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Summary

Background Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is first 

identified in Wuhan City at the end of December 2019 and responsible for the 

ongoing coronavirus disease 2019 (COVID-19) pandemic. So far this pandemic has 

claimed more than one million lives all over the world and its origin is still unknown.

Methods In this study, we developed a method to search the least mutated strain 

using SARS-CoV-2 whole genome sequences. By parsimony principle, the least 

mutated strain should be the phylogenetic root for all SARS-CoV-2s. We further 

investigated the SARS-CoV-2’s adaptive evolutionary process in human hosts using 

the least mutated strain as the phylogenetic root and analyzed its strain diversity in 

different countries/regions.

Findings According to their coding region identity, we classified 4571 SARS-CoV-2 

genome sequences into 2449 viral strains collected from human hosts between 

December 2019 and July 2020. We found that the SARS-CoV-2 (NC_045512) strain 

first identified in Wuhan is not the least mutated strain. There are 41 SARS-CoV-2 

strains harboring fewer global point mutations than the NC_045512 strain in our 

dataset. The least mutated strain can be found in eight countries across four continents 

due to SARS-CoV-2’s low mutability. Eight positive selection sites are identified in 

five SARS-CoV-2’s genes and four of them were present in the early stage of SARS-

CoV-2’s human-to-human transmission. The NC_045512 strain has two positive 

selection sites, one in RNA-dependent RNA polymerase (L314P) and the other in 

spike protein (G614D). The statistical analysis of the SARS-CoV-2’s strain diversity 

in different countries/regions shows that the Indian subcontinent has the highest strain 

diversity. Furthermore, based on the SARS-CoV-2’s mutation rate, we estimate that 

the earliest SARS-CoV-2 transmission in human hosts could be traced back to July or 

August of 2019.

Interpretation Our result shows that Wuhan is not the place where human-to-human 
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SARS-CoV-2 transmission first happened. Before it spread to Wuhan, SARS-CoV-2 

has already experienced adaptive evolution during its human-to-human transmission. 

The positive selection sites could contribute to the different clinical features of 

different SARS-CoV-2 strains. Both the least mutated strain’s geographic information 

and the strain diversity suggest that the Indian subcontinent might be the place where 

the earliest human-to-human SARS-CoV-2 transmission occurred, which was three or 

four months prior to the Wuhan outbreak. Our study helps to elucidate the early 

cryptic transmission and evolution of SARS-CoV-2 in human hosts and provide the 

new thinking for the global management of the COVID-19 pandemic.
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Introduction

The coronavirus disease 2019 (COVID-19) is caused by the severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2), which is clustered together with the SARS-

CoVs in bat and regarded as a SARS-like virus 1. It can cause a variety of symptoms 

in human host including fever, cough, fatigue, loss of sense of smell, and pneumonia 
2. Although it has a lower mortality rate than SARS-CoV, SARS-CoV-2 exhibits a 

high contagious transmission pattern with low detectability, making this virus more 

threating than any coronavirus before. Now COVID-19 is an ongoing global 

pandemic and has infected more than 30 million people and claimed over one million 

lives across 200 countries and regions. 

The first known COVID-19 epidemic broke out in December, 2019, in Wuhan City, 

China. The news reported that the early SARS-CoV-2’s cases were tightly linked to a 

sea food market in Wuhan, but its origin is still veiled in secrecy. Even the 

evolutionary relationship within SARS-CoV-2s is very obscure. The bat RaTG13 

coronavirus is usually used as the outgroup to root the SARS-CoV-2’s phylogenetic 

tree in some practices 3. However, the bat RaTG13 coronavirus was discovered in 

2013 and the great sequence divergence between the bat virus and SARS-CoV-2s 

created a problem called long-branch attraction 4. That is the fast evolving SARS-

CoV-2 branches which would be placed close to the bat RaTG13 coronavirus in 

phylogenetic analysis as if they were the basal group to the other SARS-CoV-2s.

The first complete SARS-CoV-2 genome was collected in Wuhan and sequenced in 

Shanghai, China 5. Many researchers used it as the phylogenetic root for analyzing 

SARS-CoV-2’s evolution. However, one question is whether it is truly the first 

SARS-CoV-2 strain responsible for infecting human host. If it was not, then the 

results in some studies could be devious. In this work, we developed a method to 

search the least mutated SARS-CoV-2 strain by globally comparing the point 

mutations between two viral sequences in the whole dataset. Our method does not 

need any outgroup and thus circumvents the long-branch attraction trap. By 
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parsimony principle, the SARS-CoV-2 strain with the least number of mutations 

should be the phylogenetic root to the other SARS-CoVs. Our result shows that the 

SARS-CoV-2 sequence first identified in Wuhan is not the least mutated strain, which 

means that Wuhan cannot be the first place where human-to-human SARS-CoV-2 

transmission happened. Our study further reveals some interesting details in the early 

stage of SARS-CoV-2’s evolution in human host and indicates that the Indian 

subcontinent might be the place of earliest human-to-human SARS-CoV-2 

transmission.

Data and Method

SARS-CoV-2 genome data

We retrieved the SARS-CoV-2 genome data from Coronavirus genomes of NCBI 

Datasets (https://www.ncbi.nlm.nih.gov/datasets/coronavirus/genomes/). We only 

downloaded the sequence of human host only. The NCBI dataset has both SARS-

CoV-2’s gene and genome sequences. We only keep the sequence longer than 29000 

nucleotides and without any ambiguous site (such as N) for this study. After removing 

the short and low-quality sequences, 4678 SARS-CoV-2 genome sequences were kept 

for the next step analysis.

Coding region extraction and alignment

We used the complete coding region of the SARS-CoV-2 first identified in Wuhan 

(NCBI accession ID: NC_045512) as the reference template to extract the coding 

region for the filtered SARS-CoV-2 genome sequences. Each SARS-CoV-2 genome 

sequence was aligned to the coding region of NC_045512. We used MUSCLE 3.8.31 

to perform the alignment with default parameters 6. The sequence with incomplete 

opening reading frame, deletion or insertion according to NC_045512 was excluded 

from this study. Then the coding regions of all SARS-CoVs were merged into a single 

file using an in-house Perl script. The final alignment contains 4571 SARS-CoV-2 

sequences with 29409 nucleotide sites (Supplemental data 1).
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Global point mutation calculation

In this study, we calculated the number of global point mutations in a SARS-CoV-2 

genome sequence by a pair-wise comparison fashion. Each sequence was compared 

with the other sequences in the final SARS-CoV-2 alignment and the number of point 

mutations from each comparison was summed up. By doing so, one can obtain the 

number of global point mutations for each sequence. According to parsimony 

principle, the basal sequence should have the least number of global point mutations 

(Figure S1).

Mutation rate, transition-transversion ratio and phylogenetic analyses

Mutation rate was calculated as per nucleotide per year using our final alignment 

result. Transition-transversion ratio was computed with MEGA X 7. The phylogenetic 

tree of 4571 SARS-CoV-2 genome sequences was constructed with FastTree 2.1.7 

using the GTR model and gamma distribution 8. The neighbor-joining tree for 

mutation profile analyses were also constructed with MEGA X using gamma 

distribution of 4 rates 7.

Positive selection analysis and statistical analysis

We extracted the coding region for each SARS-CoV-2 gene in the final alignment 

using the NC_045512 SARS-CoV-2’s gene as the reference template. The HyPhy 

program in MEGA X and the CODEML program in PAML 4.7 package were used to 

detect the positive selection site in the codon alignment of each SARS-CoV-2 protein 

set 9, 10. For CODEML, we chose the site-specific model for selection signal detection. 

The site-specific model was performed by comparing the model M2a (positive 

selection) vs. the null model M1a (nearly neutral). The R package (version 3.4.4) was 

used to perform Chi-squared test and P-value smaller than 0.05 was viewed as 

statistically significant in this study.

Result

Number of strains and mutation rates
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The length of the SARS-CoV-2 genome first identified in Wuhan is 29903 

nucleotides 11. Its 5’UTR has 265 nucleotides and 3’UTR has 229 nucleotides. Thus, 

its gene coding region has 29409 nucleotides and almost accounts for 98.3% of total 

genome. We observed 3182 mutation sites in the final alignment and each SARS-

CoV-2 averagely has less than one mutation site (Supplemental data 2). The number 

of global point mutations for each SARS-CoV-2 can be found in Supplemental data 3. 

According to the coding region sequence identity, 4571 SARS-CoV-2 genome 

sequences can be classified into 2449 viral strains (Supplemental data 4). The number 

of SARS-CoV-2 sequences varies from strain to strain. The largest strain contains 318 

SARS-CoV-2 sequences while the smallest has only one sequence. Notably, the 

identical sequences within one strain were often collected from different dates and 

different countries or regions. For example, the NC_045512 strain can be found in 

five countries and its collection date ranges from 2019/12/30 to 2020/04/04. This 

result proposes that SARS-CoV-2 has a very low mutability and is capable of long 

time and range transmission.

Interestingly, our result shows that the NC_045512 strain is not the least mutated 

strain. There are 41 strains having fewer global point mutations than it (Supplemental 

data 3 and 4). The least mutated strain has 15552 global point mutations whereas the 

NC_045512 one has 18421 global point mutations. The least mutated strain with 41 

sequences are collected from Bangladesh, USA, Greece, Australia, India, Italy, Czech 

Republic, Russia and Serbia (Supplemental data 4). Their collection date ranges from 

2020/03/01 to 2020/06/12. Using its number of global point mutations, we calculated 

the mutation rate for SARS-CoV-2 as follows. Firstly, we assume that there was no 

mutation in the least mutated strain and 15552 total point mutations are shared by the 

rest 2448 SARS-CoV-2 strains. Thus, there are average 6.35 point mutations in each 

strain. For our final alignment with 29409 nucleotide sites, the expected mutation rate 

was 2.16×10-4 per nucleotide for SARS-CoV-2’s coding region. Considering that the 

first SARS-CoV-2 patient was hospitalized on 12 December 2019 in Wuhan City and 

the final collection date in our dataset is 2020/07/12 5, 15552 total point mutations 
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were accumulated in seven months and we estimate that the mutation rate is 3.88 ×10-

4 per nucleotide per year for SARS-CoV-2’s coding region, which is much lower than 

those of SARS-CoV and MERS-CoV (Table 1). The mutation rates and the transition-

transversion bias for SARS-CoV and MERS-CoV were collected or calculated from 

literatures 12-15. Moreover, the transition-transversion bias for SARS-CoV-2 is higher 

than those of SARS-CoV and MERS-CoV. Both its mutation rate and transition-

transversion bias show that SARS-CoV-2 has a very stable genome.

Phylogenetic analyses and mutation profile analyses

Based on parsimony principle, the strain with the least number of mutations should be 

the basal clade, i.e. the root, in a phylogenetic tree. We first reconstructed the 

phylogenetic tree for 4571 SARS-CoV-2s and marked out the 42 less mutated strains 

named 0001 to 0042 on it. Figure 1 shows that more than half of less mutated strains 

are very close to the least mutated strain (0001) while the NC_045512 strain (0042) is 

distant from the other less mutated strains. Although the tree is unrooted, the 

distribution of less mutated strains proposes that the strain 0001 is more likely to be 

the root of the tree than the strain 0042.

Next, we tested the possibility of being the root of the tree for the strain 0001 and the 

strain 0042. First, we reconstructed the phylogenetic trees with only 42 less mutated 

strains. Second, we used the strain 0001 and the strain 0042 as the template to 

annotate the number of mutations for the rest 41 strains (Supplemental data 5 and 6). 

Third, after combined the phylogenetic tree with two mutation profiles, we rooted the 

tree with either the strain 0001 or the strain 0042.

If the tree is rooted with the strain 0001, the mutation profile shows a total of 56 

mutations (Figure 3a). If the tree is rooted with the strain 0042, the mutation profile 

shows a total of 164 mutations (Figure 3b). It is noteworthy that two reverse 

mutations occurred on the strain 0007 and 0008, respectively, if the tree is rooted with 

the strain 0042. Compared with the strain 0042, the strain 0004 has five mutations at 
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the position 794 (C to T), 2772 (C to T), 14143 (C to T), 23138 (A to G), and 25298 

(G to T); the strain 0041 has six mutations at the position 794 (C to T), 2772 (C to T), 

14143 (C to T), 23138 (A to G), 25298 (G to T) and 27879 (T to C); the strain 0007 

has four mutations at the position 794 (C to T), 14143 (C to T), 23138 (A to G), and 

25298 (G to T); the strain 0008 has four mutations at the position 794 (C to T), 2772 

(C to T), 14143 (C to T), and 25298 (G to T).

However, based the topology and branch length of the phylogenetic tree in Figure 2b, 

the strain 0007 and 0008 should have six mutations compared with the strain 0042. 

Thus, two hypothetical reverse mutations should have happened in the strain 0007 and 

0008, respectively, if one believed that the strain 0042 was the ancestor to 41 SARS-

CoV-2 strains in Figure 2b. For a coding region of 29409 nucleotides, the probability 

that reverse mutation happened at one site would be 1/(29409×29409×3) = 3.85×10-

10. The probability that four reverse mutations happened at the same time would be 

3.85×10-10 to the power of four, which equals 2.2×10-38. Table 1 has already shown 

that SARS-CoV-2 is a virus with very low mutation rate. Thus, it is nearly impossible 

that the strain 0042 could be the root of SARS-CoV-2’s phylogenetic tree. In another 

word, the SARS-CoV-2 genome sequence first identified in Wuhan cannot be the 

ancestor of the other SARS-CoV-2s, which exclude the possibility that human-to-

human SARS-CoV-2 transmission first happened in Wuhan City, China.

Positive selection analysis for SARS-CoV-2 genes

Viral transmission is usually accompanied by positive selection event which 

facilitates the virus jumping between different hosts or help it adapt to a new host 

population. We explored the possible positive selection events in 2449 SARS-CoV-2 

strains. Eight positive selection sites were detected in Orf1ab1, Orflab2, spike (S), 

Orf3a and nucleocapsid (N) genes (Table 2). Three of them were located in Orf1ab1 

gene. Orf1ab1 and Orflab2 genes totally encodes 16 predicted non-structural proteins 

(nsps) 5. Two out of three positive selection sites in Orf1ab1 were in nonstructural 

protein 2 (nsp2) and one of them was in nonstructural protein 6 (nsp6). Nsp2 interacts 
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with the host protein complex involved in mitochondrial biogenesis and intracellular 

signaling 16, whereas nsp6 can induce double-membrane vesicles and restrict 

autophagosome expansion 17, 18. The positive selection site for Orflab2 is in 

nonstructural protein 12 (nsp12) which is a RNA dependent RNA polymerase (RdRp) 
19. S gene, a very important protein for SARS-CoV-2’s transmission, encodes 

glycoprotein spike which binds to human ACE2 receptor 20. Orf3a gene encodes a 

transmembrane protein which can induce apoptosis in cells 21. N gene binds to the 

viral RNA genome and processes the virus particle assembly and release 22.

Interestingly, four positive selection sites have already presented in 42 less mutated 

strains. They are the epitome of the early stage of SARS-CoV-2’s transmission in 

human hosts. The phylogenetic analysis shows that the positive selection events in 

Orf1ab1 and Orf3a are mainly present in the strains geographically associated with 

USA whereas the positive selection event in Orflab2 is present in the European strains 

(Figure 3). The G614D mutation in S protein is recurrent and independently emerges 

in the strain 0042 (Wuhan City, China) and the strain 0008 (California, USA). The 

CODEML result shows that 614D exhibits a weak positive selection signal even in 42 

less mutated strains (lnL0 = -5068.97 , lnL1 = -5065.4, P-value = 0.168), although the 

P-value is not significant with this very limited dataset. 

Statistical analysis on the distribution of the numbers of SARS-CoV-2 sequences 

and strains in different countries and regions

The phylogenetic analyses combined with mutation profiles argue that the SARS-

CoV-2 strain first identified in Wuhan City is highly impossible to be the ancestor of 

all SARS-CoV-2 in our study. By parsimony principle, the least mutated strain should 

be the ancestor of all SARS-CoV-2s. The problem is that it can be found in eight 

countries including Australia, Bangladesh, Greece, USA, Russia (Serbia), Italy, India, 

and Czech Republic. Theoretically, anyone of them could be the birthplace of the 

least mutated strain. Due to its low mutability, SARS-CoV-2s is capable of preserving 

its genome integrity after a long time and range of transmission.
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Since phylogenetic analysis is unable to provide the clue for SARS-CoV-2’s origin, 

one common sense is that the birthplace of a virus usually has a high diversity of viral 

strains. In this study, we have total 4571 SARS-CoV-2 genome sequences from 2449 

strains. Each country or region has a percentage of SARS-CoV-2’s sequences and 

percentage of SARS-CoV-2’s strains. For example, USA has 3297 SARS-CoV-2 

sequences from 1631 strain. The percentage of SARS-CoV-2’s sequences from USA 

is 71.13% (3297/4571) and the percentage of SARS-CoV-2’s strains from USA is 

66.6% (1631/2449) in our dataset. Using Chi-square test, we can examine whether 

these two percentages are significantly different or not in 17 countries/regions (Table 

3).

If use the percentage of SARS-CoV-2’s sequences in a country to multiply the total 

number of strains, one will get the expected number of SARS-CoV-2’s strains in a 

country from the sequence percentage’s perspective, vice versa for the percentage of 

SARS-CoV-2’s strains. For example, if we multiply 71.13% by 2449, we will have 

1766 which is the expected number of SARS-CoV-2’s strains in USA; if we multiply 

66.6% by 4571, we will have 3044 which is the expected number of SARS-CoV-2’s 

sequences in USA. Then Chi-squared test can be used to examine the observed 

numbers and the expected numbers and in a contingency table.

We examined the percentages of SARS-CoV-2’s sequences and strains in 17 

countries and regions (Table 4). USA, India, Bangladesh, and Saudi Arabia have 

significant P-values. For USA, the statistical significance proposes that its percentage 

of SARS-CoV-2’s sequences is much higher than its percentage of SARS-CoV-2’s 

strains in our dataset, a sign of low viral strain diversity. In India and Bangladesh, the 

statistical significance is too high to be overlooked. It proposes that the percentage of 

strains is much higher that of sequences in these two countries, which a sign of high 

viral strain diversity. Both India and Bangladesh are located in the Indian 

subcontinent. Saudi Arabia with a relative high strain diversity is also geographically 
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close to the Indian subcontinent, just across the Arabian Sea. With the evidence that 

SARS-CoV-2 has a very low mutability and the least mutated strain can be found in 

both India and Bangladesh, it is natural for someone to deduce that the earliest 

human-to-human SARS-CoV-2 transmission might occur on the Indian subcontinent.

The possible date of the earliest human-to-human SARS-CoV-2 transmission

Based on its mutation rate, a SARS-CoV-2 accumulates about 11.41 point mutations 

in its gene coding region per year. There are three nucleotide differences between the 

least mutated strain and the NC_045512 strain. It proposes that the divergence time 

between two strains is about three or four months (0.951 point mutation per month). 

Since the first SARS-CoV-2 patient was hospitalized on 12 December 2019 in Wuhan 

City, the SARS-CoV-2 cryptic transmission in Wuhan must have started in the middle 

or late November of 2019 for SARS-CoV-2 has an incubation period of 2 to 14 days 
23. Therefore, the earliest human-to-human SARS-CoV-2 transmission could be traced 

back to July or August, 2019. 

Discussion

There are a lot of mysteries to SARS-CoV-2 so far. The first mysterious thing is that 

different SARS-CoV-2 strains evolve at different rates. Some of them are very stable 

and capable of long time and range transmission without any mutation. It seems that 

SARS-CoV-2 has a genome-replicase complex with extremely high fidelity which 

grants SARS-CoV-2 a much lower mutation rate than SARS-CoV and MERS-CoV. 

Orf1ab gene encodes 16 nonstructural proteins for coronavirus, most of which have 

certain replicase/transcriptase function 24. However, which nonstructural protein is 

mainly responsible for the stability of SARS-CoV-2’s genome remains under 

experimental investigation.

The slow evolutionary rate of SARS-CoV-2s means that only a few informative sites 

could be used for their phylogenetic analysis. Thus, the phylogenetic tree is only 

suitable for the probable estimation of SARS-CoV-2s’ evolutionary relationship and 
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classification, which creates difficulty for tracing its origin and transmission. On the 

other hand, the slow evolutionary rate also makes multiple mutations at the same site 

or reverse mutation highly unlikely. For our method based on parsimony principle, it 

is an advantage. Our analyses show that the NC_045512 strain first identified in 

Wuhan City was not the ancestral sequence to all SARS-CoV-2s. Thus, it is 

impossible that human-to-human SARS-CoV-2 transmission first happened in 

Wuhan, China. SARS-CoV-2 must have spread undetectably in human population for 

some time before it was identified in Wuhan.

Positive selection helps a virus adapt to new hosts and enhance its transmission and 

spread. In order to coexist with its hosts, the general trend during viral evolution is to 

decrease its pathogenicity and meanwhile increase its transmissibility. One positively 

selected site (G614D) in spike gene has been systematically studied 25, but the work 

of Bette et al proposed that D614G mutation was more adaptive, while our work 

found that G614D was actually positively selected. Their work showed that D614G 

mutation could increase upper respiratory tract viral loads but not with increased 

disease severity 25. For another perspective, this result means that G614D mutation 

has a lower detectability than D614G. Stealth is a clear advantage in SARS-CoV-2’s 

transmission. T265I in Orf1ab1 (nsp2) and Q57H in Orf3a seem to be more likely 

associated with pathogenesis, because Orf1ab1 (nsp2) involves in mitochondrial 

biogenesis and intracellular signaling and Orf3a can induce apoptosis in cells 15, 16. If 

both T265I and Q57H were associated with less disease severity, it would explain 

why United States didn’t notice this virus at the first place. Orflab2 (nsp12 RNA 

polymerase) has been shown to be a potential antiviral drug target 26, 27. 

Hypothetically, if an European patient with COVID-19 which was mistaken by 

his/her doctor as a severe viral flu was treated with a certain kind of antiviral drug, 

L314P in Orflab2 would be a drug resistance mutation. If it was the case, it is no 

wonder that SARS-CoV-2 would catch doctor’s attention in Wuhan and finally lead to 

its identification, because it becomes difficult to treat after it was cryptically imported 

to Wuhan from Europe and the COVID-19 mortality rate would be higher in China 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=3724275



and Europe than the other countries and regions. Certainly, the true adaptive features 

of T265I in Orf1ab1, Q57H in Orf3a, and L314P in Orflab2 are unknown and needs 

further study.

Our results have proven that Wuhan is impossible to be the original place of human-

to-human SARS-CoV-2 transmission. The questions then become what was its 

transmission route to Wuhan and where human-to-human transmission first happened. 

The phylogenetic analysis proposes that SARS-CoV-2 was cryptically transmitted to 

Wuhan from Europe and experienced at least one positive selection event during the 

process. The least mutated strain is found, but the problem is that it covers eight 

countries from four continents. It seems kind of farfetched to use statistical analysis to 

deduce that the Indian subcontinent is the place of the earliest human-to-human 

SARS-CoV-2 transmission. However, the geographic vicinity of Bangladesh, India, 

and Saudi Arabia proposes that the significantly high SARS-CoV-2’s strain diversity 

is unlikely to be an artifact in these three countries. The least mutated strain 

presenting in both Bangladesh and India makes the earliest human-to-human SARS-

CoV-2 transmission occurred in the Indian subcontinent a very sound scientific 

hypothesis. If the Indian subcontinent is the place of the earliest human-to-human 

SARS-CoV-2 transmission, one will naturally ask why SARS-CoV-2 wasn’t 

identified there in the first place. The Indian subcontinent has a tropical climate and a 

very young population, both of which contribute to a mild symptom of COVID-19. 

As known for all, the hygiene condition is imperfect and the public medical system is 

less efficient in the subcontinent. Thus, it is conceivable that a virus with flu-like 

symptom could spread undetectably for several months there. If our hypothesis is 

correct, the prediction is that the subcontinent will exhibit the highest SARS-CoV-2’s 

strain diversity as the virus sequencing continues.

Compared with the least mutated strain, the NC_045512 strain has three mutations. 

Based on SARS-CoV-2’s mutation rate, we estimate that the beginning date for the 

earliest human-to-human transmission in the subcontinent was July or August, 2019. 
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From May to June 2019, the second longest recorded heat wave had rampaged in 

northern-central India and Pakistan, which created a serious water crisis in this region 

(https://en.wikipedia.org/wiki/2019_heat_wave_in_India_and_Pakistan). The water 

shortage made wild animals such as monkeys engage in the deadly fight over water 

among each other and would have surely increased the chance of human-wild animal 

interactions. We speculated that the zoonotic transmission of SARS-CoV-2 might be 

associated with this unusual heat wave as well. If it was the case, the heat wave would 

explain why SARS-CoV-2 is able to rapidly spread in the summer of 2020 while 

SARS-CoV and MERS-CoV usually slow down their spread in high temperatures. 

Before it was identified in Wuhan in December, 2019, SARS-CoV-2 had been spread 

to four continents without detection. In this regard, the COVID-19 pandemic is 

inevitable in 2020 and the Wuhan epidemic is only a part of it. We hope that our work 

could shed some light on this cryptic virus, but there are still many unanswered 

questions around SARS-CoV-2. If the zoonotic transmission of SARS-CoV-2 

occurred in the subcontinent, where is the exact location of transmission? What is the 

natural host for SARS-CoV-2? The animal could be in or outside the subcontinent. It 

is notable that SARS-CoV-2-related coronaviruses have been found in Malayan 

pangolins and one of them has the highly similar receptor-binding domain to SARS-

CoV-2 28. Malayan pangolin is widely distributed in Southeast Asia 29, where is 

geographically next to the Indian subcontinent. Certainly, the true origin of SARS-

CoV-2 will not be revealed until its authentic natural host is found.
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Table 1. Mutation rates and transition vs. transversion (Ts/Tv) biases across three 
human infected coronaviruses. 

Species Mutation rate (mutation per nt per year) Ts/Tv bias
SARS-CoV 3.01 × 10-3 2.61
MERS-CoV 1.12 × 10-3 1.87

SARS-CoV-2 3.88 × 10-4 3.52

Table 2. Positive selection sites in five SARS-CoV-2’s genes.
Gene Mutation P-value Positively 

selected site
Reference 
position

Orf1ab1 C>T 8.8 × 10-5 T265I* 1059
Orf1ab1 A>T 0.043 I300F* 1163
Orf1ab1 G>T 7.9 × 10-6 L3606F* 11083
Orf1ab2 T>C 8.9 × 10-5 L314P* 14408

S C>T 0.012 L5F* 21575
S G>A 4.5 × 10-5 G614D* 23403

Orf3a G>T 0.035 Q57H* 25563
N C>T 0.0035 A194G* 28854

Table 3. Numbers of SARS-CoV-2 sequences and strains in 17 countries/regions.
Country/Region Number of 

sequences
Number of 

strains
Percentage of 

sequences
Percentage of 

strains
USA 3297 1631 71.13% 66.6%
India 319 247 6.98% 10.09%

Australia 263 155 5.75% 6.33%
Bangladesh 158 138 3.46% 5.63%

China 96 52 2.1% 2.12%
France 81 50 1.77% 2.04%
Greece 77 43 1.68% 1.76%

Germany 39 15 0.85% 0.61%
Taiwan, China 29 23 0.63% 0.94%
Saudi Arabia 21 19 0.46% 0.78%

Czech Republic 20 13 0.44% 0.53%
Hong Kong, China 19 12 0.42% 0.49%

Thailand 18 14 0.39% 0.49%
Spain 18 12 0.39% 0.57%
Egypt 14 8 0.31% 0.33%
Italy 9 8 0.2% 0.32%

Morocco 8 6 0.18% 0.24%
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Table 4. Chi-squared tests for the observed numbers of sequences and strains and the 
expected numbers of sequences and strains in 17 countries/regions.
Country/Region Category Observed 

number
Expected 
number

P-value

USA sequence 3297 3044 0.000196**
strain 1631 1766

India sequence 319 461 2.66×10-9**
strain 247 171

Australia sequence 263 298 0.1456
strain 155 141

Bangladesh sequence 158 258 1.25×10-8**
strain 138 85

China sequence 96 97 1
strain 52 51

France sequence 81 93 0.3199
strain 50 43

Greece sequence 77 80 0.8553
strain 43 41

Germany sequence 39 28 0.1627
strain 15 21

Taiwan, China sequence 29 43 0.09194
strain 23 16

Saudi Arabia sequence 21 35 0.03917*
strain 19 11

Czech Republic sequence 20 22 0.665
strain 13 10

Hong Kong, China sequence 19 25 0.7214
strain 12 11

Thailand sequence 18 22 0.2621
strain 14 10

Spain sequence 18 22 0.6498
strain 12 10

Egypt sequence 14 15 1
strain 8 8

Italy sequence 9 15 0.2913
strain 8 5

Morocco sequence 8 11 0.5991
strain 6 4

* Indicates P-value smaller than 0.05. ** Indicates P-value smaller than 0.005.
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