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A B S T R A C T   

After the first outbreak, SARS-CoV-2 infection continues to occur due to the emergence of new 
variants. There is limited information available on the comparative evaluation of evolutionary 
characteristics of SARS-CoV-2 among different countries over time, and its relatedness to 
epidemiological and socio-environmental factors within those countries. We assessed compara
tive Bayesian evolutionary characteristics for SARS-CoV-2 in eight countries from 2020 to 2022 
using BEAST version 2.6.7. Additionally, the relatedness between virus evolution factors and both 
epidemiological and socio-environmental factors was analyzed using Pearson’s correlation coef
ficient. The estimated substitution rates in the gene encoding S protein of SARS-CoV-2 exhibited a 
continuous increase from 2020 to 2022 and were divided into two distinct groups in 2022 (p 
value < 0.05). Effective population size (Ne) generally showed decreased patterns by time. 
Notably, the change rates of the substitution rates were negatively correlated with the cumulative 
vaccination rates in 2021. A strict and rapid vaccination policy in the United Arab Emirates 
dramatically reduced the evolution of the virus, compared to other countries. Also, the average 
yearly temperature in countries were negatively correlated with the substitution rates. The 
changes of six epitopes in SARS-CoV-2 were related to various socio-environmental factors. We 
figured out comparative virus evolutionary traits and the association of epidemiological and 
socio-environmental factors especially cumulative vaccination rates and average temperature.   

1. Introduction 

After the first outbreak in China in 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been one of the most 
prevalent and devastating respiratory pathogens. Despite broad vaccination and strict biosecurity measures, these diseases have 
continued to emerge by new variants. These variants of SARS-CoV-2 have been continuously reported worldwide [1]. Some variants 
with biological significance have been designated as Variants of Concerns (VOCs) by the World Health Organization, namely alpha, 
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beta, gamma, delta, and omicron. VOCs exhibit distinct phenotypes in terms of antigenicity, virulence, transmissibility and tissue 
tropisms [2]. The disease severity of SARS-CoV-2 infection varied from asymptomatic to mild and severe illness, and factors affect the 
disease severity such as age, immune status and other diseases [3]. Various non-respiratory symptoms were reported including 
gastrointestinal, neurological, reproductive and cardiovascular diseases [4]. 

Among virus families, single-stranded, positive sense RNA viruses, including SARS-CoV-2, generally exhibit higher substitution 
rates in glycoproteins [5]. The estimated substitution rates of the gene encoding S protein in SARS-CoV-2 were approximately 10− 3 and 
10− 4 substitutions per site per year, which were in the range of other RNA viruses [6]. Mutations in the gene encoding the S protein can 
alter the virus phenotypes and influence antigenicity, virulence, transmissibility and tissue tropisms [7]. Mutations within the epitopes 
of each VOC have been continuously identified in S and other viral proteins [8]. The receptor binding domain (RBD) in S protein 
directly interacts with human cells via angiotensin-converting enzyme 2 (ACE2) receptors [9]. Therefore, S protein and its RBD were 
the target regions of commercial SARS-CoV-2 vaccines and therapeutics [10]. SARS-CoV-2 VOCs achieved vaccine escape against 
commercial SARS-CoV-2 vaccine, causing large outbreaks in vaccinated populations [11]. Also, therapeutic efficacy of FDA-approved 
monoclonal antibodies diminished against Omicron variants [12]. ACE2 receptors are expressed in a variety of human tissues 
including the respiratory tract, gastrointestinal tract, kidney, heart, testis, lymphoid organs, brain and urinary tract [13]. Altered 
affinity of SARS-CoV-2 variants to ACE2 receptors in organs can alter tissue tropism and related clinical signs [14]. 

Virus mutation is affected by several factors including polymerase fidelity, host immune pressure, viral transmission mode, 
replication frequencies and duration of infection [15–17]. Viruses originated in one species can cross species barriers and infect 
another species, which is called a host jump. Several bat origin coronaviruses have been linked to pandemics in humans including 
human coronavirus NL63 and 229E, SARS-CoV, Middle East Respiratory Syndrome Coronavirus and SARS-CoV-2 [17]. After the host 
jump, the virus faces different environments including host receptors, immune responses and intracellular factors [18]. In general, the 
rapid mutation especially in S protein of SARS-CoV-2 occurred for adaptation to new host for increased fitness optimization expressed 
as the basic reproduction number (R0) [19]. After the host jump, a higher proportion of beneficial mutations were identified under 
lower adapted to the host niche, which could alter viral phenotypes. After adaptation to new host niche, mutation types are neutral and 
deleterious mutations, not beneficial mutations [20]. 

The interactions between epidemiological triads including host, pathogen and environments affect the dynamics of viral outbreaks 
and spread [21]. To the best of our knowledge, there has been limited information on a comparative evaluation of evolutionary 
characteristics of SARS-CoV-2 (pathogen) among countries by time and the relatedness with epidemiological factors (host) and 
socio-environmental factors of countries (environment). In this report, eight countries with different vaccination rates and 
socio-environmental conditions were evaluated for comparative virus evolutionary traits of SARS-CoV-2 by country and time and the 
relatedness with various factors (Fig. 1). 

Fig. 1. The description of the impact of host and environmental factors on the evolutionary properties of viruses. The epidemiological triad, 
consisting of the host, pathogen, and environment, interacts dynamically to influence the outbreak and spread of viruses. This report highlights the 
significance of host and environmental factors in understanding the evolution of viruses. 
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2. Materials and methods 

2.1. Virus sequences 

Eight countries were selected based on the criteria of vaccination rates in 2021 provided by Our World in Data and availability of 
SARS-CoV-2 sequence data from 2020 to 2022 for Bayesian evolutionary analysis [22]. Five countries had high vaccination rates above 
59 %: United Arab Emirates (UAE), Portugal, United Kingdom (UK), India and Italy. The three countries with low vaccination rates 
below 30 % were Kenya, Egypt and South Africa. Virus sequences data with known collection dates and country were retrieved by year 
and country from the Global Initiative for Sharing All Influenza Data platform (GISAID) from 2020 to 2022 (Table 1) [23]. Multiple 
alignments were performed based on the gene encoding the S protein of SARS-CoV-2 and reference strain (Wuhan-Hu-1) in CLC 
Genomics Workbench 20.0.4. (CLC Bio, Qiagen, Hilden, Germany). After then, sequences with homologous sequences (100 %) and 
ambiguous symbols (Ns or IUPAC codes) were excluded for further evaluation (Table 1). If more than 100 sequences remained after 
filtration, the 100 sequences were finally selected based on dates and a similarity criterion of more than 99 %. 

2.2. Bayesian evolutionary analysis 

All sequence alignment sets were imported in BEAUti program and analyzed using the Bayesian Markov Chain Monte Carlo 
(MCMC) method in BEAST version 2.6.7 [24]. The best fit substitution models were determined based on Akaike Information Criterion 
(AIC) and Bayesian Information Criterion (BIC) using modeling test software in CLC genomics workbench. A relaxed uncorrelated 
lognormal molecular clock was performed for each alignment data set with Bayesian skyline coalescent prior. The procedures were run 
in duplicate for 60,000,000 generations with sampling per each 6000 steps. The duplicated log and tree files were combined using 
LogCombiner except for 10 % burn-ins per each run. The log results with over 200 values of the effective sample size (ESS) were 
calculated and visualized using Tracer (version 1.7.2.), and the effective population size (Ne) were calculated using Bayesian skygrid 
reconstruction in Tracer (version 1.7.2.). 

2.3. Virus evolutionary, epidemiological and socio-environmental factors 

Virus evolutionary factors include substitution rates per site per year in the S gene, annual change rates of the substitution rates and 
relative composition rates of amino acid in each epitope. Epidemiological factors were cases per tests, cases per million and cumulative 
vaccination rates. Socio-environmental factors were population size, population density, urbanization rates, latitude, average yearly 
temperature and global health index. These data were sourced from Our World in Data (https://ourworldindata.org/) [25], Global 
Health Security Index (GHS) Index (https://www.ghsindex.org/), World Population Prospects 2022 (https://population.un.org/wpp/) 
and the world factbook (https://www.cia.gov/the-world-factbook/) and Climate Change Knowledge Portal (https:// 
climateknowledge-portal.worldbank.org/). Data sources are detailed in Supplement Table 1. 

2.4. Mutation in VOCs 

Six epitopes were selected for mutation analysis at position D614, N501, K417, E484, L452, and T478 of S protein of SARS-CoV-2 
that were closely related to alpha, beta and delta variants [26]. These variants were designated as VOCs by the World Health Orga
nization [27]. Nucleotide and amino acid sequence alignments for each country were conducted annually from 2020 to 2022. The 
relative composition rates of prior amino acid sequences were calculated for each position, and their correlation with other factors was 
assessed (Fig. 1). The numbering of amino acid sequences was performed based on the reference sequence (GenBank accession no. 
MN908902). 

Table 1 
Numbers of SARS-CoV-2 sequences categorized by country and year.  

Countries 2020 2021 2022 

Retrieved sequence 
numbersa 

Final sequence 
numbersb 

Retrieved sequence 
numbers 

Final sequence numbers Retrieved sequence 
numbers 

Final sequence 
numbers 

United Arab Emirates 152 99 135 100c 295 74 
Portugal 136 99 182 100 377 100 
United Kingdom 179 47 267 90 233 57 
India 155 90 239 88 243 63 
Italy 209 99 201 83 221 73 
Kenya 147 93 328 99 328 62 
Egypt 166 75 255 99 199 100 
South Africa 143 86 401 58 315 75  

a Sequences without ambiguous letters (Ns and IAPUC codes) were retrieved from GISAID database. 
b Homologous sequences were excluded for the Bayesian evolutionary analysis. 
c The final selection of 100 sequences was determined based on their collection dates and a criterion that required a similarity exceeding 99 %. 
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2.5. Statistical analysis 

Significant statistical differences between the means of two groups were determined using t-test with independent samples. A p 
value less than 0.05 was considered statistically significant. Correlation analysis between virus evolution and other factors was 
calculated using Pearson correlation coefficient. The final values are expressed as r values, and those below 0.05 considered statis
tically significant. All statistical analysis was performed using GraphPad Prism software, version 8.4.3 (Graphpad Software, Boston, 
MA, USA). 

3. Results 

3.1. Bayesian evolutionary analysis 

The substitution rates per site per year in the gene encoding S protein of SARS-CoV-2 were successfully determined and represented 
greater than 200 values of effective sample size (ESS). The ESS of a parameter sampled via MCMC represents the number of effectively 
independent draws from the posterior distribution equivalent to those produced by the Markov chain. This estimate is utilized to 
evaluate the statistical reliability of parameter estimates derived from MCMC sampling. Generally, the substitution rates per site per 
year continuously increased in countries from 2020 to 2022 (Fig. 2A, Supplement Table 2). In 2020, the substitution rates per site per 
year were clustered among countries. In 2021, the overall substitutions rates significantly increased compared with those of 2020, 
except for the UAE. After 2021, the substitution rates showed higher values and exhibited a broader range among different countries in 
2022. Virus substitution rates were 9.9 × 10− 4 ± 0.00055 per site per year in 2020, 2.0 × 10− 3 ± 0.00094 per site per year in 2021 and 
3.7 × 10− 3 ± 0.00186 substitution per site per year in 2022 (expressed as average ± standard deviation). In 2022, the substitution 
rates in India, Italy and Kenya were significantly higher compared with other countries (p value < 0.05) (Fig. 2B). In the UAE, the 
substitution rates were significantly lower compared with other countries in 2021 and 2022. The effective population size (Ne) in each 
country was determined by year using Bayesian skyline plot in BEAST 2 program. The overall Ne values showed a tendency to decrease 
by year, although significant differences and fluctuation patterns were identified according to country and year (Fig. 3A–H). 

3.2. The relatedness between virus evolutionary values and the values of epidemiological and socio-environmental factors 

Correlation analysis was performed between virus evolution values (virus substitution rates per site per year, increased rates of 
virus substitution rates compared with the previous year) and the values of epidemiological and socio-environmental factors (cu
mulative vaccination rates, SARS-CoV-2 cases per million people, population size, population density, urbanization rates, global health 
index, latitude and average temperature) using Pearson correlation coefficients (Supplement Table 3). A correlation between sub
stitution rates and factors in 2020 was not identified. In 2021, increased substitution rates per site per year were negatively correlated 

Fig. 2. The substitution rates per site per year in the gene encoding spike protein of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). 
The substitution rates by year from 2020 to 2022 (A), Differences in the substitution rates between two groups of countries by year (B). (A) Blue 
letter indicate five countries with high vaccination rates above 59 %, while red letters highlight three countries with low vaccination rates below 30 
%. (B) Blue letter represent five countries with low substitution rates in 2022, and red letters indicate three countries with high substitution rates. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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with cumulative vaccination rates (p value = 0.01) (Fig. 4A). Additionally, the average yearly temperature in countries was negatively 
correlated with the substitution rates per site per year (p value = 0.01) (Fig. 4B). Other factors including cases per millions were not 
correlated to virus evolutionary values. 

Fig. 3. The effective population sizes (Ne) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in countries by year from 2020 to 
2022. United Arab Emirates (A), Portugal (B), United Kingdom (C), India (D), Italy (E), Kenya (F), Egypt (G), South Africa (H). The x-axis indicates 
the time in year units, and the y-axis represents Ne values. The parenthesis indicate 95 % high probability density interval. 

Fig. 4. The Pearson correlation coefficient (r) and p-value (p) between the virus evolutionary factors and epidemiological and socio-environmental 
factors. The correlation between virus substitution rates and cumulative vaccination rates (A), and average yearly temperature (B). 
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3.3. The correlation between mutation in VOCs and virus evolutionary, epidemiological and socio-environmental factors 

The relative composition rates of amino acid sequences in six amino acid epitopes are shown in Supplement Table 4. The corre
lation between the relative composition rates in six epitopes in VOCs, vaccination and socio-environmental factors were statistically 
determined by year using Pearson correlation coefficient. Amino acid changes in various epitopes were found to be associated with one 
or more socio-environmental factors during the years 2020, 2021 and 2022 (Fig. 5A–C). 

4. Discussion 

New variants of SARS-CoV-2 viruses continue to emerge due to rapid virus evolution, leading to differences in antigenicity, 
virulence and tissue tropism. For this reason, SARS-CoV-2 has not been effectively controlled, despite strict biosecurity measures and 
vaccination policies. In this report, we performed Bayesian evolutionary analysis for the gene encoding the S protein in SARS-CoV-2 
from eight countries and evaluated the relatedness among evolutionary traits, epidemiological and socio-environmental factors. 

The substitution rates per site per year in the full length S protein of SARS-CoV-2 were successfully determined and were over 200 
ESS; we compared the rates among eight countries by year. The overall tendency of virus substitution rates tended to continuously 
increase in counties from 2020 to 2022 except for UAE in 2021 (Fig. 2). After a host jump, viruses need rapidly adapt to new envi
ronments in the new host species for increased fitness of the host niche [19]. Therefore, SARS-CoV-2 from bats would experience rapid 
evolution rates in human beings for increased virus fitness. Over time, the viral evolutionary rates of DNA and RNA viruses generally 
decrease by time and approach those of their hosts [19]. Therefore, considering the continuous increased tendency of virus evolu
tionary rates observed in this study, SARS-CoV-2 viruses are in the process of adapting human beings. In 2022, the variation in virus 
substitution rates across at least eight countries broadened compared to the previous years, with some countries exhibiting more rapid 
evolutionary characteristics (Fig. 2). The differentiation between two groups could not be statistically substantiated in terms of their 
correlation with the values of epidemiological and socio-environmental factors. The interactions among numerous factors including 
immune pressure, transmission dynamics and environmental factors could affect the virus evolutionary differentiation between 
countries over time [16,28]. This phenomenon warrants further evaluation over time and across a broader range of countries. The Ne 
values showed a tendency to decrease by year in all eight countries (Fig. 3A–H). In general, a smaller Ne promotes a higher rate of 
genetic drift and lesser potential for maintaining genetic diversity [29]. This finding coincides with the continuous increased evolu
tionary rates by year. 

The correlation between virus evolution properties and both epidemiological and socio-environmental factors was successfully 
determined in this report. Evolutionary rates that increased in 2021 compared to 2020 were found to be negatively correlated with the 
cumulative vaccination rates in 2021 (p value = 0.01) (Fig. 4A). After the initiation of the first SARS-CoV-2 vaccination in UK in 
December 2020, various vaccination policies were implemented in different countries in 2021. Vaccination enhances the host’s im
mune response against SARS-CoV-2, which can reduce virus replication and consequently influence virus evolution within the host [5]. 
However, the relationship between the absolute values of the substitution rates and cumulative vaccination rates were not statistically 
established in 2021 and 2022. Increased rates of the substitution rates in 2021 may be primarily influenced by cumulative vaccination 
rates without other factors. However, the absolute substitution rates themselves could be simultaneously affected by both epidemi
ological and socio-environmental factors. Therefore, only the increase in substitution rates could be statistically validated. The virus 
substitution rates per site per year for SARS-CoV-2 in the UAE were significantly lower than those in other countries in 2021 and 2022, 
as shown in Fig. 2. This difference was not observed in 2020 before the vaccination policy was adopted worldwide. In the UAE, the 
cumulative vaccination rates exceeded 100 % in 2021, reflecting the rapid and strict vaccination policy that was applied to nearly the 
entire population, including multiple doses for some individuals. Therefore, a stringent vaccination policy, with coverage exceeding 
the total population count, could effectively decrease virus evolution, regardless of the number of confirmed cases per million. 

This report determined the correlation between epidemiological and socio-environmental factors and virus evolutionary proper
ties, including the substitution rates and main epitopes of VOCs. The average yearly temperature in eight countries was found to be 
negatively correlated with the absolute substitution rates in S genes of SARS-CoV-2. Higher incidence rates of SARS-CoV-2 have been 
identified during winter seasons compared to other seasons, as reflected on the WHO COVID-19 dashboard. The increased incidence of 
SARS-CoV-2 in winter heightened virus transmission among people, which could have contributed to an increase in the substitution 
rates per site per year [30]. Six epitopes in VOCs were selected, which are antibody epitopes and have the potential to influence the 
ACE2 binding capacity [26]. Amino acid changes in various epitopes were found to be associated with one or more 
socio-environmental factors during the years 2020, 2021 and 2022 (Fig. 5A–C). Generally, the association between changes in epitopes 
and related factors has increased over time. Mutation in three epitopes (D614G, K417 and E484A) were correlated with disease 
incidence-related values such as cases per test and cases per million. Changes in some epitopes, including E484A, K417 N and T478, 
were association with social factors (urbanization and population size and density). Additionally, virus substitution related values 
were statistically correlated with changes of epitopes, such as K417 N, L452 and N501Y. Therefore, various factors influence changes 
in epitopes, with their effects varying according to the specific factors involved. 

In this report, we determined the comparative virus evolutionary properties among countries and their correlation with epide
miological and socio-environmental factors. The virus evolutionary rates increased continuously from 2020 to 2022, displaying 
different patterns among countries in 2022. A significant finding is that vaccination policies can decrease virus evolution rates. 
Additionally, data showing the correlation between average temperature and both substitution rates and specific epitopes suggest that 
new variants with altered epitopes affecting phenotypes are more likely to emerge in cold countries and seasons. These insights into 
SARS-CoV-2 evolutionary traits and their interplay with various factors may assist in shaping global quarantine policies. Our analysis 
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of evolutionary properties was confined to eight countries, limiting our capacity to elucidate global phenomena. To overcome these 
constraints and gain a more comprehensive understanding, further research encompassing a broader range of countries is essential. 
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