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ARTICLE INFO ABSTRACT

Keywords: Samples from complete genomes of SARS-CoV-2 isolated during the first wave (December 2019-July 2020) of

SARS-CoV-2 the global COVID-19 pandemic from 21 countries (Asia, Europe, Middle East and America) around the world,

EOVID'_IQ were analyzed using the phylogenetic method with molecular clock dating. Results showed that the first cases of
€nomics

COVID-19 in the human population appeared in the period between July and November 2019 in China. The
spread of the virus into other countries of the world began in the autumn of 2019. In mid-February 2020, the
virus appeared in all the countries we analyzed. During this time, the global population of SARS-CoV-2 was
characterized by low levels of the genetic polymorphism, making it difficult to accurately assess the pathways of
infection. The rate of evolution of the coding region of the SARS-CoV-2 genome equal to 7.3 x 10™* (5.95 x
1074-8.68 x 10~*) nucleotide substitutions per site per year is comparable to those of other human RNA viruses
(Measles morbillivirus, Rubella virus, Enterovirus C). SARS-CoV-2 was separated from its known close relative, the
bat coronavirus RaTG13 of the genus Betacoronavirus, approximately 15-43 years ago (the end of the 20th

Molecular clock
Evolutionary rate
Virus spread

century).

1. Introduction

At the end of 2019, a massive outbreak of acute respiratory infection
with complications and a large number of deaths was recorded in
Wuhan, People’s Republic of China. Analysis of clinical samples from
patients in Wuhan, China, from December 23 to 26, 2019, showed that
the disease was caused by a new, unknown RNA virus (Wu et al.,2020;
Andersen et al., 2020). The first complete genome of the new virus was
deposited in the GenBank database on January 5, 2020 (the length of the
genome was 29,858, the length of the coding part was 29,265 nucleo-
tides). The virus was genetically close to the subgenus Sarbecovirus of the
genus Betacoronavirus, the family Coronaviridae. This group of viruses is
known to cause severe acute respiratory syndrome (SARS) in humans
and animals. The new virus was named SARS-CoV-2, and the name of
the disease it causes was called COVID-19 (Velavan and Meyer, 2020).
The genomic analysis of SARS-CoV-2 showed a close genetic relation-
ship with the recently detected SARS-CoV coronavirus, that caused the
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SARS pandemic of 2002-2003 (Andersen et al., 2020; He et al., 2004)
and MERS-CoV, which caused the outbreak of Middle East respiratory
syndrome in 2013 in Saudi Arabia (Andersen et al., 2020; van Boheemen
et al., 2012). Sequencing of the complete SARS-CoV-2 genome allowed
us to understand the biological nature of the COVID-19 disease. Epide-
miological data from the beginning of January 2020 showed a serious
risk of a new infection for the human population.

In a short period of time, COVID-19 has spread from China to almost
every country in the world (Chatterjee et al., 2020; Tabari et al., 2020).
Media reports about the first cases of COVID-19 outside of China (other
countries in Asia, Europe, America and Australia) became widespread in
the second half of January 2020. On 30 January 2020, the World Health
Organization (WHO) declared the COVID-19 outbreak as a global health
emergency, and on 11 March 2020 it was declared as a worldwide
pandemic. The problems of epidemiological studies of COVID-19 lie in
the mass spread of asymptomatic and mild forms of the disease (Gao
et al.,, 2020; (Zhao et al., 2020). Therefore, the early stages of the
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infection spread in the world, or in any country, could be hidden from
epidemiologists.

Epidemiological data from the beginning of 2021 showed that
globally, since March 2020, there have been two waves (two peaks in
incidence) of COVID-19: the spring peak of 2020 and the autumn-winter
peak of 2020-2021 (Cacciapaglia et al., 2020). Little epidemiological
data was available from December 2019 to February 2020. Detailed
analysis of the initial period of COVID-19 spread in the world would
allow us to develop a strategy for preventing global pandemics of new
viruses in the future.

Genomic phylogeny methods using Bayesian (Larget and Simon,
1999) and other approaches allow researchers to reconstruct the
evolutionary history of virus pandemics using the concept of a molecular
clock, dating the tree based on the date of strain isolation. It is generally
assumed that the molecular clock method can give very approximate
results, ranging in millions of years, but viruses mutate at a high rate.
Mutations in the genomes of RNA viruses occur millions of times more
often than in vertebrate genomes (Pybus and Rambaut, 2009). There-
fore, a high accuracy molecular dating of evolutionary events up to
several months and even days could be achieved. In fact, the use of
Bayesian phylogenetic methods make it possible to identify patterns of
virus evolution and distribution that cannot be obtained from epide-
miological data (Worobey et al., 2016; Pettersson et al., 2018; Bradshaw
et al., 2020) alone.

To date, a large number of complete genomes of various SARS-CoV-2
strains isolated during the global pandemic have been sequenced (Li
et al., 2020). The genome-sequencing data are deposited in open GISAID
(https://gisaid.org) (Shu and McCauley, 2017) and GenBank databases
(https://www.ncbi.nlm.nih.gov/) (Benson et al., 2012).

Our study aimed to reconstruct the SARS-CoV-2 phylogenetic tree at
the initial period of the COVID-19 pandemic by the Bayesian phyloge-
netic method with a molecular clock to identify the date of the first cases
in the human population, to determine the origin (country) of the
infection, and the time of the appearance and spread of infection in the
world during the first wave of COVID-19; to detect the data of separation
SARS-CoV-2 with close relatives of the genus Betacoronavirus, and esti-
mate the mutation rate and genetic polymorphism of virus genomes.

2. Materials and methods

80,189 genome records on SARS-CoV-2 from the GISAID database
accessed on 8 December 2020 (the first wave of the COVID-19
pandemic) were used in the analysis. From the total data set, se-
quences were selected according to the following: length greater than
29,000 nucleotides, approximately corresponding to the total length of
the virus genome; less than 0.25% of unidentified nucleotides; strains
isolated from diseased human patients; known information on strain
isolation; and no stop codons within the open reading frame of viral
proteins. From the selected genomes the protein coding regions were
used for further analysis. The non-coding part of the genomes was not
analyzed because of short length (about 592 nucleotides) compared to
the length of the coding part of the genome and a large proportion of
unknown nucleotides in the data.

The SARS-CoV-2 genomes from 21 countries around the world
(China, South Korea, Thailand, Japan, USA, Mexico, Poland, Germany,
Vietnam, France, Spain, Egypt, Israel, Greece, Turkey, Kazakhstan, Italy,
Ukraine, Great Britain, Brazil, Russia) were selected for the analysis
between December 2019 and July 2020. Countries were chosen based on
availability of representative number of SARS-CoV-2 genome data in the
databases. These countries were divided into seven regions: (1) China;
(2) East Asia (South Korea, Japan); (3) Middle East and North Africa
(Egypt, Israel, Turkey); (4) Southeast Asia (Thailand, Vietnam); (5)
Europe (Poland, Germany, France, Spain, Greece, Italy, United
Kingdom); (6) Post-Soviet countries (Russia, Ukraine, Kazakhstan); and
(7) North and Latin America (USA, Mexico, Brazil). In total, three
random samples of different sizes of genomes were applied: 248
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complete genomes (on average 11 genomes from each country); 509
complete genomes (on average 24 genomes from each country); and 773
complete genomes (on average 36 genomes from each country). The
second sample contained approximately twice as many genomes as the
first; the third sample contained approximately three times the size of
the first. For the analysis, sequences of four virus genomes isolated in
China in December 2019, accessed from the GenBank database, were
added to each of three generated random samples (252, 513 and 777
SARS-CoV-2 genomes data sets).

For each sample, a separate analysis was performed to determine the
sample size effect on the results of phylogenetic reconstructions.

For each of the three differently sized samples, the uncalibrated
phylogenetic tree was reconstructed by the maximum likelihood (ML)
method in the IQTREE program (Nguyen et al., 2015). The 1 + 2 and 3
codon positions were treated differently in the analysis with the HKY + I
+ G nucleotide evolutionary model recommended for this phylogenetic
reconstruction (recommended for RNA viruses) (Shapiro et al., 2006). A
IQTREE preliminary analysis using the ModelFinder algorithm
(Kalyaanamoorthy et al., 2017) showed that according to the value of
the Bayesian information criterion (BIC), the reconstruction of the tree
with differently treated codon positions has a significant advantage over
the reconstruction without it. Statistical estimates of the reliability of the
tree topology were performed in the IQTREE program using ultrafast
bootstrap (1000 replicas) (Minh et al., 2013) and SH-aLRT (Guindon
et al.,, 2010) analysis. The maximum likelihood tree was rooted using
data on the strain isolation time by the "residual-mean-squared" method
in the TempEst v1.5.3 program (Rambaut et al., 2016).

Phylogenetic analysis of the smallest sample of 252 genomes with
molecular clock and calibrating the tree to the time of SARS-CoV-2 strain
isolation was performed by the Bayesian phylogenetic method in the
BEAST v. 2.6.2 software package (Bouckaert et al., 2014). The 1 4+ 2 and
3rd codon positions and the HKY + I + G DNA evolution model were
tested with the following models: (1) constant population size, strict
clock and dated tree; (2) constant population size, strict clock and not
dated tree; (3) constant population size, relaxed clock and tip-dating tree
- dating of the tree by the time of isolating strains; (4) constant popu-
lation size, relaxed clock and not dated tree; (5) exponential growth
population size, strict clock, tip-dating tree; (6) exponential growth
population size, strict clock, not dated tree; (7) Exponential growth
population size, relaxed clock, tip-dating tree; (8) exponential growth
population size, relaxed clock and not dated tree. The uncorrelated
lognormal relaxed clock model was used in the tree reconstruction with
relaxed clock.

Testing of the best tree reconstruction model by comparison of the
marginal likelihood estimators was provided in BEAST-2 with the “Path
sampling” analysis (Baele et al., 2012) using the "Model-selection"
package. This analysis was aimed to answer the following questions: (1)
does reconstruction of a dated tree based on the virus isolation time have
an advantage over reconstruction without time-calibration (in other
words, does information about strain isolation contain a time signal for
time-calibration of a tree?)?; (2) does tree reconstruction with a relaxed
clock have an advantage over reconstruction with a strict clock (in other
words, do all the SARS-CoV-2 lines in the human population accumulate
mutations at the same rate?)?; (3) did the first wave SARS-CoV-2 pan-
demics provide exponential increase in the effective population size of
the virus (increase in the current number of sick patients?)? This esti-
mation scheme (Bayesian evaluation of temporal signal) of the reli-
ability of molecular clock dating by the time of virus strain isolation
using the log marginal likelihood calculated by the “Path sampling"
method was held according to the recommendations of Duchene et al.
(2020) where a log Bayes factor of at least 5 indicates “very strong”
support for a dated model over not dated one.

For the datasets consisting of 513 and 777 genomes, the molecular
clock analysis was performed in BEAST v. 2.6.2 using the best-fit
reconstruction model of evolution chosen for 252 genomes dataset by
the “Path sampling” analysis. This was due to the fact that the “Path
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sampling” analysis of 252 genomes required a lot of computational re-
sources and time. Therefore, analyzing the datasets consisting of 513
and 777 genomes would be even more labor-intensive. We suppose that
if the “Path sampling” analysis finds the applicability of dating of the
phylogenetic tree by the time of virus strain isolation for a smaller
sample size (252 genomes) then such dating is suitable for a dataset with
a large sample size.

For all three datasets, samples from 1000 ultrafast bootstrap IQ-
TREE ML trees were combined with topology of Bayesian consensus
tree (BEAST). This allowed us to estimate the occurrence of nodes of the
consensus of the Bayesian tree among the ultrafast bootstrap ML trees.
Thus, the ultrafast bootstrap support was calculated for the Bayesian
consensus tree. Comparison of trees and calculation of bootstrap support
were carried out with the APE package (Paradis et al., 2004) for R sta-
tistical environment.

The phylogenetic tree was reconstructed by the date of virus isola-
tion in BEAST v. 2.6.2. to identify the time period when SARS-CoV-2
split from its closest relatives in the genus Betacoronavirus. The coding
regions of virus genomes of closely related species were added to three
SARS-CoV-2 datasets (252, 513 and 777 genomes), each of which was
analyzed separately to determine the sample size effect. Based on pub-
lished data (Hul et al., 2021), four strains were selected as viruses that
appeared at about the same time period as SARS-CoV-2: bat coronavirus
RaTG13 (genome-wide sequence, NCBI accession number MN996532),
isolated in 2013 (Andersen et al., 2020); bat coronavirus RmYNO2 (two
fragments of the complete genome, NCBI accession numbers MW201981
and MW201982) isolated in 2019 (Zhou et al., 2020); two strains of the
bat coronavirus RShSTT182 and bat coronavirus RShSTT200
(genome-wide sequences, GISAID accession numbers EPI ISL 852604
and EPI_ISL_852605) isolated in 2010 (Hul et al., 2021). For the
comparative analysis, calculations in BEAST were carried out using
evolutionary models with constant population size and exponential
growth population size with uncorrelated lognormal relaxed clock.

3. Data availability

All supplementary materials such as the genomes with GISAID and
GenBank numbers used in the study, the xml files for the BEAST v. 2.6.2
program, and original reconstructed phylogenetic trees are available at
https://doi.org/10.6084/m9.figshare.14830899.

4. Results

Analysis of 252 SARS-CoV-2 genomes in the IQTREE program
showed 547 polymorphic sites in the coding region, of which 112 sites
were parsimony-informative. There were 277 polymorphic sites in the 1
+ 2 codon position dataset, of which 52 were parsimony-informative.
The 3rd codon positions had 365 polymorphic sites, of which 60 were
parsimony-informative. The mutation rate in the 3rd codon positions
was 30.05% higher than that in the 1 4 2 codon positions. The data set
from 513 SARS-CoV-2 genomes in the coding region contained 1203
polymorphic sites, of which 219 sites were parsimony-informative (675
polymorphic sites in the 1 + 2 codon position dataset, of which 122 were
parsimony-informative and 528 polymorphic sites, of which 97 were
parsimony-informative). The data set from 777 SARS-CoV-2 genomes in
the coding region contained 1667 polymorphic sites, of which 325 sites
were parsimony-informative (938 polymorphic sites in the 1 + 2 codon
position dataset, of which 179 were parsimony-informative and 729
polymorphic sites, of which 146 were parsimony-informative).

The rooted maximum likelihood tree for 252 SARS-CoV-2 genomes
dataset is shown in Fig. 1. The tree is divided into two large clades A_ML
and B_ML in its basal part. For both clades (Fig. 1), the ultrafast boot-
strap support values were <95%, and the SH-aLRT support values were
<60%. These values (ultrafast bootstrap < 95%, SH-aLRT support <
80%) (Minh et al., 2013; Guindon et al., 2010) do not support reliable
division of SARS-CoV-2 into independent phylogenetic lines in the
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period from the beginning of the pandemic to July 2020. The chosen
method of rooting the tree, using information about the time of strain
isolation, shows that SARS-CoV-2 genomes isolated in China in
December 2019 were not the root of the tree and fall into the internal
clade A_ML. This indicates that the virus began to circulate in the human
population long before December 2019. None of the groups of genomes
from any country forms its own monophyletic clade on the tree. More-
over, the genomes from 18 of the 21 countries occur in both the A_ML
and B_ML clades, and the root nodes of the subtrees from the genomes in
these 18 countries coincide with the root node of the whole tree. It
suggests the penetration of SARS-CoV-2 into each country occurred
independently from multiple sources. Similar conclusions can be made
from the analysis of datasets consisting of 513 and 777 virus genomes.
The topology of the rooted phylogenetic trees (see IQ-TREE_513_tree.
tree and IQ-TREE_777 tree.tree files from supplementary materials)
for these datasets was similar to the topology of the tree in Fig. 1,
dividing the entire sequence set into two clusters, each with low ultrafast
bootstrap and SH-aLRT supports. The virus genomes isolated in any of
the countries did not form monophyletic clusters, supporting the
conclusion about the entry of the virus into each of the countries from
several independent sources.

The Markov chain Monte Carlo (MCMC) calculations for 252 SARS-
CoV-2 genomes dataset in BEAST were carried out in triplicates with 0.6
x 10° generations, saving the results at every 30,000. Only this scheme
of MCMC analysis allowed us to achieve a stable value of ESS statistics,
200 units, for all parameters of the reconstructions. For the “Path sam-
pling” method calculations, analysis was run in triplicate with 300 steps
and the chain length of 2,000,000 generations (MCMC) each as rec-
ommended in the tutorial (https://github.com/BEAST2-Dev/beast-doc
s/releases/download/v1.0/BFD-tutorial-2017.zip). The results of the
"Path sampling" analysis (Table 1) showed that the reconstructed
evolutionary tree (dated to the time of strain isolation with an expo-
nential increase in the effective population size of the virus and a relaxed
molecular clock in all three replicates) had a higher log marginal like-
lihood value. This model for a tree reconstruction was shown to be the
best fit for the analysis. The "Path sampling" analysis proved that: (1)
information on the virus strain isolation time has a signal for time-
calibration of a phylogenetic tree; (2) the mutation rates in various
SARS-CoV-2 lines differed from each other; (3) during the first wave of
the COVID-19 pandemic until July 2020, there was an increase in the
effective population size of the virus (and a simultaneous increase in the
number of sick patients). The "Path sampling" analysis results indicates
that the evolutionary model with exponential growth population size,
relaxed clock, tip-dating tree is suitable for the 513 and 777 genomes
data sets. The analysis based on this model required 1.2 x 10° genera-
tions (saving the results at every 30,000 generations) for the dataset of
513 genomes and 1.9 x 10° generations (saving the results at every
30,000 generations) for the dataset of 777 genomes to achieve a stable
value of ESS statistics 200 units for all parameters of the reconstructions.

There are two distinguished clades A_B and B_B in the basal part on
the Bayesian phylogenetic tree (Fig. 2), reconstructed according to the
best fit DNA model chosen for the dataset of 252 SARS-CoV-2 genomes.
These two clades are similar to those on the maximum likelihood tree.
Statistical support for these clades, calculated with ultrafast bootstrap
analysis, and Bayesian posterior probabilities are close to zero. Groups
of genomes from the 252 SARS-CoV-2 genomes datasets from different
countries of the world on both the Bayesian and maximum likelihood
trees do not form monophyletic clades. The genomes isolated in most
countries of the world (18 out of 21) simultaneously belong to both
clades A_B and B_B. The root nodes of the subtrees of these countries
coincided with the root of the entire tree. It should be noted that the
composition of the A_B and B_B clades on the Bayesian tree differs from
that on the maximum likelihood tree. This suggests that the clustering
order of genomic sequences in the basal part of the phylogenetic tree is
unstable and depends on the choice of the clustering method. Besides
low statistical support of nodes on the tree, the variability of the
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Table 1
Path sampling analysis results for testing phylogenetic tree reconstruction
models.

Evolutionary model Run 1 log
marginal
likelihood value

—46094.203

Run 2 log
marginal
likelihood value
—46090.993

Run 3 log
marginal
likelihood value
Constant population —46091.278
size, strict clock,
dated tree
Constant population
size, strict clock,
not dated tree
Constant population
size, relaxed clock,
dated tree
Constant population
size, relaxed clock,
not dated tree
Exponential growth
population size,
strict clock, dated
tree
Exponential growth
population size,
strict clock, not
dated tree
Exponential growth
population size,
relaxed clock,
dated tree
Exponential growth
population size,
relaxed clock, not
dated tree

—46184.348 ——46182.243 —46176.5

—46086.055 —46088.769 —46087.755

—46181.297 —46179.925 46181.091

—46086.246 —46083.521 —46084.368

—46177.031 —46177.089 —46177.638

—46080.018 —46080.919 —46080.425

—46177.998 —46178.772 —46177.865

clustering which depends on the clustering method, confirms the
conclusion that from the beginning of the pandemic to July 2020,
genomic data do not allow us to find stable phylogenetic lineages of
SARS-CoV-2. The dated Bayesian phylogenetic trees, based on 513 and
777 genomes datasets (see BEAST Exp_RC_513_dated_tree.tree and
BEAST Exp_RC_777_dated_tree.tree files from supplementary materials),
in the basal part do not have any resolved clustering and clades with
high support values of topology. The order of clustering resembles a
ladder structure; on the tree, phylogenetic SARS-CoV-2 lines from
different countries are evenly distributed across different clusters. In the
Bayesian phylogenetic tree based on 513 genomes dataset, the root is a
clade containing two genomes: first, the SARS-CoV-2 genome isolated in
December 2019 in China, and second, genome isolated in January 2020
in Thailand. On the Bayesian phylogenetic tree based on 777 genomes,
the root is a single genome clade isolated in January 2020 in China.

A comparison of the topologies of the Bayesian phylogenetic trees
based on 252, 513 and 777 genomes shows that, due to low topology
support values, changes in the dataset (using other virus genomes for
analysis) result in chaotic changes in the clustering order of the analyzed
SARS-CoV-2 genomes taken for analysis from the first wave of the
COVID-19 pandemic.

Analysis of the time-calibrated Bayesian phylogenetic tree based on
252 SARS-CoV-2 genomes showed (Fig. 2, Table 2) that the common
ancestor of COVID-19 in the human population appeared in the period
from 21 July 2019 to 27 October 2019. Reconstructions based on 513
and 777 genomes (Table 3) indicate a similar time period (Table 3).
Notably, an increase in the sample size does not lead to a narrowing of
the confidence interval (an increase in the accuracy of analysis) of the
estimated lifetime of the common ancestor of all SARS-CoV-2 phyloge-
netic lines circulating during the first wave of the pandemic. On the
contrary, there is a slight enlargement of confidence interval boundaries
when applying the largest dataset of 777 genomes. On the dated
Bayesian phylogenetic tree for each country (Fig. 2), there is a clade (or
single genome) — a phylogenetic lineage that separated from the
ancestral node together with genomes from other countries at the
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earliest point in time. With some approximation, we can suggest that the
time of separation of this phylogenetic lineage from the nearest ancestor
is the time of the appearance of the SARS-CoV-2 virus in a certain
country. Examples of such phylogenetic lineages are given on the
Bayesian phylogenetic tree based on 252 SARS-CoV-2 genomes (Fig. 2).
The results of the time-calibrated divergence of the earliest phylogenetic
lineages for all datasets (252, 513, and 777 SARS-CoV-2 genomes), and
confidence intervals, are shown in Fig. 3 and Table 2. The result of
analysis of all three datasets shows that the earliest phylogenetic lineage
of SARS-CoV-2 (Fig. 3, Table 3) originated from China (summer-autumn
2019). In the autumn of 2019, local phylogenetic lineages of the virus
appeared in Thailand, the USA, Mexico, Japan, and Vietnam. For some
datasets, the confidence intervals of the appearance of phylogenetic
lineages of the virus in these and other countries overlap with the time
period calculated for China (Fig. 3, Table 2). Results based on all data-
sets (252, 513 and 777 SARS-CoV-2 genomes) showed (Fig. 3, Table 2)
that in the autumn of 2019 the SARS-CoV-2 virus had already been
introduced to Asia, America, the Middle East and Europe. The global
spread of SARS-CoV-2 had already begun in the autumn of 2019. By mid-
February 2020, the virus had spread across almost all countries of the
world. Significantly, the results of calculated time for the appearance of
the first SARS-CoV-2 lineages into each of the countries are unstable and
highly dependent on the choice of genomes used in the analysis.

Genomic data can be used to track a path of the virus from one
country to another based on the topology of a phylogenetic tree and time
estimates inferred from the date of virus isolation. To track the virus
pathway, high support of the tree topology is required. For the dataset of
252 SARS-CoV-2 genomes, Fig. 4 shows the correlation between the
bootstrap/probability value on the Bayesian phylogenetic tree and the
time estimator at the node (Fig. 4a - ultrafast bootstrap support, Fig. 4b -
Bayesian posterior probability). Analysis of this correlation shows that
the percentage of ultrafast bootstrap support and Bayesian posterior
probability values > 95% increases from the root of the tree to the end of
branches. Only slightly more than 10% of the nodes in the tree exceed
the 95% confidence threshold (Fig. 4a,b). For the ultrafast bootstrap
supported tree, all these nodes appear after 13 February 2020, when the
SARS-CoV-2 had already spread around the world. From the analysis of
Bayesian posterior probabilities, less than half of the nodes (16 out of
37) with support values greater than 95%wwwww occurred before 13
February 2020. This distribution of support values at time-calibrated
nodes on the tree demonstrate that SARS-CoV-2 genome data do not
provide a sufficient signal to track the spread and path of the virus
without accurate epidemiological data on the movement of virus car-
riers between countries. There are similar distributions of support values
on the Bayesian phylogenetic trees based on datasets of 513 and 777
virus genomes (see BEAST Exp RC_513_dated_tree.tree, BEAST -
Exp_RC_777_dated_tree.tree, BEAST Exp_RC_dated_513_tree_with_
ultrafast_bootstrap_supports.tree and BEAST Exp_RC_dated_777_
tree_with_ultrafast_bootstrap_supports.tree files from supplementary
materials). An increase in sample size does not improve the support
values of a topology of the reconstructed phylogenetic trees. Average
mutation rates calculated on the basis of the SARS-CoV-2 coding region
(datasets of 252, 513, and 777 genomes) are shown in Table 3 For all
data sets, average values of mutation rates and confidence interval
measurements differ less than 11%. The maximal variability of values
(the largest confidence interval) was observed in the analysis of the
dataset consisting of 777 SARS-CoV-2 genomes (Table 3).

An enlargement of the sample size more than threefold (from 252 to
777 genomes) does not increase the accuracy of the analysis. On
average, in the coding part of the genome, one SARS-CoV-2 lineage
circulating in the human population can accumulate 1.35 - 2.02
nucleotide substitutions per month. Mutations in the 1 + 2 codon po-
sitions, as a rule, lead to amino acid changes. Therefore, SARS-CoV-2
lineages could accumulate in average of 0.78-1.163 amino acid sub-
stitutions per month. The actual number of nucleotide and amino acid
substitutions accumulated by the SARS-CoV-2 phylogenetic lineage will
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Fig. 2. The dated phylogenetic tree of SARS-CoV-2 was reconstructed based on complete coding genome regions of viruses isolated from December 2019 to July
2020. Different world regions are marked with colored circles. Dating of the appearance of the first phylogenetic SARS-CoV-2 lineages in each of 21 studied countries

is shown at the nodes.
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Table 2
Time of appearance of the first lineage of the SARS-CoV-2 in each of the studied
countries.
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Table 3
Estimates of the evolution rates in the coding part of the genomes of the SARS-
CoV-2.

Country Run with Appearance of Upper value Lower value
genomes the earliest 95% 95%
sample size lineage confidence confidence

interval interval

The whole 252 2019-09-09 2019-07-21 2019-10-27

world 513 2019-09-19 2019-08-04 2019-10-29
777 2019-09-05 2019-07-03 2019-10-26

China 252 2019-09-19 2019-08-16 2019-10-25
513 2019-10-18 2019-09-13 2019-11-10
777 2019-09-05 2019-07-03 2019-10-26

Thailand 252 2019-11-07 2019-10-12 2019-12-02
513 2019-10-22 2019-09-14 2019-11-22
777 2019-09-08 2019-08-26 2019-09-10

USA 252 2019-11-25 2019-10-23 2019-12-23
513 2019-10-24 2019-09-27 2019-11-13
777 2019-10-13 2019-09-18 2019-11-03

Mexico 252 2019-12-11 2019-11-11 2020-01-06
513 2019-10-25 2019-09-28 2019-11-17
777 2019-10-23 2019-09-25 2019-11-11

Japan 252 2019-11-22 2019-10-23 2019-12-20
513 2019-10-27 2019-09-27 2019-11-16
777 2019-11-19 2019-10-24 2019-12-09

Vietnam 252 2019-12-28 2019-12-09 2020-01-13
513 2019-12-23 2019-11-30 2020-01-31
777 2019-10-07 2019-10-04 2019-10-26

Turkey 252 2019-11-16 2019-10-11 2020-01-03
513 2019-12-25 2019-11-29 2020-01-17
777 2019-11-22 2019-10-22 2019-12-18

Germany 252 2020-02-10 2020-01-23 2020-02-16
513 2019-10-24 2019-10-01 2019-11-19
777 2019-11-29 2019-11-20 2019-12-02

South Korea 252 2019-11-05 2019-10-06 2019-12-03
513 2019-12-24 2019-11-27 2020-01-18
777 2020-01-04 2019-12-11 2020-01-25

Poland 252 2019-12-17 2019-11-09 2020-01-20
513 2019-12-24 2019-12-22 2019-12-25
777 2019-11-29 2019-11-20 2019-12-02

Italy 252 2020-01-15 2020-01-08 2020-01-28
513 2019-12-24 2019-12-22 2019-12-25
777 2019-11-23 2019-11-19 2019-12-08

United 252 2020-01-28 2020-01-21 2020-02-13

Kingdom 513 2020-01-17 2019-12-27 2020-02-03
777 2019-11-15 2019-10-23 2019-12-07

Egypt 252 2020-01-04 2019-12-15 2020-01-17
513 2019-12-30 2019-12-12 2020-01-13
777 2020-01-14 2019-12-28 2020-01-26

Russia 252 2020-01-23 2019-12-20 2020-01-29
513 2019-12-18 2019-12-16 2019-12-23
777 2020-01-19 2020-01-14 2020-01-21

Greece 252 2020-01-13 2019-12-17 2020-02-04
513 2019-12-26 2019-12-05 2020-01-15
777 2020-01-25 2020-01-24 2020-01-26

Spain 252 2020-01-04 2019-12-10 2020-01-24
513 2020-01-18 2019-12-28 2020-02-03
777 2020-01-25 2020-01-17 2020-02-04

France 252 2019-12-30 2019-12-11 2020-01-16
513 2020-01-26 2020-01-10 2020-02-07
777 2020-01-28 2020-01-18 2020-02-04

Brazil 252 2020-02-07 2020-02-03 2020-02-13
513 2019-12-18 2019-12-16 2019-12-23
777 2020-01-30 2020-01-18 2020-02-04

Israel 252 2020-01-07 2019-12-15 2020-01-27
513 2020-01-31 2020-01-12 2020-02-12
777 2020-01-29 2020-01-24 2020-02-06

Kazakhstan 252 2020-01-14 2019-12-20 2020-02-07
513 2020-01-18 2019-12-28 2020-02-03
777 2020-02-05 2020-01-20 2020-02-20

Ukraine 252 2020-01-21 2020-01-02 2020-02-09
513 2020-01-25 2020-01-07 2020-02-10
777 2020-01-27 2020-01-11 2020-02-11

be a random variable distributed according to Poisson’s law. With the
estimated average mutation rates, the probability that the virus genome
will not accumulate substitutions for a month of circulation in the
human population is 0.156 for nucleotide and 0.34 for amino acid

Substitution Run with Evolution rate - Average number of
type genomes nucleotide substitutions per
sample size substitutions per site month for the coding
per year (95% part of the genome
confidence interval) (95% confidence
interval)
1 + 2 codon 252 6.02 x 107* 0.98
positions 4.98 x 107*-7.16 x 0.81-1.16
1074
513 6.66 x 10°* 1.08
5.51 x 107%-7.92 x 0.89-1.27
1074
777 5.97 x 10°* 0.97
4.83 x 107%-7.18 x 0.78-1.163
1074
3 codon 252 8.59 x 10°* 0.7
position 6.92 x 107%-10.2 x 0.56-0.83
1074
513 9.53 x 107* 0.77
7.68 x 1074—11.32 x 0.62-0.92
1074
777 8.58 x 107* 0.699
6.91 x 107*-10.4 x 0.559 - 0,85
1074
1+2+3 252 7.31 x107* 1.68
codon 5.95 x 107*-8.68 x 1.37-1.99
positions 1074
513 8.11 x 1074 1.86
6.60 x 107%-9.63 x 1.52-2.07
1074
777 7.26 x 1074 1.67
5.87 x 107%-8.79 x 1.35-2.02
1074

substitutions. The spread of SARS-CoV-2 from its origin around the
world has occurred during two and a half months. During this time, only
a few, if any, substitutions were accumulated in the SARS-CoV-2 ge-
nomes circulated in the human population. Therefore, the estimated
rates of accumulation of substitutions confirm the conclusion that the
pathways of the spread and movement of the virus between countries
cannot be traced on the basis of complete genomes alone.

A dendrogram of the Bayesian time-calibrated phylogenetic tree
including the genomes of SARS-CoV-2 and the most evolutionary close
members of Betacoronavirus is shown in Fig. 5. The clustering order of
SARS-CoV-2 and Betacoronavirus strains does not depend on the sample
size (datasets of 252, 513 and 777 virus genomes), nor the choice of the
constant population size, nor exponential growth population size
evolutionary model; the topology of the tree has always been consistent
with that shown on Fig. 5. The use of the exponential growth population
size model is preferable in this case since most of the genomes charac-
terize a pandemic with an exponentially increasing effective population
size of the virus. Estimated data indicate the split of SARS-CoV-2 and its
closest relative, bat coronavirus RaTG13, from their common ancestor
from 15 to 43 years ago (late 20th—early 21st century). The split of all
analyzed closely related viruses happened 31-72 years ago (the second
half of 20 century). The use of evolutionary model with constant pop-
ulation size narrows down confidence intervals (see BEAST -
Betacoronavirus_tree_const.pdf files from supplementary materials) and
reduce a nodes’ age (the split of SARS-CoV-2, Bat coronavirus RaTG13
and its closest relative occurred from 13 to 23 years ago, and for all
dataset of closely related viruses — from 24 to 47 years ago). Re-
constructions using two evolutionary models (constant population size
and exponential growth population size) show intersection of confi-
dence intervals of dating of nodes on the tree. Notably, in the analysis
that included closely related strains (Fig. 5), the left border of the con-
fidence interval for dating the divergence of all SARS-CoV-2 strains from
their common ancestor (the date of existence of the closest common
ancestor of the SARS-CoV-2 strains circulating in the first wave of the
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Fig. 3. The distribution of confidence intervals on the time scale shows the time periods of the appearance of SARS-CoV-2 first phylogenetic lineages in studied
countries. Results are based on the datasets of 252, 513 and 777 SARS-CoV-2 genomes. The black dotted vertical bar separates the countries’ confidence intervals,
which intersect with the confidence interval calculated for China at the initial period of the COVID-19 pandemic.

pandemic) moved back by two-three months (to the first half of 2019).
As in the analysis without closely related strains, an increase in the
sample size of SARS-CoV-2 genomes by more than three times did not
lead to an increase in the accuracy of the analysis (narrowing of the
confidence intervals for dating of nodes).

5. Discussion

Our results are consistent with the initial conclusions of some experts
(Wu et al., 2020; Andersen et al., 2020; Velavan and Meyer, 2020) that
the SARS-CoV-2 variant spreading during the first wave of the pandemic
in the human population appeared in China in mid-2019. The initial
stage of the pandemic has also been in China. However, the rapid spread
of SARS-CoV-2 on a global scale (the Asian countries, the Middle East,
the United States) had already begun in the autumn of 2019, probably
before the first official reports from China about a new viral infection. In
mid-February 2020, the SARS-CoV-2 spread around the world, and
COVID-19 became a pandemic. This does not coincide with official

media reports on the first cases of infection in a number of listed
countries in March 2020. Most likely, these asymptomatic and mild
forms of the disease allowed the virus to spread widely in these countries
even before the introduction of mass diagnostics and preventive mea-
sures. Our conclusions on the mass spread of SARS-CoV-2 in the autumn
of 2019 are confirmed by results of several retrospective studies on the
detection of SARS-CoV-2 antibodies in patients’ blood samples: (1) in
Italy in the autumn of 2019 (Apolone et al., 2020); (2) in donated blood
in the USA in December 2019 (Basavaraju et al., 2020); (3) in France in
November 2019 (Carrat et al., 2021). The WHO statements from 30
January 2020 on the emergency and threat of COVID-19, and reports on
the beginning of the world pandemic on 11 March 2020, were made
with one and a half to two months delay as shown by the results of the
genomic data analysis. Therefore, the global community needs to review
the standards of action to prevent new pandemics of infectious diseases.

Considering the hypothesis "patient zero’ (the first infected human),
our results show that SARS-CoV-2 first was transmitted from animals to
humans in the middle of 2019. Possibly, at the initial point, more than
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Fig. 4. Assessment of the relationship between the supports of the topology of nodes and the time of node appearance on the dated Bayesian phylogenetic tree (a -
ultrafast bootstrap support, b - Bayesian posterior probability) and histograms of the distribution of the supports of the tree topology (c - ultrafast bootstrap support,

d - Bayesian posterior probability).

one person was infected. Therefore several genetically different strains
of the virus appeared in the human population. In this case, our results
indicate the time period of the existence of the closest common ancestor
for this first-appeared group of strains. In this scenario, the time period
when the pandemic began shifts to the end of 2019. So far, there is no
definite evidence of the beginning of the 2019 COVID-19 pandemic due
to the transmission of the virus from animals to humans. It is possible
that SARS-CoV-2 circulated in the human population earlier. On that
assumption, a mutation process resulted in the appearance of the more
virulent and pathogenic strain of SARS-CoV-2 in China in mid-2019 that
overcame the immune response developed in the human population
against infection with previous strains of SARS-CoV-2. It was this new
strain of SARS-CoV-2 that started the COVID-19 pandemic, displacing
less virulent strains in the human population. This scenario could
explain early detection of SARS-CoV-2 antibodies (September-No-
vember 2019) in human blood (Apolone et al., 2020; Carrat et al., 2021)
in European countries. Detected SARS-CoV-2 antibodies were traces of
the circulation of other, earlier variants of SARS-CoV-2, unnoticed by
epidemiologists. In this case, our dating (summer-autumn 2019) in-
dicates the point of the emergence of a new, more pathogenic and
virulent strain of SARS-CoV-2, which caused the COVID-19 pandemic.
Only a molecular clock dating of SARS-CoV-2 genomes from the wild
animals’ populations, or sequencing of the SARS-CoV-2 genomes from
human blood samples collected from September to November 2019, can

confirm or deny these assumptions. All our results confirm the fact that
the SARS-CoV-2 variant of the first wave of the pandemic has spread
globally in a very short time — from late November 2019 to mid-February
2020 (during two and a half months).

The mutation rate of SARS-CoV-2 is less than or comparable to the
rate of evolution of such RNA-containing viruses as measles morbilli-
virus (Furuse et al., 2010), rubella virus (Zhu et al., 2012), and polio-
virus (Enterovirus C) (Smura et al., 2014). In our study, the calculations
of the rate of evolution were only applied to the whole virus genome.
Recent studies have shown (Garvin et al., 2020; Wang et al., 2021) that
some parts of the gene encoding the surface protein S of the virus un-
dergo natural selection, with the effect of increasing the mutation rate.
Due to this, in just one year of the SARS-CoV-2 spread, more contagious
genotypes of the virus, termed as “variants of concern” (such as B.1.1.7,
B.1351, P.1), have appeared in the human population (Rambaut et al.,
2020). There is evidence that some of these variants are able to avoid the
immune response developed in patients infected with earlier variants of
the virus (Wibmer et al., 2021). The same acceleration in the accumu-
lation of nucleotide and amino acid substitutions in envelope proteins,
compared to other genomic regions, is observed in other human viruses
(Hepacivirus C, Human immunodeficiency virus 1, Human immunode-
ficiency virus 2) (Berry et al., 2007; Skar et al., 2010; Yuan et al., 2013).

The obtained time period of the divergence of SARS-CoV-2 strains
collected in the first wave of COVID-19 with closely related viruses of
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the genus Betacoronavirus ranged from 31 to 72 years ago. This dating
corresponds to the divergence time of different strains within the same
virus species, such as already mentioned: measles morbillivirus, rubella
virus, and poliovirus (Furuse et al., 2010; Zhu et al., 2012; Smura et al.,
2014). The genetic distances between SARS-CoV-2, bat coronavirus
RaTG13, bat coronavirus RmYNO, bat coronavirus RShSTT182, and bat
coronavirus RShSTT200 are similar to the level of intraspecific genetic
polymorphism for other species of viruses. The bat coronavirus RaTG13
strain was isolated from bats in 2013 in an abandoned mine in Mojiang
Hani Autonomous County, Yunnan Province, China after three mine-
workers developed a fatal viral pneumonia of unknown etiology in 2012
(Wu et al., 2014; Andersen et al., 2020). At that time, it was not possible
to identify the pathogen from the diseased people. The latest study
(Zech et al., 2021) shows that the bat coronavirus RaTG13 strain lyses
both bats> and humans’ cell cultures. In this case, the one amino acid
substitution in the surface protein S of bat coronavirus RaTG13
participating in the interaction with the cell receptor increases the af-
finity of the virus to the human cell culture. It is likely, that SARS-CoV-2
diverged from its closest relatives of the genus Betacoronavirus recently,
no later than 43 years ago. Single amino acid substitutions in the
genome of an ancestral form of SARS-CoV-2 could increase the patho-
genicity and infectivity for humans.

Our estimates for the first wave of the COVID-19 pandemic showed
that there was a low level of genetic polymorphism in complete SARS-
CoV-2 genomes. If the number of parsimony-informative sites is less
than the number of sequences applied in a phylogenetic analysis, then
we will always face low topology support and ambiguous clustering
results. In our dataset, we face the problem of unreliable estimates of the
topology of the reconstructed phylogenetic tree. This could not be
improved by applying more data. When we increased the number of
genomes in the analysis, this did not lead to an increase in the ratio of the
number of parsimony-informative sites to the total number of analyzed
genomes. The low genetic polymorphism of SARS-CoV-2 is associated
with three factors: (1) the mutation rate in the genome is relatively low
for viruses; (2) the time period of virus persistence in the human pop-
ulation is short on an evolutionary scale; (3) the effective population size
of the virus growths exponentially. All these factors do not allow us to
distinguish any individual genotypes of SARS-CoV-2, which circulated
specifically in period of the first wave of the pandemic. Although such
attempts have been made by researchers (Tang et al., 2020; Liu et al.,
2020), stable virus lineages likely began to form later during the
pandemic from March 2020, when widespread isolation between
countries was launched. At this point, isolation barriers appeared,
forming separate lineages of SARS-CoV-2 in each country, which is
confirmed by the data of the online resource https://cov-lineages.org
(Rambaut et al., 2020). Also, the consequence of low genetic poly-
morphism of the virus is the incapability of genome data to provide
information on the virus pathways during the first wave of the pandemic
which probably occurred due to the movement of patients with
asymptomatic or mild forms of COVID-19 some-time before the intro-
duction of mass accurate PCR-diagnostics for the disease. Although at-
tempts to conduct genomic analysis to identify the first COVID-19 cases
with the account epidemiological data in any country of the world are
being made by researchers (Munnink et al., 2020), they may be inac-
curate due to the unreliability of the primary information. In addition,
the results of these studies may be questioned due to new data (Apolone
et al., 2020) on the earlier spread of SARS-CoV-2 in Europe, long before
the first genomic data were obtained.

Our results showed that an increase in the number of genomes in a
dataset does not lead to an increase in the accuracy of the analysis when
calculating the rates of evolution and dating the lifetime of a common
ancestor for all SARS-CoV-2 variants of the pandemic first wave. Data-
sets of 252, 513 and 777 SARS-CoV-2 genomes give approximately the
same estimates of these parameters (overlapping confidence intervals of
the estimates). Confidence intervals do not narrow with increasing
sample size. Three assumptions can explain this result: (1) insufficient
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polymorphism of the genomic data of SARS-CoV-2 of the pandemic first
wave, leading to the fact that the number of parsimony-informative sites
is always less than the sample size of genomes; (2) the possible presence
of incorrectly identified nucleotides in the sequences, increasing the
scatter of estimated values; (3) a possible incorrect indication of dates of
the virus isolation in the genome submissions to the databases, which
complicates accurate estimation of the evolutionary rates. Analysis of
various datasets leads to different estimates of the time of the appear-
ance of the first virus phylogenetic lineages in each of the studied
countries. This is due to the low level of polymorphism in the genomes of
SARS-CoV-2 of the pandemic first wave, and to the fact that the samples
and datasets of sequenced genomes of complete databases used in the
analysis make up an insignificant part of the total number of COVID-19
cases during this period of time. GISAID database accessed on 12 August
2020 accumulated 80189 genome records - 0.38% from official statistics
in 20692140 confirmed cases (https://covid19.who.int) around the
world on this date. At the same time, the official statistics are signifi-
cantly less than the real number of cases due to asymptomatic and mild
forms of the disease.

Calculations in the program "BEAST v. 2.6.2", when testing phylo-
genetic hypotheses and reconstructing the trees required extreme
computational resources, in our case provided with access to the su-
percomputer" Akademik Matrosov " at the Irkutsk Supercomputer Center
SB RAS. The analysis required about three months of testing and basic
calculations on three computing nodes of the cluster, each of which was
equipped with two 18-core 36-thread Intel Xeon E5-2695 v4 "Broadwell"
processors. Parallel calculations using the BEAGLE v library.3.1.0
(Ayres et al., 2012) showed that the calculation speed could be increased
by choosing the options with four threads and the division each of
partitions (1 + 2 and 3rd codon position) by two. For the dataset of 252
genomes, 1,000,000 Markov chain generations required 5-7 minutes of
estimation time, depending on the selected reconstruction model. A
further increase in the number of threads and instances did not improve
the speed, and after applying eight threads, the calculation speed, on the
contrary, decreased. Calculations using the BEAGLE library on GPU
(NVIDIA GTX 1080 ti) led to a slowdown in the calculation speed, to
25-30 minutes per 1,000,000 of the Markov chain generations. A run for
513 the SARS-CoV-2 genomes applying 1,000,000 Markov chain gen-
erations required at least 24 minutes of estimation time (optimal pa-
rameters were 4 threads and 2 instances). The converging value of the
ESS statistic > 200 was achieved with 1.2 x 10° generations of Markov
chains. Analysis of the dataset consisting of the 777 SARS-CoV-2 ge-
nomes for 1,000,000 Markov chain generations required at least 56
minutes of estimation time (with the optimal parameters of 4 threads
and 2 instances). The converging value of the ESS statistic > 200 was
achieved with 1.9 x 10° generations of Markov chains. Thus, studies
using the Bayesian phylogenetic approach for several thousand genomes
may require many years of calculations on high-performance computing
systems. Developers are trying to improve computational methods
(Miura et al., 2020) to help researchers involved in the full-genome
phylogeny of SARS-CoV-2 and other viruses.

Our estimates of SARS-CoV-2 evolution rates and the time of
occurrence of the first cases in the human population are consistent with
the results of other studies analyzing the initial stages of the spread of
the virus in different regions (Giovanetti et al., 2020; Farah et al., 2020)
or in the world (Benvenuto et al., 2020; Koyama et al., 2020). The
studies (Giovanetti et al., 2020; Farah et al., 2020; Benvenuto et al.,
2020) were based on limited data sets, including several tens to hun-
dreds of SARS-CoV-2 genomes available at that time. The analysis in the
BEAST program described by Koyama et al. (2020) included 2,000
complete genomes, but a reconstruction model with strict clocks and
without differentiation of codon positions was not optimal for data
analysis as shown in our study. In addition, it is unlikely that with the
large dataset of 2,000 genomes authors managed to achieve convergent
results of ESS statistics of MCMC modelling in such a short time of cal-
culations (article published online on May 13, 2020).
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6. Conclusion

Our analysis of SARS-CoV-2 genomic data allows us to draw the
following conclusions: (1) as an independent evolutionary line, SARS-
CoV-2 appeared in nature at the end of the 20th Century; (2) that
human infection with the SARS-CoV-2 variant of the COVID-19
pandemic first wave occurred in China in mid-2019; (3) that the
spread of the virus from China to almost all countries across the world
occurred in the period from the autumn of 2019, before the actual dis-
covery of the SARS-CoV-2 virus, to mid-February 2020, and there was an
exponential increase in the effective population size of the virus; 4) that
the rate of evolution of the coding part of the SARS-CoV-2 genome is
comparable to other human RNA-containing viruses (Measles morbilli-
virus, Rubella virus, Enterovirus C); 5) that in the first wave of the SARS-
CoV-2 pandemic, genomic data had a low level of polymorphism, which
does not allow us to track the exact pathways and spread of the virus in
different regions or in the world as a whole without using additional
accurate data from epidemiological observations.
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