepwise pattern consistent with the rising global burden of natural infections and 
expanding vaccine coverage (Fig 1B–C). Notably, two distinct phases of rapid growth in the escape score were identified 
for these immunity types, each displaying unique characteristics.

The first phase, corresponding to the 3-months period during which the dominant variant shifted from Alpha to Delta 
(May to July 2021), was characterized by a significantly greater increase in the escape score for the WT convalescent 
immunity type compared with that for the WT vaccine immunity type (change magnitude: 0.22 for WT convalescent, 0.10 
for WT vaccine, p < 0.001, Wilcoxon test; Figs 1B–C and S6A). This observation suggests that SARS-CoV-2 was under 
substantial immune pressure from natural infections. In contrast, during the second phase (December 2021 to February 
2022), when Omicron first emerged (December 2021) and subsequently replaced Delta as the dominant variant (January 
to February 2022), the magnitude of change for the WT vaccine immunity type exceeded that for the WT convalescent 
immunity type (change magnitude: 0.18 for WT vaccine, 0.05 for WT convalescent, p < 0.001; S6B Fig). This transition 
indicates a shift in immune pressure influenced by the combined effects of natural infections and increasing vaccine-
induced immunity as vaccine coverage expanded.

The escape scores of SARS-CoV-2 from the BA.1 + BTI convalescent and BA.2 + BTI convalescent immunity types con-
tinued to increase only after BA.4/5 became the predominant epidemic variant (S7A–B Fig). No significant escape from 
the BA.5 + BTI convalescent immunity type was detected by Geno-GNN as of February 2024 (S7C Fig), consistent with 
previous findings [42,50]. Importantly, although the ability of pre-Omicron variants to escape sera from individuals who 
had recovered from Omicron infection is relevant, it does not reflect the immune pressure that drove viral evolution at that 
time.

Heterogeneity in SARS-CoV-2 fitness across immune backgrounds revealed by Geno-GNN

To further explore the fitness dynamics of SARS-CoV-2, we performed clustering analysis based on fitness values across 
countries (Methods). Given that vaccines were not administered during the period dominated by variants categorized 
as “Others” and that the immune escape exhibited by Omicron reduced the efficacy of multiple vaccine types [19], we 
focused on the period after the predominance of “Others” variants and before the Omicron outbreak (December 2020–
January 2022, S5 Fig). We identified two main clusters in the data (S8A Fig). Intriguingly, these clusters showed a clear 
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Fig 1.  Temporal dynamics of SARS-CoV-2 fitness, as characterized by Geno-GNN. (A) Fluctuate-rise-stabilize pattern of angiotensin-converting 
enzyme 2 (ACE2) binding affinity. Horizontal colored dashed lines represent the experimental ACE2 binding affinity for each variant as measured by deep 
mutational scanning (DMS) [47,48] (values shown in parentheses). ACE2 binding affinities for variants BQ.1.1, XBB.1.5, EG.5.1 and BA.2.86 were used for 
external validation. (B) Stepwise pattern of immune escape against the wild-type (WT) convalescent immunity type. (C) Stepwise pattern of immune escape 
against the WT vaccine immunity type. The x-axis represents the monthly time points from March 2020 to February 2024, and the left y-axis represents the 
average fitness values of sampled sequences. Shaded gray regions highlight periods of rapid fitness increases, and corresponding fitness differences are 
indicated. Color gradients represent the predominant variant for each month, defined as the variant with the highest percentage in a given month (S5 Fig).

https://doi.org/10.1371/journal.pcbi.1013582.g001

https://doi.org/10.1371/journal.pcbi.1013582.g001
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alignment with the immune backgrounds categorized by the administered vaccine platforms (S8B Fig). The larger cluster 
primarily consisted of countries where mRNA vaccines were administered, whereas the smaller cluster predominantly 
included countries where most vaccines were inactivated or adenovirus vector-based.

To investigate whether the observed pattern was driven by confounding factors, we employed a multiple linear 
regression model controlling for monthly new cases, the natural immunity coverage (adjusted for reinfection protection), 
vaccine-induced immunity coverage (adjusted for immune waning), non-pharmaceutical intervention (NPI) stringency, the 
prevalence of major variants, and geographical sub-regions. Even after adjustment, vaccine type remained statistically 
significant predictor of all fitness phenotypes (S2 Table), indicating that the clustering in S8A Fig reflects an association 
between vaccine platforms and distinct viral fitness landscape. However, given its relatively modest effect size compared 
to other explanatory variables, vaccine type should be regarded as one of several contributing factors rather than the 
primary driver. Although no significant differences in overall viral fitness values were detected with respect to immune 
backgrounds (S9 Fig), these findings suggest that the adaptation of SARS-CoV-2 fitness varies according to the prevailing 
immune background.

To investigate variations in SARS-CoV-2 fitness, we performed immune-background-specific piecewise regression 
analysis, stratified by the dominance and transition periods of the predominant variants (Fig 2A–C, S3 Table, Methods). 
Regions utilizing mixed vaccines were excluded because of the complexity of their immune backgrounds. The analysis 
revealed distinct fitness change rates according to immune background (Methods, S4 Table).

During the “Others-to-Alpha” transition period, regions with an mRNA vaccine immune background exhibited a greater 
change in ACE2 binding affinity relative to those with adenovirus vector- or inactivated-vaccine immune backgrounds 
{change rate: 0.21 [95% confidence interval (CI): 0.17–0.26] for mRNA-vaccinated regions, 0.14 [95% CI: 0.06–0.22] 
for adenovirus vector-vaccine regions, and 0.12 [95% CI: 0.06–0.19] for inactivated-vaccine regions; Fig 2D, S3 Table}. 
Conversely, regions with adenovirus vector and inactivated vaccine backgrounds exhibited faster changes in immune 
escape against the WT convalescent and WT vaccine immunity types relative to regions with mRNA vaccine backgrounds 
(Fig 2D). This finding suggests a trade-off between the escape score and ACE2 affinity; this trade-off differed according to 
immune context.

During the “Alpha-to-Delta” transition period, regions with an mRNA vaccine immune background also exhibited faster 
changes in both ACE2 binding affinity and immune escape relative to those with WT convalescent and WT vaccine back-
grounds. Moreover, regions with adenovirus vector- and inactivated-vaccine immune backgrounds displayed a more bal-
anced pattern involving gradual changes in fitness (Fig 2E). To assess the effect of immune background on fitness change 
rates, 100 random permutations of vaccine assignments were performed while maintaining their original distributions. The 
resulting p values did not show statistically significant differences in change rates across comparisons (Fig 2F,2G), indicat-
ing that the observed heterogeneity was unlikely to have occurred by chance and suggesting that the immune background 
influences SARS-CoV-2 fitness dynamics. Multiple linear regression, controlling for geographical sub-regions, major vari-
ant prevalence, and epidemiological metrics, further confirmed that vaccine type influenced fitness change rate: during the 
“Others-to-Alpha” transition period, it was a significant predictor for all three phenotypes (all p-values < 0.001; S5 Table), 
while during the ‘Alpha-to-Delta’ period, its effect remained significant for ACE2 affinity (p < 0.001) and WT convalescent 
escape (p < 0.001) but not for WT vaccine escape (p = 0.778; S6 Table).

During the dominance periods of the predominant variants, differences in fitness change rates were also observed 
between regions with an mRNA vaccine immune background and those with adenovirus vector- or inactivated-vaccine 
immune backgrounds (S3 and S4 Tables). However, change rates in regions with adenovirus vector- or inactivated-
vaccine immune backgrounds were generally similar, consistent with the clustering results shown in S8A Fig. These 
immune-background-specific differences highlight the complex interactions between intrinsic viral properties and immune 
contexts. However, the underlying mechanisms for these disparities remain unclear, and no definitive conclusions have 
been reached.
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Geno-GNN-based exploration of SARS-CoV-2 fitness trajectory

To retrospectively investigate the fitness trajectory of SARS-CoV-2 under mutational landscapes, we performed vir-
tual mutation scanning analysis. Specifically, all possible pseudovirus RBD sequences were simulated, spanning from 
Wuhan-Hu-1 to sequences that contained all RBD mutations observed in major epidemic variants: BA.1, BA.2, BA.4/5, 
BQ.1, XBB.1.5, XBB.1.9, and EG.5.1. To simplify the combinatorial mutation space, fixed mutations—defined as those 

Fig 2.  Heterogeneity in SARS-CoV-2 fitness dynamics across immune backgrounds. (A–C) Temporal trends in angiotensin-converting enzyme 2 
(ACE2) binding affinity (A) and immune escape against the wild-type (WT) convalescent (B) and WT vaccine (C) backgrounds, stratified by vaccine type. 
Shaded regions indicate variant transition periods: T1 (Others-to-Alpha) and T2 (Alpha-to-Delta). (D, E) Fitness change rates across regions with differ-
ent vaccine backgrounds during the Others-to-Alpha (D) and Alpha-to-Delta (E) transition periods. The y-axis represents estimated slopes (i.e., fitness 
change rates) with 95% confidence intervals (black error bars). p values are indicated: *p < 0.10; **p < 0.05; ***p < 0.01; ****p < 0.001; NS, not significant. 
(F, G) Statistical validation of the associations between fitness change rates and immune backgrounds during the Others-to-Alpha (F) and Alpha-to-
Delta (G) transition periods. The x-axis represents p values from the observed slope comparisons, whereas the y-axis represents mean p values from 
100 random permutations with 95% confidence intervals. Shapes correspond to the compared immune backgrounds, and colors indicate fitness types. 
Horizontal and vertical dashed lines indicate the significance threshold (0.1).

https://doi.org/10.1371/journal.pcbi.1013582.g002

https://doi.org/10.1371/journal.pcbi.1013582.g002


PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1013582  January 12, 2026 8 / 22

shared across all studied variants—were co-mutated during virtual mutation scanning (Fig 3A, Methods). In total, 
1,179,648 RBD intermediates were generated, and the corresponding fitness values were evaluated using Geno-GNN.

When stratified by the number of mutations and the number of immune types escaped, two distinct fitness trajectories 
were observed (Fig 3B). One trajectory involved increasing immune escape as mutations accumulated, ultimately lead-
ing to the escape of all immune types at the expense of ACE2 affinity. In contrast, the other trajectory maintained ACE2 
affinity at or above the Wuhan-Hu-1 level while escaping a moderate number of immune types (typically 2–3). Notably, 
SARS-CoV-2 variants associated with major outbreaks in real-world scenarios predominantly followed the latter trajectory, 
indicating negative selection against variants in the former trajectory during the evolutionary process. These findings sug-
gest an evolutionary pathway that contributes to the emergence of variants in real-world epidemics, highlighting the critical 
roles of ACE2 binding affinity and immune escape capacity in the adaptive landscape of SARS-CoV-2.

Further analysis of these intermediates revealed that fixed mutations may drive the divergence of these two trajecto-
ries. Mutations were predominantly observed in the latter trajectory, maintaining a higher ACE2 affinity (median ACE2 
affinity: 9.40 for variants with fixed mutations versus 7.48 for those without; p < 0.001, Wilcoxon test; Fig 3C). Additionally, 
intermediates without fixed mutations were relatively evenly distributed across different immune types, whereas most 
intermediates with fixed mutations escaped 2–4 immune types (Fig 3C). These findings emphasize the central role of fixed 
mutations in SARS-CoV-2 evolution.

Fitness effects of mutations quantified by Geno-GNN

Building on the fitness characterization of the mutation space, we investigated the contributions of individual mutations to 
SARS-CoV-2 fitness within the combinatorial mutation landscape. Specifically, we assessed the impact of each mutation 
by comparing the ACE2 affinities of intermediates with and without the mutation. The contribution of each mutation to 
immune escape was determined by the percentage of intermediates carrying the mutation and escaping a given immune 
type relative to all intermediates (Methods). In fitness trajectory analysis, fixed mutations were considered co-mutated 
during virtual mutation scanning. To evaluate the impact of each individual fixed mutation on fitness, a separate virtual 
mutation scanning analysis was performed, considering each fixed mutation separately (S10 Fig).

Nonfixed mutations generally reduce ACE2 binding affinity but exhibit diverse immune escape potentials (Fig 4A). In 
contrast, fixed mutations significantly increase ACE2 affinity, particularly the compensatory mutation N501Y [23]. These 
fixed mutations also contribute to immune escape, primarily by facilitating escape from WT convalescent and WT vac-
cine immunity (Fig 4A–B). These findings suggest a complementary relationship between fixed and nonfixed mutations in 
shaping viral adaptability, with fixed mutations enhancing ACE2 affinity while nonfixed mutations primarily drive immune 
escape.

At the individual mutation level, certain nonfixed mutations resulting from convergent evolution [42]—such as R346T, 
K444T, V445P, G446S, L452R, N460K, F486V, F486P, F486S, and F490S—exhibit substantial and broad contributions to 
immune escape, albeit with variable effects on ACE2 binding affinity. Conversely, fixed mutations, such as K417N, T478K, 
E484A, and Y505H, strongly contribute to immune escape, although most of these (except T478K) tend to weaken ACE2 
binding affinity. Our results are consistent with previous findings [19,51–54]. BA.2.86, the last variant to emerge during the 
study period, retains all the fixed mutations except E484A, which is replaced by E484K, further confirming the key role of 
fixed mutations in viral fitness evolution (S7 Table). These findings highlight the complex roles of mutations in balancing 
immune escape and ACE2 binding affinity.

Discussion

While the COVID-19 pandemic phase has officially ended, SARS-CoV-2 continues to spread and evolve [55], underscor-
ing the ongoing need for timely evaluation of its various fitness types. Such assessments are crucial for guiding COVID-
19 vaccine updates, managing infectious diseases, and increasing our understanding of virus evolution. In this study, we 
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Fig 3.  SARS-CoV-2 fitness trajectory, as revealed by Geno-GNN. (A) Distribution of RBD mutations across major epidemic variants, including BA.1, BA.2, 
BA.4/5, BQ.1, XBB.1.5, XBB.1.9, and EG.5.1. Fixed mutations, shared by multiple variants, are highlighted. The x-axis represents mutation types; for loci with 
multiple mutations, specific types are displayed in the corresponding cell. (B) Fitness trajectories of SARS-CoV-2 identified through virtual mutation scanning. 
ACE2 binding affinities are grouped by the number of mutations and the number of immune types that escaped. Major real-world variants are denoted by 
white rhombuses. Color gradient represents the number of escaped immune types. Black dashed line indicates the ACE2 affinity of the wild type. “All muta-
tions” refers to the complete set of RBD mutations in major variants relative to the wild-type strain, defining the combinatorial mutation space. Fixed mutations 
are regarded as a single mutation and assumed to co-occur or co-disappear in virtual mutation scanning. (C) Differentiation of two distinct trajectories based 
on fixed mutations. ACE2 binding affinities are categorized by the number of immune types escaped (IT: immune type). Median ACE2 affinities for interme-
diates with and without fixed mutations are indicated by blue and red dashed lines, respectively. Bar chart presents the number of intermediates in each 
immune type. Boxplots compare ACE2 affinities for intermediates with and without fixed mutations; statistical significance is annotated. Boxes represent the 
interquartile range (25th–75th percentiles), and whiskers extend to 1.5 times the interquartile range. Fixed mutations are shown in color.

https://doi.org/10.1371/journal.pcbi.1013582.g003

https://doi.org/10.1371/journal.pcbi.1013582.g003
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developed a graph representation learning model to evaluate multiple SARS-CoV-2 fitness types on the basis of RBD 
variants and revealed fitness dynamics heterogeneity across immune backgrounds and possible fitness trajectories under 
varying mutational landscapes. Our results highlight the utility of the graph representation learning model in elucidating 
the population-level fitness dynamics of virus.

The extensive data generated by DMS experiments offer a valuable opportunity to model the functional impacts of 
SARS-CoV-2 mutations, particularly their ability to bind ACE2 and escape from diverse immunity types. A simple transfor-
mation of direct DMS experimental measurements was proposed to estimate the antigenic effects of mutations at the site 
level [45], offering a useful framework. However, this approach may not fully capture potential variations in the effects of 
different types of mutations at the same site. Additionally, it assumes that the impact of mutations on escape is indepen-
dent across different sites, which may not always reflect the complexity of mutation interactions. In contrast, our Geno-
GNN model can leverage information from mutations across the entire RBD, allowing for mutation-level assessment that 
better capture the complex correlations among mutations, thereby offering more practical insights. In addition, earlier deep 

Fig 4.  Quantification of the fitness effects of mutations in major circulating variants within the combinatorial mutation landscape, according 
to Geno-GNN. (A) Contributions of nonfixed mutations to ACE2 affinity (upper panel) and immune escape (lower panel, conval: convalescent). (B) Con-
tributions of fixed mutations to ACE2 affinity (right panel) and immune escape (left panel). Heatmap color scale indicates the extent of immune escape 
attributed to each mutation. White represents the absence of a contribution to immune escape for a given immune type. In bar plots, red bars indicate an 
increase in ACE2 affinity, whereas blue bars indicate a decrease. “Δ ACE2 affinity” represents the difference in the median ACE2 binding affinity between 
receptor binding domain (RBD) sequences with and without the mutation.

https://doi.org/10.1371/journal.pcbi.1013582.g004

https://doi.org/10.1371/journal.pcbi.1013582.g004
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learning models [29,30] primarily assessed escape potential at the level of individual antibodies, whereas Geno-GNN 
evaluates the escape potential against human sera with diverse immunity types. This broader perspective increases the 
applicability of Geno-GNN to real-world scenarios and offers deeper insights into viral fitness dynamics at the population 
level.

Notably, in ACE2 affinity prediction, Geno-GNN performed well in ten-fold cross-validation (R = 0.95) and slightly lower 
on two external test sets (0.88 and 0.86). This gap likely reflects intrinsic difference in mutational complexity across the 
datasets. The training data mainly contained low-order mutations, whereas the external test sets included numerous 
high-order variants with over 15 mutations. Predicting such variants, shaped by complex non-additive epistatic effects, is 
inherently challenging. Thus, the modest performance decline observed for Geno-GNN on unseen high-order mutations 
supports its strong generalization ability and robustness.

With the advancement of high-throughput genome sequencing, characterizing viral genetic changes over time has 
become increasingly feasible. A previous study revealed a boom-and-bust pattern in the genetic diversity of influenza 
A (H3N2), which was associated with antigenic cluster transition [56]. For SARS-CoV-2, genomic diversity has exhib-
ited punctuated evolution over time [57]. However, capturing the temporal dynamics of viral fitness remains a significant 
challenge. In this study, by exploiting our Geno-GNN model, we identified a fluctuating, stable pattern in ACE2 binding 
affinity that correlates with SARS-CoV-2 variant transitions. Additionally, we observed a stepwise increase in the ability of 
the virus to escape immunity derived from both the WT convalescent and WT vaccine backgrounds. This finding comple-
ments previous observations of a steady increase in escape scores based on a single-antibody response [30], highlighting 
the dynamic nature of the evolutionary fitness of SARS-CoV-2. Meanwhile, we observed variations in the magnitude of 
the rapid fitness growth phase as SARS-CoV-2 escaped WT convalescent immunity type and WT vaccine immunity type, 
suggesting a shift in the sources of immune pressure.

The widespread use of COVID-19 vaccines has shaped diverse immune profiles within populations [2,39]. Leveraging 
real-world SARS-CoV-2 sequences, our study reveals that viral fitness exhibits distinct clustering patterns in regions uti-
lizing different types of vaccines. Additionally, during variant transition periods, these regions displayed significant differ-
ences in fitness change rates, reflecting a trade-off between immune escape and ACE2 affinity. Although previous studies 
reported the trade-off [25,30,58], our research further uncover that it manifested in diverse ways across different popula-
tions with varying types of COVID-19 vaccines in use. While the underlying drivers of this heterogeneity remain unclear, 
our findings underscore the nonuniform and complex evolution of SARS-CoV-2 across diverse immune backgrounds.

Moreover, virtual mutation scanning analysis revealed that real-world SARS-CoV-2 variants may follow a fitness trajec-
tory that maintains ACE2 affinity at or above the Wuhan-Hu-1 level while a moderate number of immune types are escaped. 
Fixed mutations appear to compensate for ACE2 affinity and a baseline level of immune escape [19,23,51–54,59]. More-
over, we observed that although certain mutation combinations could theoretically escape from all immune types, variants 
carrying these combinations along with fixed mutations rarely achieve complete immune escape. This result suggests that, 
after the acquisition of fixed mutations, variants may require additional escape mutations to increase their immune escape 
capacity. These findings expand upon those of earlier work [58] that was focused on monoclonal antibodies by encompass-
ing broader, real-world immune types.

The seminal work by Hie et al. [28] conceptualized escape mutations as analogous to words that change “semantics” 
while maintaining “grammaticality”—that is, altering the virus’s immune signature while preserving its infectivity. Our 
analysis suggests that the evolutionary trajectory of SARS-CoV-2 generally adheres to this principle. Importantly, our 
analysis indicates that this delicate balance appears to result from the synergistic interaction among multiple mutations 
under evolutionary selection, not by isolated mutations, analogous to modifying several words in a sentence to pre-
serve grammatical fluency while reconstructing the underlying semantic structure. This refined interpretation—from the 
function of individual “words” to the synergistic grammar of “word” combinations—offers deeper understanding of viral 
evolution.
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There are several limitations to our study. Although a few thousand antibodies were evaluated on the basis of DMS 
experiments, this method still may not fully capture the complexity of human sera. Additionally, our analysis was confined 
to the RBD of the spike protein because of the availability of ACE2 binding and immune escape data. Future research 
will expand on this by utilizing an updated DMS platform that targets the full SARS-CoV-2 spike protein [20,21]. While 
we explored five different immune types, incorporating DMS data from mRNA COVID-19 vaccines before Omicron out-
breaks would provide a more comprehensive view in our analysis. The immune backgrounds in our study were defined on 
the basis of the administered vaccine platforms. Although some studies have shown distinct immune responses among 
different types of vaccines [60], natural infections may also contribute to the immune background [61]. More importantly, 
as a retrospective study, our research does not aim to predict which newly emerged strains or unobserved mutations are 
most likely to spread widely. Instead, we focus on evaluating the current fitness landscape based on observed sequences, 
offering insights into the population-level dynamics of the virus. The disparities in sequence submissions across countries 
were mitigated on the basis of carefully designed sampling. Despite the unavoidable impact of cross-border transmis-
sion, we reduced its impact by merging countries and still observed heterogeneity in viral fitness, although the underlying 
causes remain unclear. The significant decline in globally submitted sequences on GISAID after September 2022 may 
increase uncertainty regarding the dynamics of viral fitness. However, this decline should not alter the overall pattern. 
Owing to computational constraints, we did not capture all the potential fitness trajectories of SARS-CoV-2 with our virtual 
mutation scanning; however, DMS did reveal the fitness trajectory of variants that may have driven real-world epidemics.

In summary, our study provides a comprehensive analysis of SARS-CoV-2 fitness dynamics through the application of 
our graph representation learning model, Geno-GNN. This model provides insights into the associations between vari-
ations in SARS-CoV-2 fitness dynamics and immune backgrounds, as well as fitness trajectories. These findings offer 
valuable insights into the complex evolution of virus and its fitness dynamics at the population level.

Materials and methods

Definition of fitness and fitness dynamics

In viral evolution, fitness is the virus’s ability to replicate and transmit within a host population under given conditions, typ-
ically inferred from measurable phenotypes rather than measured directly. Here, we define fitness as a multidimensional 
phenotypic profile. This profile consists of two core components: first, the ACE2 affinity, which reflects the efficiency of viral 
entry into cells; and second, the immune evasion capability under five immunity types: wild-type (WT) convalescent (WT 
infection), WT vaccine (three doses of CoronaVac), BA.1 + BTI convalescent (BA.1 infection postvaccination), BA.2 + BTI 
convalescent (BA.2 infection postvaccination), and BA.5 + BTI convalescent (BA.5 infection postvaccination). Fitness 
dynamics refers to the temporal trajectory of change in the six fitness components.

Fitness data collection and processing

The impacts of SARS-CoV-2 RBD mutations on ACE2 binding affinity were sourced from the research conducted by Starr 
et al. [43,46]. Their dataset encompasses both single and multiple mutations within the RBDs of seven SARS-CoV-2 vari-
ants (Wuhan-Hu-1, Alpha, Beta, Delta, Eta, BA.1 and BA.2) and the corresponding ACE2 binding affinity values, which are 
quantified with respect to the apparent dissociation constant (K

D,app
) measurements via the DMS technique. To provide the 

model with sufficient information and avoid overfitting, we included all single mutation data from the dataset and selected 
double mutation data on the basis of the following criteria: the difference between the fitness value of the double mutation 
and the sum of the fitness values of its two single mutations is greater than 0.1. This approach ensures that the double 
mutation data capture the nonlinear changes in ACE2 affinity caused by combinatorial mutations while avoiding redundant 
usage of single mutation information.

Data on the antibody escape capacity of SARS-CoV-2 variants were compiled from Cao’s experiments [18,19,42]. In 
these experiments, the escape scores of SARS-CoV-2 RBD mutations against monoclonal antibodies found in serum from 
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populations of different immune types were determined. The escape scores were determined by comparing the frequency 
of variant barcodes in immune-escaping cell populations to the frequency of variant barcodes in the reference population 
and then normalizing with respect to each antibody. On the basis of the source of immunity, we categorized these mono-
clonal antibodies into five groups: individuals who recovered from the original variant; those who recovered from the BA.1, 
BA.2, and BA.5 variants; and individuals vaccinated with three doses of inactivated vaccines. After removing duplicate 
antibodies, escape scores for each mutation (amino acid level) at a single site were averaged within the same immunity 
group, representing the effect of this mutation on the corresponding immune type. We assumed that averaging escape 
score across antibodies with the same immunity group would effectively represent the characteristics of actual human 
sera, a hypothesis used in previous study [45].

Implementation and training of the Geno-GNN model

For Geno-GNN, the input consists of the 201-amino acid sequence of the SARS-CoV-2 RBD. The properties of each 
amino acid are characterized using VHSE, which stands for Vectors of Hydrophobic, Steric, and Electronic properties—a 
set of amino acid descriptors derived from principal component analysis of 18 types of hydrophobic, 17 types of spatial, 
and 15 types of electronic properties [62]. Each amino acid in the RBD sequence is represented by an 8-dimensional 
numerical vector composed of these principal components. These numerical vectors, which represent every residue in 
the sequence, are concatenated to depict an RBD variant. In summary, we structured the input sequence data as a 201ⅹ8 
matrix based on VHSE and organized it in sequential order to form an undirected graph for subsequent predictions.

Inspired by inductive representation learning on large graphs [63] and the effectiveness of the global pooling opera-
tion in processing the structured data [64], our Geno-GNN model consists of three components: a convolution module, a 
global pooling layer, and three fully connected layers. The use of GNN is motivated by its ability to capture the complex 
dependencies between amino acids, particularly by considering the sequential relationships within the RBD. Through 
neighborhood aggregation, GNN can model both local and global information of the RBD variants, thereby enhancing the 
accuracy of predictions.

Our Geno-GNN model framework is composed of three modules connected in series: a graph convolution module, a 
global pooling module, and a prediction head module for the final prediction.

For the convolution module, a 2-layer Relational Graph Convolutional Network (R-GCN) model [65] is adopted to 
encode the node (amino acid) features and learn their embeddings. R-GCN is specifically designed for heterogeneous 
graphs and can effectively handle the complex graph structure we constructed, which contains up to 20 node types (for 
the 20 amino acids) and 420 edge types (including 400 pairwise node combinations and 20 self-loop edges). Its core 
layer-wise update rule is as follows:
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In this formula, h(l)i  represents the embedding vector of node i  at layer l , R is the set of all relation types, and Nr
i  is the 

set of neighboring nodes of node i  under relation r . W
(l)
r  and W(l)

0  are the learnable weight metrices for each relation r  
and for self-loops, respectively, while ci,r  is a normalization constant, set to 

∣∣Nr
i

∣∣ to balance the information aggregation 
from neighbors. After two convolutional layers (with a hidden layer dimension of 256), the model generates as a final 
256-dimensional embedding vector for each amino acid in the RBD sequence. All these vectors constitute the embedding 
matrix H ∈ Rn×256, where n denotes the total number of amino acids in the RBD sequence.

Next, the global pooling module aggregates these node-level embeddings into a single graph-level representation. In 
our model, we employ a Concatenation operation that directly links all final node embedding vectors hi , followed by a Flat-
ten operation to form a one-dimensional graph representation vector Z .
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	 Z = Flatten(CONCAT(h1, h2, · · · , hn))	

This operation generates a graph vector with a dimension of 1× 51456, which has the advantage of completely preserv-
ing the embedding information from all amino acid nodes in the sequence.

Finally, this graph representation vector Z  is fed into a 3-layer fully connected network (i.e., a Multi-Layer Perceptron, 
MLP), which serves as the prediction head, to compute the final regression prediction value ŷ . The computational process 
of this network is as follows:

	 hMLP1 = ReLU(ZWMLP1 + b1)	

	 hMLP2 = ReLU(hMLP1WMLP2 + b2)	

	 ŷ = hMLP2WMLP3 + b3	

Here, W  and b  represent the weight matrices and bias terms of each layer, respectively. The output dimensions of the 
two hidden layers are set to 64 and 32, respectively, while the final output layer has a dimension of 1. The activation 
function for all layers except the output layer is ReLU, and no Dropout regularization is used in the model. The entire 
Geno-GNN model is trained end-to-end using undirected graphs representing RBD variants and their corresponding 
fitness data.

The Geno-GNN model, which was implemented using PyTorch, was trained for 500 epochs by utilizing the Adam 
optimizer with a learning rate of 3e−5. To prevent overfitting, we applied an early stopping strategy in the training process. 
When the R2 of the validation set does not increase over 20 consecutive training epochs, the training is terminated early to 
avoid unnecessary computations and protect the model’s generalization ability. The reported prediction accuracies were 
obtained by aggregating the outputs of tenfold cross-validation. For ACE2 affinity, a dataset comprising all single muta-
tions and a randomly selected 10% of double mutations was utilized for training and validation. Specifically, 80% of the 
data from each of the single mutations and double mutations were allocated for training, with the remaining 20% of each 
reserved for validation, and this process was repeated through ten-fold cross-validation. Additionally, 90% of the double 
mutations from the original dataset were designated for testing, ensuring a robust evaluation of the model’s performance. 
For immune escape, 10% of the dataset was randomly partitioned for testing, while the remaining data were divided into 
ten subsets of equal size for cross-validation. The hyperparameters described above are selected from multiple experi-
ments to obtain the optimal results. In total, six models were trained to correspond with the six fitness types discussed in 
this study.

External validation dataset

For ACE2 binding affinity analysis, complementary external validation data were obtained from the studies of Taylor et al. 
[47,48] and Moulana et al. [23]. Taylor et al. provided additional binding affinity data for all single mutations across four 
Omicron subvariants (BQ.1.1, XBB.1.5, EG.5, BA.2.86). Moulana et al. systematically evaluated the ACE2 binding affinity 
across all the feasible combinations for 15 mutations (215 = 32,768 RBD variants) within the RBD of the BA.1 variant com-
pared with the original Wuhan Hu-1. For immune escape analysis, the neutralization assay data generated by Cao et al. 
[42] were employed. This dataset includes pseudovirus neutralizing titers against Omicron subvariants from plasma sam-
ples of individuals who had received three doses of CoronaVac, individuals who had been infected with BA.1 after receiv-
ing three doses of CoronaVac, individuals who had been infected with BA.2 after receiving three doses of CoronaVac, and 
individuals who had been infected with BA.5 after receiving three doses of CoronaVac.



PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1013582  January 12, 2026 15 / 22

Data sources for epidemiological and immunological analyses

As of February 28, 2024, we had collected 13,346,039 SARS-CoV-2 sequences with metadata from GISAID [66]. 
After applying the same quality control procedures as those used in the previous study [67], we distilled this dataset 
to 5,604,530 sequences suitable for in-depth analysis. The daily number of new COVID-19 cases was obtained from 
Our World Data [68]. The daily stringency index, which reflects the strictness of non-pharmaceutical interventions 
(NPIs), was extracted from the Oxford Coronavirus Government Response Tracker [69]. Furthermore, to account for 
population-level immunity, we incorporated two key immunological metrics described in a previous study [67]. Specif-
ically, we utilized the calculated monthly natural immunity coverage, which was estimated based on cumulative infec-
tions from IHME and adjusted for the effectiveness of preventing reinfections. We also included the vaccine coverage 
metric, which was adjusted for waning immunity based on vaccine effectiveness against infection. Information regarding 
the types of COVID-19 vaccines administered in different countries was also gathered to serve as a basis for national 
classification [67].

Temporal fitness pattern analysis

We performed a retrospective study of real-world SARS-CoV-2 sequence data. Our approach involved monthly sampling 
of 200 sequences from each country (if fewer than 200 sequences were available, all available sequences were extracted) 
to maintain an equal number of sequences per month across countries as much as possible. This sampling strategy was 
repeated 100 times to minimize the randomness of the samples. The sampled sequences were then fed into our Geno-
GNN model for the assessment of their various fitness types. We averaged the fitness values from each country’s monthly 
samples and then further averaged these values across the 100 samples to chart the fitness dynamics. Additionally, we 
assessed the monthly prevalence of each major SARS-CoV-2 variant by analyzing our sampling data, and we defined 
each month as the epidemic period of the variant with the highest prevalence for that month. We used the Wilcoxon test 
to examine the magnitude of changes in the WT convalescent and WT vaccine groups during the two rapidly increasing 
periods across 100 samples.

Clustering analysis for temporal variations in fitness

We utilized hierarchical clustering to cluster countries on the basis of the temporal variations in different fitness types. We 
first selected the fitness values for the period to be analyzed and normalized them for each fitness type. We then applied 
the average linkage method for clustering, and we employed the Euclidean distance as the distance between clusters. 
The average linkage method is used to calculate the distance between two clusters by taking the average distance of all 
pairs of points within the clusters.

Detection of heterogeneity in the fitness change rate across immune backgrounds

We calculated the percentage of each variant using sequences from each sampling and then aggregated these 
percentages from 100 samplings to determine the monthly prevalence of each variant. The study period was then 
divided into different segments on the basis of the following criteria: (1) Dominant variant: The variant with the high-
est prevalence in a given month was designated the dominant variant for that month. (2) Variant transition period: 
This period begins when the prevalence of a new variant exceeds 5% and ends when it becomes the dominant vari-
ant. (3) Variant dominance period: This is the duration during which a variant consistently remains the dominant vari-
ant, excluding its transition period. On the basis of the above designations, eight distinct segments were obtained: 
the Others dominance period, the Others-to-Alpha transition period, the Alpha dominance period, the Alpha-to-Delta 
transition period, the Delta dominance period, the Delta-to-Omicron transition period, and the Omicron dominance 
period.



PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1013582  January 12, 2026 16 / 22

Countries were classified into four immune backgrounds on the basis of vaccine usage, which is consistent with a pre-
vious study [67]: regions where mRNA vaccines are administered, regions where inactivated vaccines are administered, 
regions where adenovirus vector vaccines are administered, and regions where mixed vaccines are administered. Owing 
to the complexity of the immunity types used in regions with mixed vaccines, only the first three categories were included 
in our analysis. From the sampling results, we extracted countries from these three region types to access SARS-CoV-2 
fitness variations. Pairwise Wilcoxon tests were performed to assess the differences in the median fitness values across 
different immune backgrounds.

According to the defined periods and immune backgrounds, we conducted piecewise regression for each fitness type. 
Differences in regression coefficients (i.e., fitness change rates) between immune backgrounds across the specified 
periods were assessed via the slope difference test. We also performed 100 random permutations by reassigning vaccine 
types to individual countries, ensuring that the overall distribution of countries across vaccine categories remained con-
sistent with the actual data. For each permutation, we conducted slope difference tests to assess differences in fitness 
change rates across immune backgrounds.

Statistical analysis to control for confounding factors

To assess the impact of vaccine type on viral fitness, we implemented a series of multiple linear regression models incor-
porating various immunological and epidemiological factors as confounding variables. The analyses involved two main 
categories of models, with either (1) the fitness values or (2) the temporal rate of change in these fitness values as the 
dependent variable. Each model followed the general form:

	 Y = β0 + β1X1 + β2X2 + · · ·+ βkXk + ϵ	

where Y  is the dependent variable, β0 is the intercept, β1, ..,βk are regression coefficients, and ϵ is the error term. The 
variables X1, . . . ,Xk  included were: adjusted natural immunity coverage and adjusted vaccine-induced immunity cover-
age; a binary variable for vaccine type (mRNA vs. non-mRNA); continuous variables representing the prevalence of major 
variants of concern (Alpha, Beta, Delta, Gamma); categorical dummy variables for UN geographical sub-regions; the strin-
gency index of non-pharmaceutical interventions; and monthly new cases as a proxy for transmission intensity. All data 
were aggregated and aligned at the country-month level. Statistical significance for each variable was determined from by 
the p-value of its corresponding regression coefficient with a significance threshold of p < 0.05.

Geno-GNN-based SARS-CoV-2 fitness trajectory identification

We applied Geno-GNN to predict fitness values for computer-generated synthetic viruses to explore possible fitness 
trajectories. Focusing on the major variants (BA.1, BA.2, BA.4/5, XBB.1.5, XBB.1.9, BQ.1 and EG.5.1), we searched 
for variants on the CoV-Spectrum website [70] by adding “(Nextclade)” after the variant names, with a time range from 
March 2020 to February 2024. From each search result, we selected mutations with a percentage greater than 90% to 
ensure their robustness. To proceed with variant generation, we compiled a union set of mutations (n = 31) from all the 
variants and categorized the mutations shared by all the variants as fixed mutations (n = 10), which were comutated 
during generation. Ideally, each site can have 19 possible mutations, resulting in 20 possible mutation scenarios. How-
ever, in our study, we considered only those mutations observed in real-world variants. The generation method was as 
follows: for a site with k (0 ≤ k ≤ 3, k ∈ N) observed mutations, the possible mutation scenarios are k + 1—either no muta-
tion or mutation to one of the k mutations. The possible scenarios for different mutation sites are as follows: A single 
mutation site (e.g., site 452) has two possible mutation scenarios, and there are 15 such sites in the set, correspond-
ing to 215 possible mutation scenarios. A site with two mutations (e.g., site 339) has three possible mutation scenarios, 
and there are 2 sites in the set, corresponding to 32 possible mutation scenarios. A site with three mutations (e.g., site 
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371) has 4 possible mutation scenarios. Finally, we generated all possible intermediates of the RBD sequence within 
the union mutation set, resulting in a total variant search space of 1,179,648 (n = 215 × 32 × 4), and predicted their fitness 
values using our models. We defined a variant as escaping a given immunity type if the corresponding escape score was 
higher than 0.5.

Fitness effects of mutation quantification

We defined the contribution of a mutation to the immune escape type as follows: (1) For immune type i and mutation m, 
we calculated p1, the percentage of variants carrying mutation m among those escaping immune type i. (2) We calculated 
p2, the percentage of variants escaping immune type, i, relative to the total number of variants. If p1 ≤ 50% or p2 ≤ 5%, 
the mutation was considered noncontributory, and further calculation was terminated. (3) The contribution of mutation m to 
immune type i was determined as p1ⅹp2, which represents the percentage of variants carrying mutation m and escaping 
immune type i among all variants.

Supporting information

S1 Text. The framework of Geno-GNN and its performance for six types of virus fitness. 
(DOCX)

S1 Fig. Overview of Geno-GNN framework. We collected RBD variant sequences from deep mutational scanning data 
along with their corresponding ACE2 affinity and their ability to escape various immune types. The sequences were char-
acterized and fed into a graph neural network to obtain corresponding outputs. These trained models were then applied to 
real and simulated sequence data. Created in BioRender. Ming, F. (2025) https://BioRender.com/x57l607.
(TIF)

S2 Fig. Performance of Geno-GNN for diverse types of SARS-CoV-2 fitness. (A) Internal validation for Geno-GNN 
using ten-fold cross-validation. Each point represents the Spearman’s correlation coefficient between predictions and 
observations on the testing data. (B-C) External validation for ACE2 binding affinity. The external validation data were col-
lected from the studies of Taylor et al. [47,48] (B) and Moulana et al. [23] (C). (D) Performance of a naive additive model 
on the same dataset as in (C), serving as a baseline to evaluate the epistatic capture capability. This naive additive model 
predicts ACE2 affinity by summing the individual effect values of each mutation, where each value represents the experi-
mentally measured change in affinity relative to the wild-type baseline. (E-H) External validation for immune escape using 
neutralization assay data [3] from diverse immune types: WT vaccine (E), BA.1 + BTI convalescent (F), BA.2 + BTI con-
valescent (G), and BA.5 + BTI convalescent (H). Each dot represents an Omicron subvariant. The x-axis represents the 
model’s predicted values, while the y-axis represents the experimental values. The Spearman correlation coefficients and 
their p-values are labeled. The shaded region represents the 95% confidence interval, and the surrounding bar graphs 
represent the data distribution for the corresponding axis.
(TIF)

S3 Fig. Performance of the site-independent escape calculator as a comparative baseline. External validation for 
the site-independent escape calculator, using the same experimental neutralization assay data [42] as in S2E–H Fig for 
a direct comparison. Predictions from the calculator were generated with the following key settings: the study was set to 
‘Cao et al, 2022, Nature’; the reference variant for neutralization was set to ‘BA.1’; weighting by negative log IC50 and 
re-weighting of antibodies from non-representative sources were disabled; and the mutation escape strength was set to 
2. The validation was performed across diverse immune types: WT vaccine (A), BA.1 + BTI convalescent (B), BA.2 + BTI 
convalescent (C), and BA.5 + BTI convalescent (D). Each dot represents an Omicron subvariant. The x-axis represents the 
calculated binding scores, while the y-axis represents the experimental values. The Spearman correlation coefficients and 
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their p-values are labeled. The shaded region represents the 95% confidence interval, and the surrounding bar graphs 
represent the data distribution for the corresponding axis.
(TIF)

S4 Fig. Site-level performance of Geno-GNN. (A-F) Comparison of diverse fitness at the RBD site-level between experi-
mental data and predicted results. The blue line represents experimental data; the orange line represents predicted results.
(TIF)

S5 Fig. The monthly prevalence proportion of the SARS-CoV-2 macro lineages. The x-axis represents time on a 
monthly basis from March 2020 to February 2024, and the y-axis represents the proportion of the sampled sequences. 
The color gradients reflect the main variants for each month.
(TIF)

S6 Fig. Comparison of the difference in the magnitude of the change in escape score between the two rapid 
growth period for WT convalescent and WT vaccine. The Wilcoxon-test results for the difference in the magnitude 
of change in escape scores between WT convalescent and WT vaccine during the first rapid growth phase (A) and 
the second rapid growth phase (B) across 100 sampling results. The y-axis represents the fitness values of the sam-
pled sequences. The boxes represent the range between the 25th and 75th percentiles, and the whiskers extend to no 
further than 1.5 times the inter-quartile range from the largest/smallest value. p-values are indicated: *p-value < 0.10; 
**p-value < 0.05; ***p-value < 0.01; ****p-value < 0.001. NS, not significant.
(TIF)

S7 Fig. The monthly changes in fitness values of the sampled sequences. (A, B, C) Temporal changes in immune 
escape against BA.1 + BTI convalescent (A), BA.2 + BTI convalescent (B), BA.5 + BTI convalescent (C). The x-axis rep-
resents monthly time points from March 2020 to February 2024, and the y-axis represents the average fitness values of 
the sampled sequences. Scores less than 0 were set to 0. The color gradients reflect the predominant variant for each 
month, defined as the variant with the highest proportion in a given month.
(TIF)

S8 Fig. Clustering of SARS-CoV-2 fitness across countries based on Geno-GNN predictions, and its association 
with administered vaccine types. (A) Heatmap of SARS-CoV-2 fitness across countries before the Omicron wave, with 
hierarchical clustering represented as a dendrogram on the left. Squares on the left indicate the vaccine types adminis-
tered in each country. Fitness values are normalized for each fitness category. It is important to note that while this heat-
map illustrates an association between fitness clusters and vaccine platforms, our multivariable regression analysis (Main 
Text and S2 Table) show that this pattern is driven by multiple factors, with vaccine type being one of several statistically 
significant contributors. (B) Distribution of vaccine types administered across countries. In accordance with a previous 
study [67], the countries were categorized into four immune backgrounds based on the vaccine platform used: mRNA, 
adenovirus vector, inactivated, and mixed. The base map layer showing country boundaries was sourced from Natural 
Earth’s medium-scale (1:50m) cultural vectors (https://www.naturalearthdata.com/downloads/50m-cultural-vectors/). The 
shapefile data is in the public domain and is freely available for personal and commercial use under the terms of use out-
lined at: https://www.naturalearthdata.com/about/terms-of-use/.
(TIF)

S9 Fig. Temporal change of SARS-CoV-2 fitness grouped by countries with diverse vaccines administered. (A, 
C, E) Temporal changes in ACE2 binding affinity and immune escape against WT convalescent and WT inactive vaccine 
across different vaccine administration regions. (B, D, F) The Wilcoxon-test results for the difference in the magnitude of 
fitness change between countries where different vaccines were administered. The y-axis represents the average fitness 
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values of the sampled sequences. The color gradients represent the countries with different types of vaccines. p-values 
are indicated: *p-value < 0.10; **p-value < 0.05; ***p-value < 0.01; ****p-value < 0.001. NS, not significant.
(TIF)

S10 Fig. Fitness landscape of fixed mutations. The distribution of ACE2 binding affinities is grouped by the number of 
mutations and the number of immune types escaped. The color gradient reflects the number of escaped immune types. 
The black dashed line represents the ACE2 affinity of the wildtype. The boxes represent the range between the 25th and 
75th percentiles, with whiskers extending to 1.5 times the interquartile range. “Fixed mutations” refers to the set of muta-
tions shared by all studied variants. To evaluate the impact of each individual fixed mutation on fitness, we conducted a 
separate virtual mutation scanning analysis, treating each fixed mutation separately. This approach contrasts with the 
evolutionary trajectory analysis, where fixed mutations were considered co-mutated during virtual mutation scanning.
(TIF)

S1 Table. Characteristics of data collected. 
(XLSX)

S2 Table. Multiple regression analysis of factors associated with viral fitness levels. 
(XLSX)

S3 Table. Fitness change rates across regions for 8 time periods. Since the Alpha dominance period lasted only one 
month, and the Delta-to-Omicron transition was only two months, a reliable regression cannot be performed, resulting in 
null values in the table.
(XLSX)

S4 Table. The p-values from the slope difference test for comparing piecewise regression coefficients across 
regions over 8 time periods. 
(XLSX)

S5 Table. Multiple regression analysis of factors associated with the rate of fitness change during the 
Others-to-Alpha transition period. 
(XLSX)

S6 Table. Multiple regression analysis of factors associated with the rate of fitness change during the  
Alpha-to-Delta transition period. 
(XLSX)

S7 Table. RBD mutations of Omicron subvariants. 
(XLSX)

Acknowledgments

The authors sincerely thank all data contributors, including the researchers and their originating laboratories conducting 
deep mutational scanning, as well as the submitting laboratories responsible for generating genetic sequences and asso-
ciated metadata, and for sharing them via the GISAID Initiative. This research is fundamentally based on their valuable 
contributions. The authors also gratefully acknowledge Prof. Yunhong Wang for the important and insightful comments.

Author contributions

Conceptualization: Huaiyu Tian.

Data curation: Ziqin Zhou, Lingyue Yang, Weina Xu, Zeming Liu, Liang Yang.

http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1013582.s011
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1013582.s012
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1013582.s013
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1013582.s014
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1013582.s015
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1013582.s016
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1013582.s017
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1013582.s018


PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1013582  January 12, 2026 20 / 22

Formal analysis: Ziqin Zhou, Junfu Wang.

Methodology: Ziqin Zhou, Junfu Wang.

Supervision: Zengmiao Wang.

Validation: Ziqin Zhou, Zhirui Zhang, Yuxi Ge.

Visualization: Ziqin Zhou.

Writing – original draft: Zengmiao Wang, Ziqin Zhou, Yuanfang Guo.

Writing – review & editing: Xiaoli Wang, Peng Yang, Quanyi Wang, Yunlong Cao, Yuanfang Guo, Huaiyu Tian.

References
	 1.	 Markov PV, Ghafari M, Beer M, Lythgoe K, Simmonds P, Stilianakis NI, et al. The evolution of SARS-CoV-2. Nat Rev Microbiol. 2023;21(6):361–79. 

https://doi.org/10.1038/s41579-023-00878-2 PMID: 37020110

	 2.	 Carabelli AM, Peacock TP, Thorne LG, Harvey WT, Hughes J, COVID-19 Genomics UK Consortium, et al. SARS-CoV-2 variant biology: immune 
escape, transmission and fitness. Nat Rev Microbiol. 2023;21(3):162–77. https://doi.org/10.1038/s41579-022-00841-7 PMID: 36653446

	 3.	 Clade and lineage nomenclature aids in genomic epidemiology studies of active hCoV-19 viruses. In: GISAID [Internet]. 2021. Available from: 
https://go.nature.com/3pgSIt6

	 4.	 Bedford T, Hodcroft EB, Neher RA. Nextstrain: Updated Nextstrain SARS-CoV-2 clade naming strategy. In: Nextstrain [Internet]. 2021 [cited 13 Dec 
2024]. Available from: https://nextstrain.org/blog/2021-01-06-updated-SARS-CoV-2-clade-naming

	 5.	 Rambaut A, Holmes EC, O’Toole Á, Hill V, McCrone JT, Ruis C, et al. A dynamic nomenclature proposal for SARS-CoV-2 lineages to assist 
genomic epidemiology. Nat Microbiol. 2020;5(11):1403–7. https://doi.org/10.1038/s41564-020-0770-5 PMID: 32669681

	 6.	 Ulrich L, Halwe NJ, Taddeo A, Ebert N, Schön J, Devisme C, et al. Enhanced fitness of SARS-CoV-2 variant of concern Alpha but not Beta. Nature. 
2022;602(7896):307–13. https://doi.org/10.1038/s41586-021-04342-0 PMID: 34937050

	 7.	 Meganck RM, Edwards CE, Mallory ML, Lee RE, Dang H, Bailey AB, et al. SARS-CoV-2 variant of concern fitness and adaptation in primary 
human airway epithelia. Cell Rep. 2024;43(4):114076. https://doi.org/10.1016/j.celrep.2024.114076 PMID: 38607917

	 8.	 Shuai H, Chan JF-W, Hu B, Chai Y, Yoon C, Liu H, et al. The viral fitness and intrinsic pathogenicity of dominant SARS-CoV-2 Omicron sublineages 
BA.1, BA.2, and BA.5. EBioMedicine. 2023;95:104753. https://doi.org/10.1016/j.ebiom.2023.104753 PMID: 37579626

	 9.	 Imai M, Ito M, Kiso M, Yamayoshi S, Uraki R, Fukushi S, et al. Efficacy of antiviral agents against omicron subvariants BQ.1.1 and XBB. N Engl J 
Med. 2023;388(1):89–91. https://doi.org/10.1056/NEJMc2214302 PMID: 36476720

	10.	 Cho J, Shin Y, Yang J-S, Kim JW, Kim K-C, Lee J-Y. Evaluation of antiviral drugs against newly emerged SARS-CoV-2 Omicron subvariants. Antivi-
ral Res. 2023;214:105609. https://doi.org/10.1016/j.antiviral.2023.105609 PMID: 37086978

	11.	 Luksza M, Lässig M. A predictive fitness model for influenza. Nature. 2014;507(7490):57–61. https://doi.org/10.1038/nature13087 PMID: 24572367

	12.	 Bloom JD, Neher RA. Fitness effects of mutations to SARS-CoV-2 proteins. Virus Evol. 2023;9. https://doi.org/10.1093/ve/vead055

	13.	 Acevedo A, Brodsky L, Andino R. Mutational and fitness landscapes of an RNA virus revealed through population sequencing. Nature. 
2014;505(7485):686–90. https://doi.org/10.1038/nature12861 PMID: 24284629

	14.	 Kelso A, Hurt AC. The ongoing battle against influenza: drug-resistant influenza viruses: why fitness matters. Nat Med. 2012;18(10):1470–1. https://
doi.org/10.1038/nm.2954 PMID: 23042350

	15.	 Duan S, Boltz DA, Seiler P, Li J, Bragstad K, Nielsen LP, et al. Oseltamivir-resistant pandemic H1N1/2009 influenza virus possesses lower trans-
missibility and fitness in ferrets. PLoS Pathog. 2010;6(7):e1001022. https://doi.org/10.1371/journal.ppat.1001022 PMID: 20686654

	16.	 Starr TN, Greaney AJ, Hilton SK, Ellis D, Crawford KHD, Dingens AS, et al. Deep mutational scanning of SARS-CoV-2 receptor binding domain 
reveals constraints on folding and ACE2 binding. Cell. 2020;182(5):1295–1310.e20. https://doi.org/10.1016/j.cell.2020.08.012 PMID: 32841599

	17.	 Greaney AJ, Loes AN, Crawford KHD, Starr TN, Malone KD, Chu HY, et al. Comprehensive mapping of mutations in the SARS-CoV-2 
receptor-binding domain that affect recognition by polyclonal human plasma antibodies. Cell Host Microbe. 2021;29(3):463-476.e6. https://doi.
org/10.1016/j.chom.2021.02.003 PMID: 33592168

	18.	 Cao Y, Yisimayi A, Jian F, Song W, Xiao T, Wang L, et al. BA.2.12.1, BA.4 and BA.5 escape antibodies elicited by Omicron infection. Nature. 
2022;608(7923):593–602. https://doi.org/10.1038/s41586-022-04980-y PMID: 35714668

	19.	 Cao Y, Wang J, Jian F, Xiao T, Song W, Yisimayi A, et al. Omicron escapes the majority of existing SARS-CoV-2 neutralizing antibodies. Nature. 
2022;602(7898):657–63. https://doi.org/10.1038/s41586-021-04385-3 PMID: 35016194

	20.	 Dadonaite B, Crawford KHD, Radford CE, Farrell AG, Yu TC, Hannon WW, et al. A pseudovirus system enables deep mutational scanning of the 
full SARS-CoV-2 spike. Cell. 2023;186(6):1263–1278.e20. https://doi.org/10.1016/j.cell.2023.02.001 PMID: 36868218

	21.	 Dadonaite B, Brown J, McMahon TE, Farrell AG, Figgins MD, Asarnow D, et al. Spike deep mutational scanning helps predict success of SARS-
CoV-2 clades. Nature. 2024;631(8021):617–26. https://doi.org/10.1038/s41586-024-07636-1 PMID: 38961298

https://doi.org/10.1038/s41579-023-00878-2
http://www.ncbi.nlm.nih.gov/pubmed/37020110
https://doi.org/10.1038/s41579-022-00841-7
http://www.ncbi.nlm.nih.gov/pubmed/36653446
https://go.nature.com/3pgSIt6
https://nextstrain.org/blog/2021-01-06-updated-SARS-CoV-2-clade-naming
https://doi.org/10.1038/s41564-020-0770-5
http://www.ncbi.nlm.nih.gov/pubmed/32669681
https://doi.org/10.1038/s41586-021-04342-0
http://www.ncbi.nlm.nih.gov/pubmed/34937050
https://doi.org/10.1016/j.celrep.2024.114076
http://www.ncbi.nlm.nih.gov/pubmed/38607917
https://doi.org/10.1016/j.ebiom.2023.104753
http://www.ncbi.nlm.nih.gov/pubmed/37579626
https://doi.org/10.1056/NEJMc2214302
http://www.ncbi.nlm.nih.gov/pubmed/36476720
https://doi.org/10.1016/j.antiviral.2023.105609
http://www.ncbi.nlm.nih.gov/pubmed/37086978
https://doi.org/10.1038/nature13087
http://www.ncbi.nlm.nih.gov/pubmed/24572367
https://doi.org/10.1093/ve/vead055
https://doi.org/10.1038/nature12861
http://www.ncbi.nlm.nih.gov/pubmed/24284629
https://doi.org/10.1038/nm.2954
https://doi.org/10.1038/nm.2954
http://www.ncbi.nlm.nih.gov/pubmed/23042350
https://doi.org/10.1371/journal.ppat.1001022
http://www.ncbi.nlm.nih.gov/pubmed/20686654
https://doi.org/10.1016/j.cell.2020.08.012
http://www.ncbi.nlm.nih.gov/pubmed/32841599
https://doi.org/10.1016/j.chom.2021.02.003
https://doi.org/10.1016/j.chom.2021.02.003
http://www.ncbi.nlm.nih.gov/pubmed/33592168
https://doi.org/10.1038/s41586-022-04980-y
http://www.ncbi.nlm.nih.gov/pubmed/35714668
https://doi.org/10.1038/s41586-021-04385-3
http://www.ncbi.nlm.nih.gov/pubmed/35016194
https://doi.org/10.1016/j.cell.2023.02.001
http://www.ncbi.nlm.nih.gov/pubmed/36868218
https://doi.org/10.1038/s41586-024-07636-1
http://www.ncbi.nlm.nih.gov/pubmed/38961298


PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1013582  January 12, 2026 21 / 22

	22.	 Jian F, Wang J, Yisimayi A, Song W, Xu Y, Chen X, et al. Evolving antibody response to SARS-CoV-2 antigenic shift from XBB to JN.1. Nature. 
2025;637(8047):921–9. https://doi.org/10.1038/s41586-024-08315-x PMID: 39510125

	23.	 Moulana A, Dupic T, Phillips AM, Chang J, Nieves S, Roffler AA, et al. Compensatory epistasis maintains ACE2 affinity in SARS-CoV-2 Omicron 
BA.1. Nat Commun. 2022;13(1):7011. https://doi.org/10.1038/s41467-022-34506-z PMID: 36384919

	24.	 Zahradník J, Marciano S, Shemesh M, Zoler E, Harari D, Chiaravalli J, et al. SARS-CoV-2 variant prediction and antiviral drug design are enabled 
by RBD in vitro evolution. Nat Microbiol. 2021;6(9):1188–98. https://doi.org/10.1038/s41564-021-00954-4 PMID: 34400835

	25.	 Makowski EK, Schardt JS, Smith MD, Tessier PM. Mutational analysis of SARS-CoV-2 variants of concern reveals key tradeoffs between receptor 
affinity and antibody escape. PLoS Comput Biol. 2022;18(5):e1010160. https://doi.org/10.1371/journal.pcbi.1010160 PMID: 35639784

	26.	 Tonner PD, Pressman A, Ross D. Interpretable modeling of genotype-phenotype landscapes with state-of-the-art predictive power. Proc Natl Acad 
Sci U S A. 2022;119(26):e2114021119. https://doi.org/10.1073/pnas.2114021119 PMID: 35733251

	27.	 Taft JM, Weber CR, Gao B, Ehling RA, Han J, Frei L, et al. Deep mutational learning predicts ACE2 binding and antibody escape to combinato-
rial mutations in the SARS-CoV-2 receptor-binding domain. Cell. 2022;185(21):4008–4022.e14. https://doi.org/10.1016/j.cell.2022.08.024 PMID: 
36150393

	28.	 Hie B, Zhong ED, Berger B, Bryson B. Learning the language of viral evolution and escape. Science. 2021;371(6526):284–8. https://doi.
org/10.1126/science.abd7331 PMID: 33446556

	29.	 Han W, Chen N, Xu X, Sahil A, Zhou J, Li Z, et al. Predicting the antigenic evolution of SARS-COV-2 with deep learning. Nat Commun. 
2023;14(1):3478. https://doi.org/10.1038/s41467-023-39199-6 PMID: 37311849

	30.	 Wang G, Liu X, Wang K, Gao Y, Li G, Baptista-Hon DT, et al. Deep-learning-enabled protein-protein interaction analysis for prediction of SARS-
CoV-2 infectivity and variant evolution. Nat Med. 2023;29(8):2007–18. https://doi.org/10.1038/s41591-023-02483-5 PMID: 37524952

	31.	 Obermeyer F, Jankowiak M, Barkas N, Schaffner SF, Pyle JD, Yurkovetskiy L, et al. Analysis of 6.4 million SARS-CoV-2 genomes identifies muta-
tions associated with fitness. Science. 2022;376(6599):1327–32. https://doi.org/10.1126/science.abm1208 PMID: 35608456

	32.	 Donker T, Papathanassopoulos A, Ghosh H, Kociurzynski R, Felder M, Grundmann H, et al. Estimation of SARS-CoV-2 fitness gains from 
genomic surveillance data without prior lineage classification. Proc Natl Acad Sci U S A. 2024;121(25):e2314262121. https://doi.org/10.1073/
pnas.2314262121 PMID: 38861609

	33.	 Wargo AR, Kurath G. Viral fitness: definitions, measurement, and current insights. Curr Opin Virol. 2012;2(5):538–45. https://doi.org/10.1016/j.
coviro.2012.07.007 PMID: 22986085

	34.	 Mathieu E, Ritchie H, Rodés-Guirao L, Appel C, Gavrilov D, Giattino C, et al. Coronavirus (COVID-19) Vaccinations. In: Our World in Data [Inter-
net]. 2024 [cited 16 Dec 2024]. Available from: https://ourworldindata.org/covid-vaccinations

	35.	 Lamb YN. BNT162b2 mRNA COVID-19 vaccine: first approval. Drugs. 2021;81(4):495–501. https://doi.org/10.1007/s40265-021-01480-7 PMID: 
33683637

	36.	 Ledford H, Cyranoski D, Van Noorden R. The UK has approved a COVID vaccine - here’s what scientists now want to know. Nature. 
2020;588(7837):205–6. https://doi.org/10.1038/d41586-020-03441-8 PMID: 33288887

	37.	 Shepherd A. Covid-19: Chile joins top five countries in world vaccination league. BMJ. 2021;372:n718. https://doi.org/10.1136/bmj.n718 PMID: 
33731333

	38.	 Logunov DY, Dolzhikova IV, Shcheblyakov DV, Tukhvatulin AI, Zubkova OV, Dzharullaeva AS, et al. Safety and efficacy of an rAd26 and rAd5 
vector-based heterologous prime-boost COVID-19 vaccine: an interim analysis of a randomised controlled phase 3 trial in Russia. Lancet. 
2021;397(10275):671–81. https://doi.org/10.1016/S0140-6736(21)00234-8 PMID: 33545094

	39.	 Yewdell JW. Antigenic drift: understanding COVID-19. Immunity. 2021;54(12):2681–7. https://doi.org/10.1016/j.immuni.2021.11.016 PMID: 
34910934

	40.	 WHO roadmap on uses of COVID-19 vaccines in the context of Omicron and high population immunity. In: World Health Organization [Internet]. 
2023 [cited 13 Dec 2024]. Available from: https://www.who.int/publications/i/item/WHO-2019-nCoV-Vaccines-SAGE-Prioritization-2023.2

	41.	 Ma W, Fu H, Jian F, Cao Y, Li M. Distinct SARS-CoV-2 populational immune backgrounds tolerate divergent RBD evolutionary preferences. Natl 
Sci Rev. 2024;11(7):nwae196. https://doi.org/10.1093/nsr/nwae196 PMID: 39071101

	42.	 Cao Y, Jian F, Wang J, Yu Y, Song W, Yisimayi A, et al. Imprinted SARS-CoV-2 humoral immunity induces convergent Omicron RBD evolution. 
Nature. 2023;614(7948):521–9. https://doi.org/10.1038/s41586-022-05644-7 PMID: 36535326

	43.	 Starr TN, Greaney AJ, Stewart CM, Walls AC, Hannon WW, Veesler D, et al. Deep mutational scans for ACE2 binding, RBD expression, and anti-
body escape in the SARS-CoV-2 Omicron BA.1 and BA.2 receptor-binding domains. PLoS Pathog. 2022;18(11):e1010951. https://doi.org/10.1371/
journal.ppat.1010951 PMID: 36399443

	44.	 Rössler A, Netzl A, Knabl L, Schäfer H, Wilks SH, Bante D, et al. BA.2 and BA.5 omicron differ immunologically from both BA.1 omicron and 
pre-omicron variants. Nat Commun. 2022;13(1):7701. https://doi.org/10.1038/s41467-022-35312-3 PMID: 36513653

	45.	 Greaney AJ, Starr TN, Bloom JD. An antibody-escape estimator for mutations to the SARS-CoV-2 receptor-binding domain. Virus Evol. 
2022;8(1):veac021. https://doi.org/10.1093/ve/veac021 PMID: 35573973

	46.	 Starr TN, Greaney AJ, Hannon WW, Loes AN, Hauser K, Dillen JR, et al. Shifting mutational constraints in the SARS-CoV-2 receptor-binding 
domain during viral evolution. Science. 2022;377(6604):420–4. https://doi.org/10.1126/science.abo7896 PMID: 35762884

https://doi.org/10.1038/s41586-024-08315-x
http://www.ncbi.nlm.nih.gov/pubmed/39510125
https://doi.org/10.1038/s41467-022-34506-z
http://www.ncbi.nlm.nih.gov/pubmed/36384919
https://doi.org/10.1038/s41564-021-00954-4
http://www.ncbi.nlm.nih.gov/pubmed/34400835
https://doi.org/10.1371/journal.pcbi.1010160
http://www.ncbi.nlm.nih.gov/pubmed/35639784
https://doi.org/10.1073/pnas.2114021119
http://www.ncbi.nlm.nih.gov/pubmed/35733251
https://doi.org/10.1016/j.cell.2022.08.024
http://www.ncbi.nlm.nih.gov/pubmed/36150393
https://doi.org/10.1126/science.abd7331
https://doi.org/10.1126/science.abd7331
http://www.ncbi.nlm.nih.gov/pubmed/33446556
https://doi.org/10.1038/s41467-023-39199-6
http://www.ncbi.nlm.nih.gov/pubmed/37311849
https://doi.org/10.1038/s41591-023-02483-5
http://www.ncbi.nlm.nih.gov/pubmed/37524952
https://doi.org/10.1126/science.abm1208
http://www.ncbi.nlm.nih.gov/pubmed/35608456
https://doi.org/10.1073/pnas.2314262121
https://doi.org/10.1073/pnas.2314262121
http://www.ncbi.nlm.nih.gov/pubmed/38861609
https://doi.org/10.1016/j.coviro.2012.07.007
https://doi.org/10.1016/j.coviro.2012.07.007
http://www.ncbi.nlm.nih.gov/pubmed/22986085
https://ourworldindata.org/covid-vaccinations
https://doi.org/10.1007/s40265-021-01480-7
http://www.ncbi.nlm.nih.gov/pubmed/33683637
https://doi.org/10.1038/d41586-020-03441-8
http://www.ncbi.nlm.nih.gov/pubmed/33288887
https://doi.org/10.1136/bmj.n718
http://www.ncbi.nlm.nih.gov/pubmed/33731333
https://doi.org/10.1016/S0140-6736(21)00234-8
http://www.ncbi.nlm.nih.gov/pubmed/33545094
https://doi.org/10.1016/j.immuni.2021.11.016
http://www.ncbi.nlm.nih.gov/pubmed/34910934
https://www.who.int/publications/i/item/WHO-2019-nCoV-Vaccines-SAGE-Prioritization-2023.2
https://doi.org/10.1093/nsr/nwae196
http://www.ncbi.nlm.nih.gov/pubmed/39071101
https://doi.org/10.1038/s41586-022-05644-7
http://www.ncbi.nlm.nih.gov/pubmed/36535326
https://doi.org/10.1371/journal.ppat.1010951
https://doi.org/10.1371/journal.ppat.1010951
http://www.ncbi.nlm.nih.gov/pubmed/36399443
https://doi.org/10.1038/s41467-022-35312-3
http://www.ncbi.nlm.nih.gov/pubmed/36513653
https://doi.org/10.1093/ve/veac021
http://www.ncbi.nlm.nih.gov/pubmed/35573973
https://doi.org/10.1126/science.abo7896
http://www.ncbi.nlm.nih.gov/pubmed/35762884


PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1013582  January 12, 2026 22 / 22

	47.	 Taylor AL, Starr TN. Deep mutational scans of XBB.1.5 and BQ.1.1 reveal ongoing epistatic drift during SARS-CoV-2 evolution. PLoS Pathog. 
2023;19(12):e1011901. https://doi.org/10.1371/journal.ppat.1011901 PMID: 38157379

	48.	 Taylor AL, Starr TN. Deep mutational scanning of SARS-CoV-2 Omicron BA.2.86 and epistatic emergence of the KP.3 variant. Virus Evol. 
2024;10(1):veae067. https://doi.org/10.1093/ve/veae067 PMID: 39310091

	49.	 Zhang L, Yao Z-C, Lu J, Tang X-L. Current understanding of the adaptive evolution of the SARS-CoV-2 genome. Yi Chuan. 2025;47(2):211–27. 
https://doi.org/10.16288/j.yczz.24-231 PMID: 39924701

	50.	 Diem G, Dichtl S, Zaderer V, Lass-Flörl C, Reindl M, Lupoli G, et al. Salivary antibodies induced by BA.4/BA.5-convalescence or bivalent 
booster Immunoglobulin vaccination protect against novel SARS-COV-2 variants of concern. Microbiol Spectr. 2023;11(5):e0179323. https://doi.
org/10.1128/spectrum.01793-23 PMID: 37551989

	51.	 Shah M, Woo HG. Omicron: a heavily mutated SARS-CoV-2 variant exhibits stronger binding to ACE2 and potently escapes approved COVID-19 
therapeutic antibodies. Front Immunol. 2022;12:830527. https://doi.org/10.3389/fimmu.2021.830527 PMID: 35140714

	52.	 Barton MI, MacGowan SA, Kutuzov MA, Dushek O, Barton GJ, van der Merwe PA. Effects of common mutations in the SARS-CoV-2 Spike 
RBD and its ligand, the human ACE2 receptor on binding affinity and kinetics. Elife. 2021;10:e70658. https://doi.org/10.7554/eLife.70658 PMID: 
34435953

	53.	 Liu Z, VanBlargan LA, Bloyet L-M, Rothlauf PW, Chen RE, Stumpf S, et al. Identification of SARS-CoV-2 spike mutations that attenuate monoclonal 
and serum antibody neutralization. Cell Host Microbe. 2021;29(3):477–488.e4. https://doi.org/10.1016/j.chom.2021.01.014 PMID: 33535027

	54.	 Huang K-YA, Chen X, Mohapatra A, Nguyen HTV, Schimanski L, Tan TK, et al. Structural basis for a conserved neutralization epitope on the 
receptor-binding domain of SARS-CoV-2. Nat Commun. 2023;14(1):311. https://doi.org/10.1038/s41467-023-35949-8 PMID: 36658148

	55.	 With the international public health emergency ending, WHO/Europe launches its transition plan for COVID-19. In: 
World Health Organization [Internet]. 2023 [cited 16 Aug 2024]. Available from: https://www.who.int/europe/news/
item/12-06-2023-with-the-international-public-health-emergency-ending--who-europe-launches-its-transition-plan-for-covid-19

	56.	 Koelle K, Cobey S, Grenfell B, Pascual M. Epochal evolution shapes the phylodynamics of interpandemic influenza A (H3N2) in humans. Science. 
2006;314(5807):1898–903. https://doi.org/10.1126/science.1132745 PMID: 17185596

	57.	 Nielsen BF, Saad-Roy CM, Li Y, Sneppen K, Simonsen L, Viboud C, et al. Host heterogeneity and epistasis explain punctuated evolution of SARS-
CoV-2. PLoS Comput Biol. 2023;19(2):e1010896. https://doi.org/10.1371/journal.pcbi.1010896 PMID: 36791146

	58.	 Moulana A, Dupic T, Phillips AM, Chang J, Roffler AA, Greaney AJ, et al. The landscape of antibody binding affinity in SARS-CoV-2 Omicron BA.1 
evolution. Elife. 2023;12:e83442. https://doi.org/10.7554/eLife.83442 PMID: 36803543

	59.	 Kumar S, Karuppanan K, Subramaniam G. Omicron (BA.1) and sub-variants (BA.1.1, BA.2, and BA.3) of SARS-CoV-2 spike infectivity and patho-
genicity: a comparative sequence and structural-based computational assessment. J Med Virol. 2022;94(10):4780–91. https://doi.org/10.1002/
jmv.27927 PMID: 35680610

	60.	 Nuñez NG, Schmid J, Power L, Alberti C, Krishnarajah S, Kreutmair S, et al. High-dimensional analysis of 16 SARS-CoV-2 vaccine combinations 
reveals lymphocyte signatures correlating with immunogenicity. Nat Immunol. 2023;24(6):941–54. https://doi.org/10.1038/s41590-023-01499-w 
PMID: 37095378

	61.	 Kaku CI, Starr TN, Zhou P, Dugan HL, Khalifé P, Song G, et al. Evolution of antibody immunity following Omicron BA.1 breakthrough infection. Nat 
Commun. 2023;14(1):2751. https://doi.org/10.1038/s41467-023-38345-4 PMID: 37173311

	62.	 Mei H, Liao ZH, Zhou Y, Li SZ. A new set of amino acid descriptors and its application in peptide QSARs. Biopolymers. 2005;80(6):775–86. https://
doi.org/10.1002/bip.20296 PMID: 15895431

	63.	 Hamilton W, Ying Z, Leskovec J. Inductive Representation Learning on Large Graphs. Advances in Neural Information Processing Systems. Curran 
Associates, Inc.; 2017. pp. 1025–1035.

	64.	 Dai H, Dai B, Song L. Discriminative Embeddings of Latent Variable Models for Structured Data. International Conference on Machine Learning. 
2016. pp. 2702–2711.

	65.	 Schlichtkrull M, Kipf TN, Bloem P, van den Berg R, Titov I, Welling M. Modeling Relational Data with Graph Convolutional Networks. The Semantic 
Web. Springer International Publishing; 2018. pp. 593–607. https://doi.org/10.1007/978-3-319-93417-4_38

	66.	 Elbe S, Buckland-Merrett G. Data, disease and diplomacy: GISAID’s innovative contribution to global health. Glob Chall. 2017;1(1):33–46. https://
doi.org/10.1002/gch2.1018 PMID: 31565258

	67.	 Yang L, Wang Z, Wang L, Vrancken B, Wang R, Wei Y, et al. Association of vaccination, international travel, public health and social measures 
with lineage dynamics of SARS-CoV-2. Proc Natl Acad Sci U S A. 2023;120(33):e2305403120. https://doi.org/10.1073/pnas.2305403120 PMID: 
37549270

	68.	 Mathieu E, Ritchie H, Rodés-Guirao L, Appel C, Giattino C, Hasell J, et al. Coronavirus Pandemic (COVID-19). Our World in Data. 2020 [cited 10 
Jul 2024]. Available from: https://ourworldindata.org/coronavirus

	69.	 Hale T, Angrist N, Goldszmidt R, Kira B, Petherick A, Phillips T, et al. A global panel database of pandemic policies (Oxford COVID-19 Government 
Response Tracker). Nat Hum Behav. 2021;5(4):529–38. https://doi.org/10.1038/s41562-021-01079-8 PMID: 33686204

	70.	 Chen C, Nadeau S, Yared M, Voinov P, Xie N, Roemer C, et al. CoV-Spectrum: analysis of globally shared SARS-CoV-2 data to identify and char-
acterize new variants. Bioinformatics. 2022;38(6):1735–7. https://doi.org/10.1093/bioinformatics/btab856 PMID: 34954792

https://doi.org/10.1371/journal.ppat.1011901
http://www.ncbi.nlm.nih.gov/pubmed/38157379
https://doi.org/10.1093/ve/veae067
http://www.ncbi.nlm.nih.gov/pubmed/39310091
https://doi.org/10.16288/j.yczz.24-231
http://www.ncbi.nlm.nih.gov/pubmed/39924701
https://doi.org/10.1128/spectrum.01793-23
https://doi.org/10.1128/spectrum.01793-23
http://www.ncbi.nlm.nih.gov/pubmed/37551989
https://doi.org/10.3389/fimmu.2021.830527
http://www.ncbi.nlm.nih.gov/pubmed/35140714
https://doi.org/10.7554/eLife.70658
http://www.ncbi.nlm.nih.gov/pubmed/34435953
https://doi.org/10.1016/j.chom.2021.01.014
http://www.ncbi.nlm.nih.gov/pubmed/33535027
https://doi.org/10.1038/s41467-023-35949-8
http://www.ncbi.nlm.nih.gov/pubmed/36658148
https://www.who.int/europe/news/item/12-06-2023-with-the-international-public-health-emergency-ending--who-europe-launches-its-transition-plan-for-covid-19
https://www.who.int/europe/news/item/12-06-2023-with-the-international-public-health-emergency-ending--who-europe-launches-its-transition-plan-for-covid-19
https://doi.org/10.1126/science.1132745
http://www.ncbi.nlm.nih.gov/pubmed/17185596
https://doi.org/10.1371/journal.pcbi.1010896
http://www.ncbi.nlm.nih.gov/pubmed/36791146
https://doi.org/10.7554/eLife.83442
http://www.ncbi.nlm.nih.gov/pubmed/36803543
https://doi.org/10.1002/jmv.27927
https://doi.org/10.1002/jmv.27927
http://www.ncbi.nlm.nih.gov/pubmed/35680610
https://doi.org/10.1038/s41590-023-01499-w
http://www.ncbi.nlm.nih.gov/pubmed/37095378
https://doi.org/10.1038/s41467-023-38345-4
http://www.ncbi.nlm.nih.gov/pubmed/37173311
https://doi.org/10.1002/bip.20296
https://doi.org/10.1002/bip.20296
http://www.ncbi.nlm.nih.gov/pubmed/15895431
https://doi.org/10.1007/978-3-319-93417-4_38
https://doi.org/10.1002/gch2.1018
https://doi.org/10.1002/gch2.1018
http://www.ncbi.nlm.nih.gov/pubmed/31565258
https://doi.org/10.1073/pnas.2305403120
http://www.ncbi.nlm.nih.gov/pubmed/37549270
https://ourworldindata.org/coronavirus
https://doi.org/10.1038/s41562-021-01079-8
http://www.ncbi.nlm.nih.gov/pubmed/33686204
https://doi.org/10.1093/bioinformatics/btab856
http://www.ncbi.nlm.nih.gov/pubmed/34954792

