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Abstract

On 30th January 2020, an outbreak of atypical pneumonia caused by a novel

betacoronavirus, named severe acute respiratory syndrome coronavirus 2

(SARS‐CoV‐2), was declared a public health emergency of international concern by

the World Health Organization. For this reason, a detailed evolutionary analysis of

SARS‐CoV‐2 strains currently circulating in different geographic regions of the

world was performed. A compositional analysis as well as a Bayesian coalescent

analysis of complete genome sequences of SARS‐CoV‐2 strains recently isolated in

Europe, North America, South America, and Asia was performed. The results of

these studies revealed a diversification of SARS‐CoV‐2 strains in three different

genetic clades. Co‐circulation of different clades in different countries, as well as

different genetic lineages within different clades were observed. The time of the

most recent common ancestor was established to be around 1st November 2019.

A mean rate of evolution of 6.57 × 10−4 substitutions per site per year was found.

A significant migration rate per genetic lineage per year from Europe to South

America was also observed. The results of these studies revealed an increasing

diversification of SARS‐CoV‐2 strains. High evolutionary rates and fast population

growth characterizes the population dynamics of SARS‐CoV‐2 strains.
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1 | INTRODUCTION

The family Coronaviridae consists of four genera, namely, alphacor-

onavirus, Betacoronavirus (βCoV), Gammacoronavirus, and deltacor-

onavirus.1 Coronaviruses (CoVs) possess a single stranded,

positive‐sense RNA genome ranging from 26 to 32 kilobases in

length.2 CoVs can infect humans and many different animal species,

including swine, cattle, horses, camels, cats, dogs, rodents, birds, bats,

rabbits, ferrets, and other wildlife animals. Although several CoVs

can infect humans, many CoVs infections are subclinical.2 Never-

theless, members of this family, like severe acute respiratory

syndrome coronavirus (SARS‐CoV), a novel βCoV that emerged in

southern China in 20023 and Middle East respiratory syndrome

coronavirus, which was first detected in Saudi Arabia in 20124 are

zoonotic pathogens that can cause severe respiratory disease in

humans.

By December of 2019, in Wuhan, the capital city of Hubei pro-

vince of the People's Republic of China, an outbreak of atypical

pneumonia caused by a novel coronavirus (SARS‐CoV‐2) started. The
outbreak appears to be related to a zoonotic transmission at a

market in Wuhan where animals and meat were sold.5

The World Health Organization declare this outbreak as a public

health emergency of international concern on 30th January 20206

and the disease caused by this specific virus species have recently

been designated as coronavirus disease 2019 (COVID‐19).7 The

coronavirus study group of the International Committee on Tax-

onomy of Viruses, formally recognized this virus as a relative to se-

vere acute respiratory syndrome SARS‐CoVs and designated it as
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severe acute respiratory syndrome coronavirus 2: SARS‐CoV‐2.8 As

12th April 2020, there have been more than 1.5 million confirmed

cases and the global deaths of SARS‐CoV‐2 disease surpasses

100 000.6

To gain insight into the emergence, spread, and evolution of

SARS‐CoV‐2 populations, a Bayesian coalescent Markov Chain

Monte Carlo analysis of complete genome sequences of SARS‐CoV‐2
strains recently isolated in different regions of the world (Europe,

North America, South America, and South East Asia) was performed.

2 | MATERIALS AND METHODS

2.1 | Sequences

Available complete genome sequences of 64 SARS‐CoV‐2 strains

recently isolated from 30th December 2019 to 9th March 2020 in

Europe (including Netherland, Luxembourg, Switzerland, Ireland,

France, Italy, Germany, Portugal, and England), North America (in-

cluding USA, Canada and Mexico), South America (including Chile

and Brazil), and South East Asia (including Hong Kong, Singapore,

Japan, South Korea, Taiwan and China) were obtained from the

Global Initiative on Sharing Avian Influenza Data (GISAID) database.

For accession number, country of origin and date of isolation, see the

Supplementary Material Table 1.

2.2 | Data analysis

Base composition of the 64 SARS‐CoV‐2 genomes were calculated

using the MEGA‐X program.9 The relationship between composi-

tional variables and samples was obtained using multivariate statis-

tical analyses. Principal component analysis (PCA) is a type of

multivariate analysis that allows a dimensionality reduction. Singular

value decomposition method was used to calculate PCA. Unit var-

iance was used as scaling method. This means that all variables are

scaled so that they will be equally important (variance = 1) when

finding the components. As a result, a difference of one means that

the values are one standard deviation away from each other. PCA

analysis was done using the ClustVis program.10

2.3 | Bayesian coalescent Markov chain Monte
Carlo analysis

To investigate the patterns of evolution of SARS‐CoV‐2 strains re-

cently isolated in Europe, North America, South America, and South

East Asia a Bayesian Markov Chain Monte Carlo (MCMC) approach

was used as implemented in the BEAST package v2.5.2.11 First, se-

quences were aligned using MAFFT version 7 program.12 Then, the

evolutionary model that best fit the sequence dataset was de-

termined using MEGA‐X program.13 Bayesian information criterion,

Akaike information criterion, and the log of the likelihood, indicated

that the HKY model was the most suitable model. Recent studies

have demonstrated that the choose of the tree prior can upwardly

bias the inferred clock rate and Bayesian phylogenetic analysis.14

These studies also revealed that tree priors allowing for population

structure lead to better estimates of emearging virus populations

evolution.14 For these reasons, we considered a population struc-

tured model using the multi‐type birth‐death model in these studies.

Statistical uncertainty in the data was reflected by the 95% highest

posterior density (HPD) values. Results were assessed using the

TRACER program v1.6.15 One hundred million generations were used

after a burn‐in of 10 million steps, which were enough to acquire a

suitable sample for the posterior, assessed by effective sample si-

zes with values over 200. The results were visualized using the

DensiTree program.16 DensiTree draws all the trees in the dataset

simultaneously, but instead of using opaque lines, transparency is

used when drawing the trees. For this reason, in areas where a lot of

the trees agree on the topology and branch length there will be many

lines drawn and the screen will show a densely colored area.17

3 | RESULTS

To gain insight into the composition and genetic heterogeneity

among the 64 complete genomes of SARS‐CoV‐2 strains isolated all

over the world, the nucleotide frequencies were determined for all of

them. Mean values of 32.10%, 18.37%, 29.86%, and 19.65% were

found for U, C, A, and G, respectively. Then, PCA was performed on

nucleotide compositions frequencies for all strains enrolled in this

analysis. The results of this study are shown in Figure 1. Positions of

the strains in the plane conformed by PC1 and PC2 revealed that

SARS‐CoV‐2 strains cluster separately in different positions in the

plane. These results suggest a different genome composition among

strains enrolled in this analysis (see Figure 1). In fact, PC1 tended to

separate the red and blue clades (see Figure 1). This result also re-

vealed a degree of heterogeneity among genomic composition of

SARS‐CoV‐2 strains.

To address the degree of genetic variability and mode of evo-

lution of the SARS‐CoV‐2 strains recently isolated in four different

geographic regions of the world, a Bayesian MCMC approach was

employed.11 The results shown in Table 1 are the outcome of 100

million steps of the MCMC, using the HKY model, a relaxed mole-

cular clock and a structured birth‐death model. The date of the most

common recent ancestor to all SARS‐CoV‐2 strains was estimated

around 1 November 2019 (95% HPD late‐August to late‐December

2019). A mean rate of evolution of 6.57 × 10−4 substitutions per site

per year (s/s/y) was found for SARS‐CoV‐2 sequences included in

these studies (95% HPD: 9.23 × 10−4 to 2.47 × 10−4 s/s/y). This is

in agreement with very recent estimations performed at the

beginning of the pandemic (7.8 × 10−4 s/s/y, 95% HPD: 1.1 × 10−4 to

15 × 10−4 s/s/y).17

Evolutionary models recently developed permits to estimate

epidemiological parameters based in the phylogeny of virus strains

isolated in different geographic regions. Using a structured
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birth‐death population model it was possible to estimate the basic

reproduction number (R0) of SARS‐CoV‐2 strains for the four geo-

graphic regions studied (see Table 1). When a mean incubation period

of 5 days and a recovery period of 14 days was considered (7), 95%

HPD credible internals of R0 of 0.88 to 1.83, 0.89 to 1.45, 0.42 to

1.84, and 0.99 to 1.33 were obtained for Europe, North America,

South America, and South East Asia, respectively (Table 1).

Comparison between the sampled population size marginal posterior

distributions for the populations studied revealed no significant

differences in R0 among the four regions (see Figure 2). Upper 95%

HPD values range from 1.33 to 1.83, revealing a mean R0 of 1.58. The

rate of recovery for a patient with SARS‐CoV‐2 was established in a

mean of 23.48 days for any of the regions studied (Table 1).

The phylogenetic relationship among SARS‐CoV‐2 strains

recently isolated in the four geographic regions of the world studied

were explored and summarized in Figure 3. When the complete

genome sequences of SARS‐CoV‐2 genomes were analyzed, three

distinct genetic clades were found (see Figure 3). This result revealed

a significant degree of genetic diversification of SARS‐CoV‐2 strains.

Moreover, co‐circulation of strains from different genetic clades was

observed in different countries (Figure 3).

To study the circulation of virus lineages among the different

geographic regions studied, the migration rate per genetic lineage per

year was calculated for all regions (Table 1). As it can be seen, a

significant rate of migration from Europe to South America was

observed (Table 1).

TABLE 1 Bayesian coalescent inference of SARS‐CoV‐2 strains

Groupa Parameter Valueb HPD ESS

SARS‐CoV‐2 full‐length Posterior −41307.31 −41323.78 to −41219.28 1603.08

Genome sequences Prior 171.88 118.75 to 218.29 248.06

Likelihood −41479.20 −41471.57 to −41427.82 56639.35

tMRCAc 128.11 83.11 to 195.64 363.69

11/01/2019 08/26/1029 to 12/20/2019

Mean rated 6.57 × 10−4 9.23 × 10−4 to 2.47 × 10−4 57979.28

R0 – Europee 1.313 0.884 to 1.837 316.16

R0 – North America 1.133 0.890 to 1.450 350.11

R0 – South America 1.226 0.425 to 1.842 1632.04

R0 – South East Asia 1.136 0.998 to 1.334 409.58

Recovery ratef 24.484 4.568 to 43.544 527.91

Europe‐North Americag 0.550 2.04 × 10−4 to 1.679 1787.90

Europe‐South America 1.821 1.83 × 10−3 to 4.344 2458.63

Europe‐South East Asia 0.870 1.11 × 10−3 to 2.476 1331.36

North America‐Europe 0.902 1.56 × 10−4 to 2.746 1748.09

North America‐South America 0.872 3.88 × 10−5 to 2.675 1502.71

North America‐South East Asia 0.880 1.03 × 10−3 to 2.663 776.87

South America‐Europe 1.196 4.28 × 10−4 to 3.309 1138.00

South America‐North America 0.719 2.84 × 10−5 to 2.332 1071.86

South America‐South East Asia 0.838 1.28 × 10−4 to 2.573 1649.77

South East Asia‐Europe 1.300 7.92 × 10−4 to 3.089 687.31

South East Asia‐North America 1.319 9.01 × 10−4 to 3.105 798.09

South East Asia‐South America 0.687 1.13 × 10−5 to 2.220 816.90

Abbreviations: ESS, effective sample size; HPD, highest posterior density; SARS‐CoV‐2, severe acute respiratory syndrome cor onvirus 2; tMRCA, time of

the most recent common ancestor.
aSee the Supplementary Material Table 1 for strains included in this analysis.
bIn all cases, the mean values are shown.
ctMRCA, shown in days. The date estimated for the tMRCA is indicated bellow.
dMean rate was calculated in substitutions per site per year.
eThe basic reproduction numbers for Europe, North America, South America, and South East Asia are shown, respectively.
fThe rates of recovery for a person with SARS‐CoV‐2 in any of the locations studied, in days.
gMigration rate per lineage per year from one region to another.
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To gain insight into the degree of genetic variation among the

SARS‐CoV‐2 genetic clades observed, a detailed analysis of sub-

stitutions found throughout SARS‐CoV‐2 complete genome was

performed. The results of these studies are shown in Table 2.

The alignment of 64 complete genomes from SARS‐CoV‐2 strains

isolated in four geographic regions of the world revealed 103 variable

sites among all strains by comparison with SARS‐CoV‐2 strain BetaCov/

Wuhan/WH01/2019 (accession number GISAID: EPI_ISL_406798),

F IGURE 1 PCA of A, U, C, and G nucleotide frequencies in SARS‐CoV‐2 genomes. Position of the strains in the plane conformed by the first

two major axes of PCA is shown. SVD was used to calculate principal components and unit variance was applied. The proportion of variance
explained by each axis is shown between parentheses. Strain Wuhan/WH01/2019, isolated 26th December 2019 is indicated by a black arrow.
Strains isolated in Europe, North America, South America, and South East Asia are shown in red, blue, green, and violet, respectively. N = 64
datapoints. PCA, principal component analysis; SARS‐CoV‐2, severe acute respiratory syndrome coronvirus 2; SVD, singular value decomposition

F IGURE 2 Marginal probability
distribution of R0 values. The marginal
probability distribution for Europe, North

America, South America, and South East Asia
are shown in gray, blue, red, and yellow,
respectively
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isolated in 26th December 2019. From these 103 sites, 32 of them were

found to be parsimony informative. Substitutions were found in different

genome regions (5′‐non coding region, 1a, 1b, S, 3a, M, 8, and N).

Clade 1 strains share the same substitutions in 5′‐non coding

region, 1a, 1b, and S genes; while clade 2 strains share the same

substitutions in 1a and 8 genes and clade 3 share the same sub-

stitutions in 1a and 3a genes (see Figure 3 and Table 2). While some

substitutions are synonymous, others revealed amino acid changes

(Table 2). Several other substitutions were observed in strains cir-

culating in a particular country and co‐circulation of different var-

iants in the same country was observed. Some of these particular

substitutions were present in European and South American strains,

suggesting a close genetic relation among themselves (see Table 2).

4 | DISCUSSION

On 30th January 2020, the World Health Organization declared the

current SARS‐CoV‐2 outbreak a public health emergency of inter-

national concern.7

The rapid availability of research data on internet platforms,

such as the GISAID permitted to perform detailed phylogenetic re-

construction of the origin, spread and evolution of SARS‐CoV‐2.
The results of this work revealed that SARS‐CoV‐2 viruses

evolved from ancestors circulating around 1 November 2019, sev-

eral weeks before the first cases were diagnosed (Table 1). This is in

agreement with recent results establishing that the pandemic

originated between October and November of 2019.17 As many

early cases of COVID‐19 were linked to the Huanan market in

Wuhan,18 it is possible that an animal source was present at this

location. This is also in agreement with very recent estimations

establishing the MCRA on 9 November 201919 and is consistent

with the earliest retrospectively confirmed cases.20 Taking all to-

gether, these studies revealed a period of unrecognized transmis-

sion in humans from the initial zoonotic event.21 More studies will

be needed to determine the extent of prior human exposure to

SARS‐CoV‐2.21

The evolutionary rate of SARS‐CoV‐2 strains enrolled in these

studies was estimated to be 6.57 × 10−4 s/s/y (Table 1). This is in

agreement with recent estimations at the beginning of the pandemic

of 7.8 × 10−4 s/s/y.17

Previous estimations by the WHO at the initial stage of the

pandemic revealed a R0 of 1.4 to 2.5.22 Li and colleagues have esti-

mated slightly higher values ranging from 1.4 to 3.9.23 Very recent

studies, assuming that SARS‐CoV‐2 would cause more mild‐to‐
moderate cases than the ones produced by SARS virus, established a

R0 value of 2.0 for the former (95% HPD: 1.4‐2.3).22 Since the R0

values found in this study were estimated phylogenetically using 64

complete genomes of SARS‐CoV‐2 strains isolated in different re-

gions of the world during a short sampling period (26th December

2019‐9th March 2020), the 95% HPD intervals are wider from the

previous estimates. In addition, most countries implemented strate-

gies to combat the virus, including quarantine and/or social isolation,

which probably influenced in the R0 values obtained at this stage of

F IGURE 3 DensiTree analysis of complete genome sequences of SARS‐CoV‐2 strains recently isolated in four different geographic regions
of the world. The results obtained using the HKY model, a relaxed exponential clock and a structured coalescent population model is shown.
5000 trees were drawn, shown in green. Root channel is shown in blue. The scale at the bottom is in units of evolutionary time and represents

the years before the last sampling date. Strains in the tree are shown by name, followed by date of isolation (day/month/year). SARS‐C oV‐2,
severe acute respiratory syndrome coronvirus 2
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TABLE 2 Substitutions in parsimony informative sites in SARS‐CoV‐2 genomesa

Genomic

region (ORF)

Nucleotide substitutions Amino acid substitutions
Clade

No.cSite No.b Type Site Type Geographic location of isolation

5‐Non coding

region

216 11 c→ t ⋯d ⋯ Netherlands, Luxembourg, Switzerland,

France, Portugal, Italy, Chile, Mexico,

Taiwan

1

589 2 g→ a 117 A→ T USA

1415 2 g→ a 392 G→D Germany

2886 2 g→ a 876 A→ T Germany

3012 11 c→ t ⋯ ⋯ Netherlands, Luxembourg, Switzerland,

Ireland, France, Portugal, Italy, Chile,

Mexico, Taiwan

1

3021 2 a→ g ⋯ ⋯ USA

1a 4377 2 t→ c ⋯ ⋯ South Korea

5037 2 g→ c 1599 L→ F South Korea

5059 4 a→ c 1607 I→V Canada, USA

8757 22 c→ t ⋯ ⋯ France, Germany, Chile, USA, South Korea,

China

2

9452 2 t→ a 3071 F→ Y France, Chile

11058 6 g→ t 3606 L→ F Italy, Brazil, USA, Hong Kong 3

14383 11 c→ t 314 P→ L Netherlands, Luxembourg, Switzerland,

Ireland, France, Portugal, Italy, Chile,

Mexico, Taiwan

14780 3 c→ t ⋯ ⋯ France, Brazil, Chile

16442 2 a→ g ⋯ ⋯ USA

1b 16950 2 g→ t 1170 V→ F USA

17445 2 c→ t ⋯ ⋯ Chile

17722 6 c→ t 1427 P→ L USA

17833 6 a→ g 1464 Y→C USA

18035 8 c→ t ⋯ ⋯ USA

23160 2 c→ t ⋯ ⋯ USA

S 23378 11 a→ g 614 D→G Netherlands, Luxembourg, Switzerland,

Ireland, France, Portugal, Italy, Chile,

Mexico, Taiwan

1 (G)

3a 25954 2 g→ t 196 G→V France, Chile

26063 2 c→ t ⋯ ⋯ Chile

26119 6 g→ t 251 G→V Italy, Brazil, Hong Kong, Singapore 3 (V)

M 27021 2 c→ t 175 T→M Netherlands

8 28119 24 t→ c 84 L→ S France, Germany, Chile, USA, South Korea,

China

2 (S)

28555 2 g→ t 103 D→ Y Chile

N 28829 2 c→ t ⋯ ⋯ France, Chile

28838 5 c→ t 194 S→ L Canada, USA 3

N 28838 2 c→ t 197 S→ L France, Chile

28856‐8 4 ggg→acc 203‐204
RG→KR

Netherlands,

Chile,

Mexico

Abbreviations: GISAID, Global Initiative on Sharing Avian Influenza Data; ORF, Open reading frame; SARS‐CoV‐2, severe acute respiratory syndrome

coronvirus 2.
aSubstitutions found in relation to SARS‐CoV‐2 strain βCov/Wuhan/WH01/2019 genome (accession number GISAID: EPI_ISL_406798).
bNo. refers to the number of strains carrying that substitution in the alignment.
cClade assignment is indicated when substitution is present in more than four or more strains in the alignment. S, G, an V clade names assignment by

GISAID, accordingly to amino acid substitutions found in Orf 8, S, and 3a, respectively.
dA synonymous substitution is shown by a dotted line (⋯).
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the pandemic. Nevertheless, the marginal probability distribution of

R0 values found for all regions studied cover the 95% HPD values of

previous estimations. Moreover, no significant differences in R0

among the four regions studied was found (Figure 2). Higher 95%

HPD values revealed a mean of 1.58. Recent studies revealed that

the majority of scenarios with an R0 of 1.5 were controllable with less

than 50% of contacts successfully traced.24

Recent studies have provided evidence of the genetic diversity

and rapid evolution of SARS‐CoV‐2 strains25 and others have

permitted to observe some clades sharing particular amino acid

substitutions, like clade S (Orf 8, L84S); clade G (Orf S, D624G), and

clade V (Orf3a, G251V).26 On the other hand, many other strains

were not assigned to specific clades.26 In these studies, three

clades were observed and co‐circulation of different clades in dif-

ferent countries was observed (see Figure 3). Moreover, co‐
circulation of different clades was observed in different countries

(see Figure 3 and Table 2). Particularly, several substitutions were

shared by strains isolated in Europe and South America, revealing a

close genetic relationship among them, and this is also in relation

with the rate of migration of genetic lineages from Europe to South

America (see Table 1). Besides, several substitutions, although they

are synonymous substitutions, can be useful for monitor the spread

of SARS‐CoV‐2 genetic lineages in different regions of the world

(see Table 2).

Although the three clades observed in these studies are in

agreement with recent studies permitting to assign several strains

to clades S, G, and V,26 several other substitutions have been ob-

served (Table 2). Moreover, diversification over time inside dif-

ferent clades is also observed, particularly in clades 2 and 3. In

clade 2, a clear lineage of strains isolated in China, USA, and

Germany diversified from other strains of this clade. In clade 3, a

lineage conformed by isolate Wuhan/WU01, isolated in Wuhan,

China, as well as isolates from Canada and USA diverge from the

rest of the strains assigned to this clade. Taking all together, these

results revealed an increasing diversification of SARS‐CoV‐2 virus

populations.

We hope the substitutions observed in SARS‐CoV‐2 strains will

serve as a useful reference for development of treatment against

SARS‐CoV‐2 disease and for public health agencies.

5 | CONCLUSIONS

The results of these studies revealed the diversification of SARS‐
CoV‐2 population in three different genetic clades. Inside different

clades, different genetic lineages were observed highlighting an in-

creasing diversification of SARS‐CoV‐2 viruses over time.

Co‐circulation of different genetic clades were observed in

several countries. Moreover, several substitutions were observed in

strains isolated in the same country. The time of the most recent

common ancestor of SARS‐CoV‐2 viruses was established to be

around 1 November 2019, in agreement with the earliest retro-

spectively confirmed cases. The evolutionary rate of SARS‐CoV‐2

strains enrolled in these studies was estimated to be 6.57 × 10−4 s/s/y.

A significant migration rate per genetic lineage per year from Europe

to South America was also observed. No significant differences in R0

among the four regions studied was found. High evolutionary rates

and fast population growth characterizes the population dynamics of

SARS‐CoV‐2 strains.
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