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KEY MESSAGES

1. Understanding virus evolution is important
for pandemic preparedness and response.
Characterisation of genome stability of
SARS-CoV-2 enables evaluation of the virus’s
evolutionary rate and the potential risk of
COVID-19 vaccine breakthrough.

2. The receptor-binding domain region of the spike
protein was associated with a significant risk of
COVID-19 vaccine breakthrough.
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Introduction

The continuous evolution of SARS-CoV-2 has
generated successive epidemic waves, posing a
major threat to COVID-19 prevention and control.!
Evaluations of viral evolutionary traits help predict
future trajectories and support assessment of the
health burden and disease risks posed by emerging
variants.” The substitution rate, or evolutionary rate,
is a key metric for understanding the evolutionary
characteristics of a species.* At the genomic level,
the substitution rate of SARS-CoV-2 aggregates
information across its constituent proteins.*
However, various genes and genomic regions are
subject to different degrees of immune pressure.
For example, surface proteins or epitope sites of the
influenza virus tend to have more mutations that lead
to antigenic escape or positive selection.” Therefore,
analyses of segment-specific substitution rates
may better reveal the evolutionary characteristics
of SARS-CoV-2. Such information is valuable
for monitoring and assessing the risks posed by
circulating variants. This study aimed to evaluate
substitution rates across specific genome segments
of SARS-CoV-2.

Methods

The dataset used included 73062 SARS-CoV-2
sequences retrieved from the Global Initiative on
Sharing All Influenza Data® and 110 viral genomes
sequenced at the Prince of Wales Hospital, Hong
Kong SAR between March 2020 and March 2022.
Substitution rates were estimated using BEAST
v1.10 for Bayesian phylogenetic analysis.”

We developed a method to evaluate the effect
of mutations in major immunodominant regions on

the reduction of vaccine effectiveness at the
population level.® Cumulative genetic distance was
calculated between the antigen sequences of the
COVID-19 of circulating viruses. Real-world vaccine
effectiveness data from observational studies were
collected. A model was then constructed to capture
the relationship between genetic mutations and
vaccine protection.?

Results

During the early phase of the pandemic, cumulative
mutation activity across the SARS-CoV-2 genome
was profiled over time. Increasing trends in mutation
activity were observed, particularly in the S protein,
ORF1b, and the N protein.’ The basic framework
for profiling mutation activity was based on average
genetic distance from the ancestral Wuhan strain.

The estimated genomic-level substitution
rate was 0.86 (95% confidence interval [CI]=0.76-
0.96) x10° substitutions per nucleotide site per
year (s/n/y), consistent with values reported in the
literature.*'° The highest substitution rates were
observed in the N and OREF8 proteins at 2.27 and
2.19 x103 s/nl/y, respectively—approximately 2.5-
fold higher than the genomic average, followed by
the S protein at 1.64 x10° s/n/y—approximately 1.9-
fold higher than the genomic average, and then the
E and ORF10 proteins at 0.17 and 0.35 x107 s/n/y,
respectively.

Based on the vaccine effectiveness—genetic
distance model, as of March 2022, a single mutation
in the receptor-binding domain region corresponded
to an absolute reduction in vaccine effectiveness of
5.2% (95% CI=2.4-8.0) for mRNA vaccines and 15.8%
(95% CI=12.4-19.3) for inactivated vaccines.
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Discussion

Genome stability of SARS-CoV-2 was characterised
on a gene segment basis. The N, ORFS8, and S
proteins were identified to be the fastest-evolving
among all evaluated genomic segments. The
receptor-binding domain region of the spike protein
was associated with a significant risk of COVID-19
vaccine breakthrough. All results presented should
be interpreted with regard to the time of data
collection.

Conclusions

Substitution rates in the SARS-CoV-2 genome vary.
Conserved genomic segments containing epitopes
may serve as potential vaccine antigen candidates.
Regular reporting on viral genome stability may
assist health authorities in understanding local
viral genetic diversity and transmission patterns.
Regular estimation of vaccine protection levels for
both COVID-19 and influenza may support timely
issuance of health alerts and allocation of hospital
resources.
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