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A B S T R A C T

A novel coronavirus related to severe acute respiratory syndrome virus, (SARS-CoV-2) is the causal agent of the
COVID-19 pandemic. Despite the genetic mutations across the SARS-CoV-2 genome being recently investigated,
its transcriptomic genetic polymorphisms at inter-host level and the viral gene expression level based on each
Open Reading Frame (ORF) remains unclear. Using available High Throughput Sequencing (HTS) data and based
on SARS-CoV-2 infected human transcriptomic data, this study presents a high-resolution map of SARS-CoV-2
single nucleotide polymorphism (SNP) hotspots in a viral population at inter-host level. Four throat swab
samples from COVID-19 infected patients were pooled, with RNA-Seq read retrieved from SRA NCBI to detect 21
SNPs and a replacement across the SARS-CoV-2 genomic population. Twenty-two RNA modification sites on
viral transcripts were identified that may cause inter-host genetic diversity of this virus. In addition, the ca-
nonical genomic RNAs of N ORF showed higher expression in transcriptomic data and reverse transcriptase
quantitative PCR compared to other SARS-CoV-2 ORFs, indicating the importance of this ORF in virus replication
or other major functions in virus cycle. Phylogenetic and ancestral sequence analyses based on the entire genome
revealed that SARS-CoV-2 is possibly derived from a recombination event between SARS-CoV and Bat SARS-like
CoV. Ancestor analysis of the isolates from different locations including Iran suggest shared Chinese ancestry.
These results propose the importance of potential inter-host level genetic variations to the evolution of SARS-
COV-2, and the formation of viral quasi-species. The RNA modifications discovered in this study may cause
amino acid sequence changes in polyprotein, spike protein, product of ORF8 and nucleocapsid (N) protein,
suggesting further insights to understanding the functional impacts of mutations in the life cycle and patho-
genicity of SARS-CoV-2.

1. Introduction

Severe acute respiratory syndrome-related coronavirus (SARS-CoV-
2), COVID-19 clinically presents the symptoms with fever and mild
respiratory illness, with ~20% of cases requiring hospital intervention,
of which 5% require intensive support (Wu and Mc Googan, 2020;
Huang et al., 2020; Zhou et al., 2020). As of mid-August 2020, there
have been 21, 294,845 reported cases globally with 761,779 deaths
(World health organization, 2020). Coronaviruses (COVs) are the lar-
gest group of none-segmented, single-stranded, positive-sense ribonu-
cleic acid (+ssRNA) viruses in the order Nidovirales (Siddell et al.,

2019). They are classified within the Coronaviridae family, subfamily
Coronavirinae and cause enzootic infections in a broad range of verte-
brates including mammals and birds.
Phylogenetic analysis of full-length genomes of various coronavirus

species has revealed that SARS-CoV-2 fall within the subgenus
Sarbecovirus of the genus Betacoronavirus. Betacoronavirus are further
divided into four lineages (A–D). Lineage B includes SARS-CoV-2 and
about 200 viral sequences (Letko et al., 2020). The complete ssRNA
genome sequence of SARS-CoV-2 contains 29,891 nucleotides, en-
coding 7986 amino acids that make viral structural proteins (SPs) and
non-structural proteins (NSPs). The genome comprises of 12 putative
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functional open reading frames (ORFs) that are arranged in order
ORF1/ab which is translated to NSPs (Wu et al., 2020a). NSPs of SARS-
CoV-2 including papain-like protease (NSP3), cysteine 3C-like protei-
nase (NSP5), the primary RNA-dependent RNA polymerase (NSP12),
and helicase/triphosphatase (NSP13), have enzymatic functions during
the viral life cycle (Wu et al., 2020b; Chan et al., 2020). The partially
overlapping 5′-terminal ORF1a/b encodes the large replicase poly-
proteins pp1a and pp1ab, that are likely to be involved in the viral
transcription and replication. The −1 ribosomal frameshift upstream of
the ORF1a stop codon, allows continued translation of ORF1b to pp1ab,
that is proteolysis cleaved into 16 NSPs, which are essential in forming
the replicase/transcriptase complex (RTC) (Chan et al., 2020; Sola
et al., 2015). The 3′-terminal ORFs of SARS-CoV-2 genome encode SPs,
including spike glycoprotein (S, ORF2), envelope (E, ORF4), membrane
(M, ORF5) and nucleocapsid (N, ORF9a). These proteins are essential
for SARS-CoV-2 assembly and infection, and accessory proteins (3a, 6,
7a, 7b, 8, and 10) that are expressed from nine predicted sub-genomic
RNAs (Wu et al., 2020b; Chan et al., 2020).
High genetic diversity of RNA viruses at both inter- and intra-host

level lead to multiple circulating quasi-species of low/ high frequency,
due to the error-prone nature of their genomic replications (Li et al.,
2007). Heterogeneity in virus virulence and in host factors, as well as
polymorphic virulent quasi-species, can affect the extent of disease
severity, antiviral immune response, viral phenotype, and the sensi-
tivity of molecular and serological diagnostic assays (Vignuzzi et al.,
2006). The high mutation rate of RNA viruses drives virulence mod-
ulation, viral evolvability, and genome variability, allowing viruses to
escape host immunity and to develop drug resistance (Duffy, 2018). The
mutations that occur during viral replication can form micro variants
that diverge from a master sequence by the emergence of single nu-
cleotide polymorphisms (SNPs) within a population. These SNPs may
be the origin of viral quasi-species formation that can lead to resistance-
breaking strains in some hosts (Domingo et al., 2012; Seguin et al.,
2014). In acute RNA viruses, mutation hotspots mainly occur in im-
munogenic sites to enable the virus to escape the host antiviral immune
system, therefore, from a public-health perspective, understanding the
mutation rate of the SARS-CoV-2 at interhost levels as it spreads
through the population is imperative. (Rogozin and Pavlov, 2003).
This study uses SNP prediction based on RNA-Seq data and the

extent of molecular divergence between SARS-CoV-2 specific reads
mapped to RefSeq to understand mutational factors driving the evolu-
tion of SARS-CoV-2 and the pattern of spread of SNPs in the viral po-
pulation via SARS-CoV-2 transcriptomic data analyses. The expression
levels (transcripts per Kilobase Million, TPM) of SARS-Cov-2 ORFs in
RNA-seq data were also explored to provide new insights into the virus
replication strategy. This study also provides a phylogenetic analysis of
SARS-CoV-2 including an Iranian isolate that was recently sequenced.

2. Materials and methods

2.1. Data collection and pre-processing

The SARS-CoV-2 transcriptome was previously delineated by
Illumina MiniSeq runs on iSeq 100 sequencer using total RNA extracted
from hCov-19 infected patients' throat swab (Fang et al., 2020). Sam-
ples were collected by Fang et al. (2020) from SARS-CoV-2 infected
patients at the Central Hospital of Wuhan. Raw RNA sequencing (RNA-
Seq) data for the four throat swab samples (Fang et al., 2020) were
downloaded from the National Centre for Biotechnology Information,
Sequence Read Archive (NCBI SRA) under BioSample SRA:
PRJNA616446 (Table 1). Four throat swab samples were collected from
four individual patients, with analysis performed on each technical
replicate (Fang et al., 2020). Data analysis on fastq files were conducted
with CLC Genomics Workbench (version 12, QIAGEN, Venlo, The
Netherlands). The reads were adaptor trimmed (Illumina MiniSeq) and
quality trimmed (using the default parameters: bases below 15 nt were

trimmed, ambiguous nucleotides maximal 2).

2.2. SARS-CoV-2 gene expression using RNA-Seq data

Clean reads were mapped to the SARS-CoV-2 reference genome
(GenBank: NC_045512.2), with the ORFs were annotated and TPM was
calculated for each ORF using CLC Genomics Workbench (version 12,
QIAGEN, Venlo, The Netherlands). Means and standard deviation for
four replications were calculated using Microsoft Excel 2013.

2.3. Validation of SARS-CoV-2 gene expression by reverse transcriptase
quantitative PCR (RT-qPCR)

For validation of differential expression of SARS-CoV-2 genes, total
RNA was extracted from 70 COVID-19 infected patients using Exgene™
Viral DNA/RNA (GeneAll, Korea) following the manufacturer's in-
structions. UltraPlex™ 1-Step ToughMix® (Quantabio, USA) and specific
primers and probes for N and RdRp genes (Table 2), were used for
expression analysis. Data were expressed relative to the expression of
the Human RNase P as an internal control gene. The threshold cycle
(Ct) number was calculated from log scale amplification curves by ABI
QuantStudio (Applied Biosystems, USA) software. RT-qPCR conditions
were 50 °C for 10min, 95 °C for 1min for initial denaturation, followed
by 40 cycles of 95 °C for 10 s, and 60 °C for 30 s. The RT-qPCR experi-
ment was performed in triplicate. Amplification efficiencies were cal-
culated and included in data normalization. Data normalization was
performed using pfaffl formula (Balotf et al., 2012).

2.4. ORFs and SNP prediction

Virus-mapped reads were used for variant discovery using CLC
genomic workbench 12. Low-frequency variant detection tools from
CLC genomic workbench 12 were used to obtain SNPs from the viral
population. SNP discovery Quality filter Neighborhood was set to ra-
dius 5, minimum central quality 20 and minimum Neighborhood
quality 15. Minimum frequency was selected on 5% for the whole of the
virus population in four samples and each sample individually. SNPs
were validated, with their position in each ORF annotated using
Geneious Prime 2019 (Biomatters, New Zealand). The SNPs that cause
changes to amino acids were determined. The correlation of number of
SNP in each gene and the gene length was done using Minitab version
17. The distribution of SNP and their frequency between samples have
been assessed and compared between the samples. A Pearson correla-
tion of number of SNP in each gene and the gene length was calculated
using excel 2013.

2.5. Phylogeny, ancestral and consensus sequence reconstruction

All SARS-CoV-2 whole genome sequences obtained from human
hosts with geographical annotations were obtained from NCBI and
Global initiative on sharing all influenza data (GISAID). SARS-CoV-2
whole-genome sequences were aligned with the ClustalW method and a
phylogenetic tree was constructed using MEGA7 following the
neighbor-joining method, maximum composite likelihood-parameter
distance matrix, bootstrap values of 1000 replicates and with a 70%
threshold score (Kumar et al., 2016). The ancestral sequence of the

Table 1
Raw data statistics of SARS-CoV-2 human infected libraries.

Accession number Total reads Reads mapped to
virus

Percentage of mapped-
reads

SRR11454606 11, 336,944 3616 0.03
SRR11454609 17,121,629 66,420 0.39
SRR11454610 14,337,950 126,390 0.88
SRR11454611 1,405,599 3383 0.24
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virus was constructed by using the maximum likelihood (ML) algorithm
based on the generated phylogenetic tree in MEGA 7.

3. Results and discussion

3.1. Draft genome of SARS-CoV-2 and SNP profile

Using RNA-Seq data, this study was able to determine the SNPs on
an unprecedented scale for the SARS-CoV-2 population. Identification
of these SNPs is critical to understanding SARS-CoV-2 variation capa-
city. The abundance of reads from total RNA-Seq that mapped to the
SARS-CoV-2 reference genome provided about 98–100% coverage
across the viral genome, with robust sequencing depth (3383–126,390
reads) of the whole viral genome (Table 1). The average fold coverage
of viral reads was sufficient to detect low-abundance microbial species
genome from metagenomic datasets, implying the reliability of the as-
sembled draft viral genome for SNP determination and further analyses
(Albertsen et al., 2013). A total of 199,809 of 32,865,178 reads, from
four biological replicates were mapped to the SARS-CoV-2 genome
(Table 1). Single nucleotide polymorphisms were determined by an-
notating ORFs for the virus population in four samples. The SNP pro-
filing revealed that the ORFs encoding the RdRp and S proteins, ORF8
and nucleoprotein (N) of SARS-CoV-2 have undergone mutations within
this population at inter-host level. At least 22 sites displayed substantial
differences with frequency ranging from 5.06% to 99.8% across the
mapped reads when applied with a threshold of 5% for SNP detection,

suggesting potential RNA modifications (Table 3 and Fig. 1). Twenty-
one low- and higher- frequency SNPs were identified, with variable
density across the viral genome and a replacement mutation at a low
frequency of 6.4% (Table 3). The Pearson correlation of number of SNP
in each gene and the gene length calculated R2= 0.998 with P < 0.01,
which showed frequency varied according to the gene length and more
frequent in the longest gene. The positions of SNPs in the coding regions
of SARS-CoV-2 annotated ORFs were in RdRp ORF (14 SNPs), S ORF (4
SNPs), ORF8 (2 SNPs), N ORF (1 SNP) (Table.2 and Fig. 1). The SNP
C→T with variant frequency ranging from 5% to 99.8% was the most
abundant SNP type that was positioned only in polyprotein and S
protein regions of the genome (Table 3). The only polymorphisms that
cause changes in the deduced encoded amino acid sequence were po-
sitioned at 5122, 9512, 10,843, 11,206 and 11,876 of RdRp ORF and
the whole of SNPs in S, ORF8 and N ORFs (Table 3 and Fig. 1).
The comparative analysis of frequency and distribution of SNPs

identified between RNA-Seq reads can be influenced by the sequencing
depth However, it was not the case for our study and the outcome of our
analysis showed that SRR11454606 sample (with a lower sequencing
coverage than the other samples) exhibited more genome-wide SNPs
(Supplementary Fig. 1 and Supplementary Table 1) which may be re-
lated to host or the virus plasticity. Recent studies have shown that
SARS-CoV-2 harbor diversity both between strains or individuals (in-
terhost variation) as well as within a single individual (intra-host var-
iation) (Karamitros et al., 2020). The difference in frequency and dis-
tribution of the identified SNVs between throat swab samples in this

Table 2
Primers and probes that were used for RT-qPCR.

Primers and Probes Target Sequence Amplicon length (bp)

RdRP_F RNA-dependent RNA polymerases GTCTCTATAGAAATAGAGATGTTGACACA 134
RdRP_ R ACCTTGAGATGCATAAGTGCTATTGA
RdRP_ P FAM –AATGATGATACTCTCTGACGATGCT-BHQ
N gene_F Nucleoprotein ORF GACCCCAAAATCAGCGAAAT 72
N gene_R TCTGGTTACTGCCAGTTGAATCTG
N gene_P FAM-ACCCCGCATTACGTTTGGTGGACC-BHQ
RNase P_F Human Ribonuclease P (Internal control) AGATTTGGACCTGCGAGCG 65
RNase P_R GAGCGGCTGTCTCCACAAGT
RNase P_P ROX –TTCTGACCTGAAGGCTCTGCGCG-BHQ

Table 3
Single-nucleotide polymorphisms (SNPs) among a population of human SARS-COV-2a genome RNA-Seq reads.

Gene Reference Position Type of Variation Reference Allele Frequency (%) Amino acid Changec

Poly_protein 885 SNP C T 13.17 −
Poly_protein 2910 SNP A G 5.05 −
Poly_protein 5122 SNP G A 5.33 +
Poly_protein 6645 SNP T C 5.06 −
Poly_protein 7002 SNP C T 6.95 −
Poly_protein 8094 SNP T C 8.86 −
Poly_protein 8517 SNP C T 99.80 −
Poly_protein 9512 SNP C T 5.74 +
Poly_protein 10,843 SNP G A 5.06 +
Poly_protein 11,206 SNP C T 5.23 +
Poly_protein 11,876 SNP C A 25.25 +
Poly_protein 21,199 SNP G C 6.12 −
Poly_protein 21,209 SNP T G 5.76 −
Poly_protein 21,220 Replacement AG T 6.45 −
Poly_protein 21,258 SNP T A 5.47 −
Spike_protein 24 SNP G C 6.25 +
Spike_protein 2254 SNP C T 38.54 +
Spike_protein 2464 SNP C T 7.96 +
Spike_protein 3017 SNP C T 13.77 +
ORF8b 184 SNP G C 6.58 +
ORF8 251 SNP T C 98.92 +
N_protein 610 SNP G A 6.43 +

a Severe acute respiratory syndrome coronavirus 2.
b Open Reading Frame.
c “+”Changed amino acid, “– “doesn't change amino acid.
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study (same strain origin) may also refer to the antigenic variability of
SARS-CoV-2 and subsequent immune evasion.
The ORF1/ab encodes polyproteins are likely to be involved in the

viral transcription and replication (Chan et al., 2020), but it is not
known if the identified amino acid change in ORF1/ab affects these
viral processes in the variant of SARS-CoV-2 isolated from throat swab
samples. This study observed four SNPs in the spike glycoprotein (S
protein), located in the peptide signal and S2 domain, indicating that
some sites of S protein might be subjected to positive selection (Zhan
et al., 2020). The S glycoprotein of COVs plays a crucial role in the
binding and attachment of the virion to the cell membrane, through the
host ACE2 receptor (Xiao et al., 2003). Therefore, SARS-CoV-2 S gly-
coprotein is an important determinant of tissue and cell tropism as well
as host range (Millet and Whittaker, 2015). Although the real functional
impact of the low-frequency SNPs (C > T) at S protein sequence level
remains unclear, the mutation 24 positioned in signal peptide domain
and other SNPs located in S2 domain could modify the viral tropism,
suggesting new hosts or increasing SARS-CoV-2 pathogenesis (Shang
et al., 2020; Millet and Whittaker, 2015). Among these hotspots, one
low-frequency SNP in position 610 is located within the N protein
which is probably associated with an overall increased mutation rate.
The N protein of SARS-CoV-2 is vital for packaging the positive-strand
viral RNA genome into helical ribonucleocapsid (RNP) over its inter-
actions with the viral genome and membrane protein M (Chan et al.,
2020). The N protein provides a potential vaccine antigen, as it is im-
portant in viral immune response. Determining the high-frequency
SNPs encoding N genes of different SARS-CoV-2 strains will be key in
developing a potential vaccine (Zhao et al., 2005).
Throughout viral replication, hundreds of viral progenies are pro-

duced that vary at least at one position and the subsequent rounds of
replication generate a more complex mutant distribution that includes
variants lying farther away from each other in the viral sequence frame
(Lauring and Andino, 2010). This group of mutants forms a “cloud” of
variants called quasispecies. RNA viruses have a quasispecies nature
with a high mutation rate within infected hosts (Lauring and Andino,
2010). A viral quasispecies includes large numbers of genome variants
forming the population structure of viruses that are genetically linked
over mutation, interact with each other at a functional level, and jointly
contribute to form the main characteristics of a viral population
(Lauring and Andino, 2010). The high mutation rate in RNA viruses
leads to a high level of intra-host variants (Ni et al., 2016; Domingo
et al., 2012). The SNPs and substitution observed in quasispecies of
SARS-CoV-2 reflect the inter-patient capacity of the polymorphic qua-
sispecies which may increase rapidly during the outbreak and cause
viral immunological escape, resistance to anti-viral drugs and affect the

sensitivity of the molecular diagnostics assays. In this study, those SNPs
that were detected at low frequency implies viral variations of low
impact on the functionality of the genome. However, the frequencies of
SNPs in a viral population can be largely affected by the virus popu-
lation size and epidemic characteristics (Noh et al., 2017; Karamitros
et al., 2016). Based on the previous studies SARS-CoV shared 99.8%
sequence homology with SARS-like CoV, with a total of 202 single-
nucleotide (nt) variations (SNVs) identified across the genome (Song
et al., 2005). The SARS-CoV-2 mutations at inter-host level may attri-
bute to the viral survival and immune evasion in infected cells because
the human immune system is found to be less responsive to RNAs with
SNPs (Karikó et al., 2005). It is yet to be examined if the SNPs detected
in ORFs and aa sequence modifications detected in the current study are
unique to SARS-CoV-2 or conserved in other taxonomically related
coronaviruses.

3.2. Expression of SARS-CoV-2 proteins in throat swab cells

At least one Gig of clean data from each sample obtained from
transcriptome sequencing, was used as a query to analyze the viral gene
expression level after quality control, mapping reads to the SARS-CoV-2
Refseq and viral ORFs annotations. Differentially expressed genes
(DEGs) were characterized for each sample (adjusted-value p < 0.01)
(Fig. 2). Based on the number of specific transcripts (TPM) identified in
RNA-Seq, SARS-CoV-2 N which is positioned toward the 3′ terminus of
the genome was the most highly expressed gene than the 5′ terminal
genes encoding polyproteins and S protein (Fig. 3). Quantitative com-
parison of TPM reads showed that the N RNA is the most abundantly
expressed transcript, followed by ORFs 10, 8, M, 7a, 1a/b ant other
SARS-Cov-2 ORFs (Fig. 3). One-way ANOVA P < 0.01 revealed that
there is no significant difference in viral transcript levels between genes
encoding polyprotein, ubiquitin ligases (ORF10), M, and accessory
proteins (ORF7a, ORF7b and ORF8), whereas their expression levels
were higher than other ORFs (Fig. 2). There are no results on the SARS-
CoV gene expression level in patient tissue, and it is unclear which
accessory genes of SARS-CoV-2 are highly expressed. In this study,
ORF10 encoding a putative ubiquitin ligase is the most highly expressed
accessory gene of SARS-CoV-2 when compared with the other viral
auxiliary genes. The viral RNA replication has been evolved toward an
equilibrium at which a heterogeneous population of viral RNAs (qua-
sispecies) is reproduced with high efficiency (Holland et al., 1992;
Domingo et al., 12). The viral RdRP is up regulated during the evolution
of RNA viruses, since RdRP is the central enzyme during this process
and has the optimal combination of RNA synthesis efficiency and nu-
cleotide incorporation fidelity (Holland et al., 1982; Snijder et al.,

Fig. 1. Frequency of the single-nucleotide polymorphism (SNP) positions on the ORFs of SARS-CoV-2 genome in RNA-Seq reads in Human.
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2016). Earlier reports have indicated that upon viral entry, the N-pro-
tein of the SARS-CoV is primarily distributed in the cytoplasm, after
which they expressed heterologously or in infected cells (Surjit et al.,
2005; You et al., 2005; Rowland et al., 2005). The co-expression of the
M and N viral proteins was reported as a minimal requirement for the
formation of SARS-COV virus-like particles in transfected human 293
renal epithelial cells (Huang et al., 2004). Association of M and N
proteins stabilizes the nucleocapsid (N protein-RNA complex), and the
internal core of virions to promote the completion of viral assembly

(Chan et al., 2020; Fehr and Perlman, 2015; Fehr et al., 2016;
Narayanan et al., 2000). The higher expression level of M gene than
those of E and S genes implies the association and binding of M and N
for the completion of viral assembly in infected cells.

3.3. Confirmation of DEGs by RT-qPCR

To validate the differential expression profiles of viral genes ob-
tained by RNA-Seq analysis, RT-qPCR was performed on selected DEGs
of SARS-COV-2. The RT-qPCR results on the comparative expression
level of N and RdRP genes were consistent with those of the RNA-Seq
analysis. The RT-qPCR findings demonstrated the same relative reg-
ulation of DEGs of the virus as the RNA-Seq data (Fig. 3). Consistent
with virus replication during the infection time course, N displayed a
higher mRNA level in throat swab cells, indicating the boosted viral
replication upon the viral infection. After infection, new genomic RNAs
are formed and structural genes are up regulated, then assembly of
particles occurs. Assembly and release of virions are the last stages of
the virus life cycle (Chan et al., 2020). It has been reported that cor-
onaviruses use an RdRP processivity factor to expedite replication of
their RNA genome. The function of SARS-COV RNA polymerase was
revealed to be linked with the capability of an up-regulated nsp7/nsp8/
nsp12 complex that associates with the activity of nsp14-exonuclease
for removing terminal mismatches from an RNA duplex (Bouvet et al.,
2012). Since the N gene of COVs is highly immunogenic, un-glycosy-
lated, and is highly expressed in infected cells, it may be an ideal target
for developing diagnostic tools that can detect the SARS-CoV-2, as only
one SNP was observed in this part of the viral genome based on the
present data analysis (Shi et al., 2003; Guan et al., 2004).

3.4. Phylogenetic and ancestry studies of SARS-COV-2, Iranian isolate

The whole-genome-based phylogenetic trees for selected SARS-CoV-
2 strains reported from different locations are deduced using the NJ
method. The consensus tree was derived by bootstrapping values of
1000 replicates and with a 50% threshold score based on the NJ al-
gorithm (Kumar et al., 2016). The robustness of the tree topology was
estimated by branch support and the placement of root of the SARS-
CoV-2 NJ tree was considered by introducing different out-groups

Fig. 2. Expression levels (Reads per kilobase of transcript per million mapped reads, RPKM) of SARS-COV-2 ORFs in RNA-Seq data in infected patients. The mean and
standard deviation of four biological replicates is shown. One-way ANOVA (p < 0.01) was used for statistical analysis.

Fig. 3. Expression level of RdRP and N ORFs in 70 patients that were infected
by SARS-CoV-2 using RT-qPCR. Data were compared with t-test analysis
method.
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including SARS-COV and Bat SARS-like virus. Since the branching order
of the NJ tree shows location of virus linkage, in principle the NJ tree
provides the details that COVID-19 spread from one place to another.
The phylogenetic tree shows that the branches of the NJ tree are mainly
located in the same geographical continent and includes two distinct
phylogenetic clades of SARS-CoV-2 isolates (Fig. 4), corresponding to
subgroups I and II. The clade I mostly include the Asian SARS-CoV-2
sequences. Whilst the phylogenetic clade II is more diverse than clade I
in terms of geographic origins of viral strains and includes two clusters
particularly with the root distributed in Europe (Fig. 4). The Iranian
genome sequence (MT281530) appeared, in contrast, to be in a dif-
ferent cluster of the clade I including a Turkish genome sequence
(EPIISL417413) (Fig. 4). Based on the position and the evolutionary
relationship of strains presented in the SARS-CoV-2 NJ tree, as well as
the presence of Chinese isolates in both clades, it is deduced that the
SARS-CoV-2 may have begun to spread to several regions of the world
before its outbreak in Wuhan (Gao et al., 2020). To trace back the
potential time of the evolution involving ancestral lineages of SARS-
CoV-2, this hypothesis was tested further by joint maximum likelihood
reconstruction of ancestral sequences based on the entire genome for all
SARS-CoV-2 strains presented in the NJ tree and compared with the
whole genome phylogeny (Fig. 5). The findings presented did not
support the hypothesis, indicating that the COVID-19 may have begun
to spread to several regions in the world before its outbreak in Wuhan.
Based on the reconstruction of ancestral sequences SARS-CoV-2 may
have been derived from a recombination event between two different
COVs including SARS-CoV and Bat SARS-like CoV. Furthermore, the

most recent common ancestor in the recombinant region of the clade
leading to the Chinese SARS-CoV-2 isolates (MN975262 and
MN938384) is the ancestor of other isolates from different locations.

4. Conclusion

As more SARS-CoV-2 isolate sequences become available, stronger
lineage variation may occur over the pandemic time. However, evolu-
tionary factors require further time for further recombination within
the viral population. A caveat of this remains the limited number of
samples, and the limited number of SARS-CoV-2 genome sequences
applied for SNPs prediction based on transcriptome and phylogenetic
studies, respectively. This study delineated the mutation positions of
SARS-CoV-2 based on unambiguous mapping SRA reads to RefSeq, and
investigated the origin of viral quasispecies formation through the
analysis of SNPs in the SARS-CoV-2 population structure. It was de-
termined that highly expressed ORFs are a prerequisite for under-
standing the functional relationship of viral structural and non-struc-
tural proteins, replication mechanism, and host-viral interactions
involved in pathogenicity.
As in other COVs, a high mutation rate, including SNP, in SARS-

CoV-2 may allow rapid viral evolution forming variants with altered
biological characteristics including new host specificity and drug sen-
sitivity. The SNPs detected in this study may provide a solid basis for
understanding variant generation at inter-host level. To understand
further about intra-host level variation and the evolutionary selection
pressure on SARS-CoV-2 further investigations are required in detail

Fig. 4. Phylogenetic analysis of full-length genomes SARS-CoV-2 Iranian isolate and isolates from different locations. □: European isolates. ■: South American
isolates. ●: Asian Isolates. ♦: African Isolates. ▲: North American Isolates. SARS and bat-SARS-like are out-groups.
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based on the sequence alignment of many strains from different loca-
tions. However, new molecular features of SARS-CoV-2 particularly co-
expression of SARS-CoV-2 proteins will need to be studied further in
different cell types that have an intact interferon system. Moreover, it is
still unclear if the SNPs detected in annotated ORFs in this current study
are unique to SARS-CoV-2 or conserved in other taxonomically related
coronaviruses. A comparative study must be conducted on the dis-
tribution and functional significance of SNPs in the SARS-CoV-2 po-
pulations to gain further understanding of SARS-CoV-2 quasi-species
impacts on viral pathogenicity and replication in infected cells. To
conclude, this data provides a platform with new directions to in-
vestigate the mechanisms that play a key role in the pathogenicity of
SARS-CoV.
Supplementary data to this article can be found online at https://

doi.org/10.1016/j.meegid.2020.104556.
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