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Abstract

Coronavirus disease 2019 emerged as the first example of “Disease X”, a hypothe-
tical disease of humans caused by an unknown infectious agent that was named as
novel coronavirus and subsequently designated as severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2). The origin of the outbreak at the animal market
in Wuhan, China implies it as a case of zoonotic spillover. The study was designed to
understand evolution of Betacoronaviruses and in particular diversification of SARS-
CoV-2 using RNA dependent RNA polymerase (RdRp) gene, a stable genetic marker.
Phylogenetic and population stratification analyses were carried out using maximum
likelihood and Bayesian methods, respectively. Molecular phylogeny using RdRp
showed that SARS-CoV-2 isolates cluster together. Bat-CoV isolate RaTG13 and
Pangolin-CoVs are observed to branch off prior to SARS-CoV-2 cluster. While SARS-
CoV form a single cluster, Bat-CoVs form multiple clusters. Population-based ana-
lyses revealed that both SARS-CoV-2 and SARS-CoV form separate clusters with no
admixture. Bat-CoVs were found to have single and mixed ancestry and clustered as
four sub-populations. Population-based analyses of Betacoronaviruses using RdRp
revealed that SARS-CoV-2 is a homogeneous population. SARS-CoV-2 appears to
have evolved from Bat-CoV isolate RaTG13, which diversified from a common an-
cestor from which Pangolin-CoVs have also evolved. The admixed Bat-CoV sub-
populations indicate that bats serve as reservoirs harboring virus ensembles that are
responsible for zoonotic spillovers such as SARS-CoV and SARS-CoV-2. The extent
of admixed isolates of Bat-CoVs observed in population diversification studies un-
derline the need for periodic surveillance of bats and other animal reservoirs for

potential spillovers as a measure towards preparedness for emergence of zoonosis.
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1 | INTRODUCTION

An infectious disease of unknown origin and etiology (Disease X) was
reported for the first time in China during December 2019 and was
named as coronavirus disease 2019 (COVID-19) due to presentation
of symptoms similar to severe acute respiratory syndrome cor-
onavirus (SARS-CoV). The causative agent was subsequently identi-
fied and referred to as an unknown novel virus of animal origin based
on the epicenter of the outbreak at the animal market in Wuhan,
China.” The virus, believed to have acquired ability to infect human,
was named as 2019-nCoV (also referred as nCoV-19) by the World
Health Organisation and as SARS-CoV-2 by the International Com-
mittee on Taxonomy of Viruses (ICTV) with a referral to the genus
Betacoronavirus of the family Coronaviridae.”

With the emergence of COVID-19 in China,® the disease has
spread globally and has been declared as a pandemic. To tackle the
disease and to characterize the virus, global scientific community has
generated large data sets across domains. Multidisciplinary teams are
undertaking data analysis from the perspective of both, basic and
applied research with objectives to decipher origin and evolution of
the virus as well as to embark on development of diagnostics, drugs
and vaccines.

Members of the family Coronaviridae include viruses capable of
infecting mammals, birds, and fishes* and are known to be the largest
positive sense single-stranded RNA viruses. Genus Betacoronavirus of
family Coronaviridae have been responsible for three major outbreaks
in the past two decades that include SARS epidemic in 2002 to
2003,” Middle East respiratory syndrome (MERS) epidemic in 2012,°
and the present SARS-CoV-2 outbreak in 2019.” In all the above
cases, bats have been implicated to play a role of a reservoir along
with intermediate hosts like palm-civets in the case of SARS® and
dromedary camels in the case of MERS,’ prior to host-spill over to
humans. In case of SARS-CoV-2, role of pangolin as an intermediate
host has been suggested on the basis of analysis of virome of
Malayan pangolins.'**

Phylogenetic analyses of Betacoronavirus members revealed that
MERS-CoV, Human-CoV HKU1, Human-CoV OC43, Bat-CoVs (with
Pipistrellus and Tylonycteris as hosts), and Mus musculus MHV-1 form a
distinct sister clade due to evolutionary divergence that is also re-
flected as variations in their genomic sequences.®

Due to efforts of various research labs across China and else-
where, more than 170 genomes have been sequenced and made
available for researchers globally.’”> Genome length of SARS-CoV-2 is
~29kb and encodes multiple Open Reading Frames (ORFs). The 5’
end of the genome contains replicase gene that constitutes 2/3™ of
the genome and contains two overlapping ORFs viz, 1a and 1b.
Cleavage by proteinases results in multiple protein products includ-
ing RNA dependent RNA polymerase (RdRp).” The 3’ end of the
genome encodes structural (spike, envelope, membrane, and nu-
cleocapsid) and accessory genes.™®

RdRp gene has been found to be useful for evolutionary analysis
of global RNA virome due to its universal presence in all RNA

viruses.'**¢ Therefore, in this study, we have used RdRp gene
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to analyse the population structure of members of genus
Betacoronavirus. Our group has designed workflows for population
stratification studies of RNA viruses using the complete genome
data to identify the factors shaping the genetic diversity of individual
viruses infecting human such as Rhinoviruses, Dengue viruses, and
Measles viruses.'”*® Similar population diversification studies have
been carried out for the members of the genus Begomovirus that are
known to infect plants.’?

An attempt has been made to delineate genetic diversity of
SARS-CoV-2 in comparison with a few Betacoronaviruses using
phylogeny and population structure analysis of RdRp gene. It is en-
visaged that population-scale diversity studies based on a stable
genetic marker would augment phylogenetic analysis and provide an
insight into evolution and origin of emerging viral zoonoses in general
and that of SARS-CoV-2 in particular.

2 | MATERIALS AND METHODS
2.1 | Data curation

RdRp gene sequences of SARS-CoV-2 and Pangolin-CoV isolates
were extracted from the genomes deposited in GISAID database’”
using BLASTn?® with RefSeq: NC_045512.2 as a query. Low resolu-
tion sequence data have been excluded. RdRp gene sequences be-
longing to members of genus Betacoronavirus were retrieved using
online BLASTn search against nonredundant nucleotide database®*
(as of 18 February 2020), and filtered using % overlap of more than
90% and e-value cutoff (e < 0.0001).

We have used the nomenclature SARS-CoV (for SARS and SARS-
related and SARS-like Coronaviruses), Pangolin-CoV (for Betacor-
onavirus isolates derived from pangolin), Bat-CoV (for Betacoronavirus
isolates derived from bats). The total number of sequences in the
RdRp data set are 307 (Table S1) which belong to viruses SARS-CoV-
2 (91), Pangolin-CoV (5), SARS-CoV (125), Bat-CoV (23), and SARS-
like-Bat-CoV (63). MERS-CoV was not included in this analysis as it
did not meet the cutoff criteria of overlap and identity used for data

curation.

2.2 | Multiple sequence alighment

Multiple sequence alignments (MSA) of nucleotide sequence of RdRp
gene were carried out using MAFFT.??> RDP4?° was used to detect
recombination events.

2.3 | Phylogenetic analysis

Phylogenetic tree of RdRp gene data set was built using maximum
likelihood (ML) method available in IQ-TREE?* with 1000 bootstrap
replicates. iTOL (URL: https://itol.embl.de/) was used for visualization

of phylogenetic trees.
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2.4 | Population stratification studies

Parsimonious sites extracted from the MSA of RdRp gene were
used as input to study population structure of Betacoronaviruses.
STRUCTURE tool?® and the protocol described by Waman et al
2014 was used for fine-level clustering of isolates belonging to genus
Betacoronavirus using RdRp gene. Linkage equilibrium was estimated
using LIAN?® with p value 10™* for 10000 replicates and DnaSP
tools.?” Linkage equilibrium is measured in terms of standardised index
of association (I°,); mean value of the difference between observed and
expected haplotype frequency which is normalized by either maximum
or minimum possible value of this difference (|D|); squared value of the
difference between observed and expected haplotype frequency
normalized by variance of allele frequency (r%). Admixture and linkage
models were used starting with burn-in of 100000 to 175000 and
Markov Chain Monte Carlo (MCMC) run of 100 000 to 175 000 steps
each. An isolate was said to have admixture if its score for minor
membership is 20.05. Number of clusters representing sub-populations
(k) was varied from 1 to 10 with ten replicates each. Optimal k was
chosen using the STRUCTURE harvester.”®

3 | RESULTS
3.1 | RdRp analysis

MSA of RdRp nucleotide sequences revealed 99.78% identity
amongst SARS-CoV-2 (91 isolates, as of 18 February 2020) and
55.66% identity amongst all Betacoronavirus members used in this
study (SARS-CoV, Pangolin-CoV, Bat-CoV, SARS-like Bat-CoV, SARS-
CoV, and SARS-related-CoV, totaling 307 isolates). RdRp gene was
found to be devoid of recombination. The number of parsimonious
sites in RdRp gene were found to be 784 out of 2796 bases. Linkage
disequilibrium calculated in terms of 1%, |D’], and r? was found to be
0.22, 0.775 and 0.144, respectively.

Phylogenetic tree derived using ML method and TIM2 +F + 1| +
G4 substitution model based on Bayesian information criterion score,
revealed 7 branches representing clusters (Figure 1C). All the SARS-
CoV-2 viruses formed an independent cluster. RaTG13 is the closest
virus isolate that appears to branch off before the SARS-CoV-2
cluster, followed by the cluster of Pangolin-CoVs. SARS-like-Bat-CoV
isolated from Kenya (GenBank: KY352407) remains independent.
Overall, SARS-like-Bat-CoVs and Bat-CoVs form four clusters, based
on host species from which the Bat-CoVs are isolated. As expected,
SARS-CoVs formed a cluster that is distant from SARS-CoV-2 viruses.

3.2 | Population stratification

Population genetics analysis of RdRp gene sequences revealed an
optimal peak at k =3 (Figure 1A) corresponding to the three groups
of Betacoronavirus viz, SARS-CoV, Bat-CoV, and SARS-CoV-2 viruses.

The SARS-CoV-2 isolates clustered together as a homogeneous

group (membership score of 1). Similarly, SARS-CoV clustered as a
distinct homogeneous group (membership score of 1). It was inter-
esting to observe that the isolate RaTG13, despite being a Bat-CoV
showed major membership (0.86) to SARS-CoV-2 cluster and only a
minor membership (0.102) to Bat-CoV cluster, and thereby sub-
stantiates that it is the closest Bat-CoV to SARS-CoV-2 as was also
observed in the phylogenetic tree (Figure 1C). Pangolin-CoV isolates
exhibited mixed ancestry (Figure 1A) with major membership to
Bat-CoV (membership score 0.56) and minor memberships to
SARS-CoV-2 (membership score 0.343) as well as SARS-CoV
(membership score 0.09). Bat-CoV members show unique pattern
of ancestry wherein a few isolates are genetically homogeneous
(membership score of 1) and a few others show mixed ancestry to
SARS-CoV (Figure 1A). Bat-CoV isolates with host as Rhinolophus
monoceros, R. thomasi, R. pearsonii and a few members with R. sinicus
as host clustered together as a homogeneous group (membership
score of 1). Bat-CoV HKU isolates also clustered with this group with
a membership score of 1. Bat-CoV with R. ferrumequinum as host
showed major membership to Bat-CoV cluster (membership score
0.668) and minor membership to SARS-CoV cluster (membership
score 0.329). Three Bat-CoV isolates displayed admixture with major
membership to Bat-CoV cluster and minor membership to both
SARS-CoV and SARS-CoV-2 clusters, which is also evident in the
branching pattern observed in the phylogenetic tree. These include
BtKY72 (isolated from Kenya in 2007; GenBank: KY352407); BtCoV/
BM48-31/BGR/2008 (isolated from Bulgaria, in 2008; GenBank:
GU190215 with R. blasii as host), Zhejiang 2013 (isolated from China
in 2013, GenBank: KF636752 with Hipposideros pratti as host).

The same population stratification study also revealed a minor
peak at k =7 (Figure 1B) in which the admixed members of Bat-CoV
(identified at k = 3) were observed to be further stratified based on
their host species whereas Pangolin-CoV isolates clustered in-
dependently. In all, there are four Bat-CoV clusters observed.
Members with R. sinicus, R. rex, Miniopterus schreibersii, and Aselliscus
stoliczkanus as host clustered together with membership score of
more than 0.9 (designated as Bat-CoV cluster 1). This cluster also
included an isolate each with R. dffinis as host (GenBank:
MK211376) and R. ferrumequinum as host (GenBank: KY417145). It
is interesting to note that all other isolates with R. ferrumequinum as
host clustered separately (designated as Bat-CoV cluster 2). Three
isolates namely, BtKY72 (isolated from Kenya in 2007; GenBank:
KY352407); BtCoV/BM48-31/BGR/2008 (isolated from Bulgaria, in
2008; GenBank: GU190215 with R. blasii as host), Zhejiang2013
(isolated from China in 2013, GenBank: KF636752 with Hipposi-
deros pratti as host) clustered together (designated as Bat-CoV
cluster 3). Isolates with R. monoceros, R. thomasi, R. pearsonii, and a
few members with R. sinicus as host along with Bat-CoV HKU iso-
lates clustered together with membership score of more than 0.9
(designated as Bat-CoV cluster 4). Isolate Rp/Shaanxi2011 with
R. pusillus as host (GenBank: JX993987) was found to be admixed with
major membership to Bat-CoV cluster 2 and minor membership to
other three clusters of Bat-CoVs. Isolates BtCoV/279/2005 and Rm1
with R. macrotis as host (GenBank: DQ648857 and DQ412043)



KASIBHATLA ET AL.

1.00
0.80
060
0.40
0.20
0.00

1.00
0.80
060
0.40
0.20
0.00

1935
MEDICAL VIROLOGY — YV LEY—I—

Bat-CoV BtKY72

Bat-CoV Cluster 2

Bat-CoV Cluster 3
%
%

%

Bat-CoV Clusterd

FIGURE 1 Fine level clustering of members of Betacoronavirus based on RdRp gene. A, Population stratification at optimal peak k = 3 wherein
the labels 1, 2, and 3 represent SARS-CoV-2, SARS-CoV, and Bat-CoV, respectively. B, Population stratification at minor peak k = 7 wherein the
labels 1,2,3,4,5,6,7 represent Pangolin-CoV, SARS-CoV-2, Bat-CoV-Cluster 1, SARS-CoV, Bat-CoV-Cluster 2, Bat-CoV-Cluster 3, and Bat-CoV-
Cluster 4, respectively. C, Phylogenetic tree of Betacoronavirus members (SARS-CoV, SARS-CoV-2, Pangolin CoV, and Bat-CoV) derived using
RdRp gene employing maximum-likelihood method. The black filled circles on the nodes denote bootstrap support more than 70%. The seven
clusters observed using population stratification studies (Figure 1A, B) are mapped onto the phylogenetic tree. RdRp, RNA dependent RNA

polymerase; SARS-CoV, severe acute respiratory syndrome coronavirus

were found to be admixed with membership to all four clusters of
Bat-CoVs.

4 | DISCUSSION

From genomic sequences to 3-dimensional structures, experiments in
the domains of virology, molecular biology, biochemistry, bio-
technology, and immunology have been performed for SARS-CoV-2
in a short span of 2 months. The data are analyzed simultaneously
and concurrently by the multi-disciplinary teams studying evolu-
tionary biology, statistics, computational biology, and bioinformatics
with objectives to limit spread of SARS-CoV-2 and to combat COVID-

19. This resulted in sequencing of more than 170 genomes in a span

of ~60 days that are being tracked by resources such as Nextstrain
(URL: https://nextstrain.org/) and Virological.org (URL: virological.
org) in real time. With availability of data, studies on molecular
evolution and characterization were performed to gain an insight into
evolution and epidemiology of SARS-CoV-2. The data were also used
gainfully to propose hypothesis regarding progenitor and inter-
mediate hosts. It has now been accepted that bats are reservoirs and
pangolins are intermediate host of SARS-CoV-2.10:11:27

RdRp gene was chosen as it is the common gene essential for
replication of all RNA viruses'* and the phylogenetic tree generated
using RdRp closely approximates whole genome phylogenetic ana-
lyses of Betacoronaviruses (data not shown), an observation also
reported by Zhang et al 2020.'° Therefore, a study using phyloge-

netic and population genetics analyses was designed based on RdRp
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gene and data curation was done using stringent criteria based on
alignment coverage and sequence similarity. Relaxation of cut-off
criteria led to inclusion of MERS-CoVs in our analysis. However, it
not only adversely effected quality of the alignment due to sequence
divergence and presence of indels resulting in doubling of parsimo-
niously informative sites and thereby impacted evolutionary model
building studies.’® Hence, relaxation of cut-off criteria to include
MERS-CoV was ruled out and the analysis was carried out using
Betacoronaviruses such as SARS-CoV, Bat-CoV, Pangolin-CoV, and
SARS-CoV-2.

These analyses revealed that SARS-CoV-2 isolates emerge as an
independent homogeneous cluster with one of the Bat-SARS-isolate
(RaTG13) as the closest isolate followed by a group of Pangolin-
CoVs. SARS-CoV isolates form a distinct homogeneous cluster. The
analysis of membership scores based on genetic similarity indicate
that both, SARS-CoV and SARS-CoV-2 are independent viruses. The
Bat-CoVs serve as interim linking the two independent clusters of
SARS-CoV and SARS-CoV-2. Population of Bat-CoVs appear to be an
ensemble of four sub-populations having single as well as mixed
ancestry, as evident from fine level clustering observed (at k=7,
Figure 1B) and their placement in the multiple branches of the
phylogenetic tree (Figure 1C). Thus, bats serve as reservoirs of sev-
eral viruses that appear to evolve independently and therefore have
equal opportunity to jump hosts.>°3! Our studies quantitatively
substantiate hypothesis that the Bat-SARS-isolate (RaTG13) as one
of the progenitor®? of SARS-CoV-2 with Pangolin-CoVs'®*2? that
share a common ancestor along with the possibility of any other
intermediate host that is not known so far.

Moderate value of LD (0.22) was observed for Betacor-
onaviruses which could be attributed to the fact that multiple viruses
(SARS CoV, Bat-CoV, Pangolin-CoV, and SARS-CoV-2) infecting di-
verse hosts (human, bats, and pangolins) and possibly transmitted by
several intermediate hosts have been analysed together. In view of
this, the system was equilibrated and sampled for MCMC runs of
175000 iterations allowing for it to capture variations. Additional
MCMC runs with 200 000 and 225 000 iterations showed that the
population structure sampled at k=7 remains the same except that
the SARS-CoV cluster diversifies into two sub-populations, SARS-
CoVs and SARS-related-CoVs as expected.

Analyses of 140 complete genomes of SARS-CoV-2 revealed the
presence of only 50+ parsimonious sites (data not shown) indicating
that the SARS-CoV-2 isolates characterized (as of 18 February 2020)
represent a single spill over event. This hints at absence of further
diversification of SARS-CoV-2 into lineages that was reported
recently.*

5 | CONCLUSIONS

The outcome of population analysis of Betacoronaviruses using
RdRp indicates that SARS-CoV-2 evolved as a homogeneous po-
pulation distinct from both, SARS-CoV as well as Bat-CoVs. Both,
the Bat-CoV (RaTG13) and Pangolin-CoV share a common

ancestor with SARS-CoV-2. The Bat-CoVs, however, appear to be
emerging viral ensembles based on their mixed ancestry thereby
hinting at their role and potential for zoonotic spillovers in future.
The outcome of our study recommends use of RdRp gene for
surveillance to track emerging RNA viruses (that include positive-
sense, negative-sense, single-stranded, and double-stranded).
SARS-CoV-2 pandemic exemplified need for surveillance and
data-driven infrastructural preparedness to combat zoonotic perils
to meet the sustainable development goal (UN SDG 3: health for
all) that recognizes interconnections between people-animals-
plants and their shared environments.
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