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Abstract

The Severe Acute Respiratory Syndrome 2 (COVID-19/SARS-CoV-2) has become the pandemic of the century due to its drastically infectious nature. SARS & MERS
are the most notable of past coronaviruses infecting merely thousands compared to COVID-19’s gigantic magnitude. COVID-19’s global spread has been attributed to its
high asymptotic transmission and explosive infectious nature, mainly due to mutational changes in the spike glycoprotein. The purpose of this research is to comprehend
& evaluate the divergent evolution of the spike glycoprotein in COVID-19, and other coronaviruses, at the molecular level via bioinformatic analysis. A phylogenetic tree
was constructed using spike glycoprotein sequences from viral genomes using MEGA X program. Nucleotide composition analysis and genome organization study were
carried out. Dot plot comparisons were performed using EMBOSS Dot Matcher program. Phylogenetic analysis produced four distinct clades for each coronavirus genera
with a common ancestral origin sometime in recent history. More importantly, COVID-19 and SARS formed their own subclade suggesting that evolution of sequence
has taken place in the spike glycoprotein over the period time. Genome organization and nucleotide composition provided further evidence of mutational changes in the
spike glycoprotein. The results from this study demonstrated the divergent evolution of coronaviruses. Mutational changes in the spike glycoprotein have resulted in more

virulent forms of COVID-19.
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Introduction

The novel coronavirus Disease 2019 (COVID-19) pandemic,
caused by The Severe Acute Respiratory Syndrome 2 (SARS-
CoV-2), is a catastrophe impacting millions of people medically,
socially, and economically worldwide. As of mid-August 2021,
over 207 million cases and more than 4.36 million deaths globally
have been associated with COVID-19 [1]. In the United States alone
it infected more than 36 million and killed at least 621 thousand in
a just over a year [2]. Coronaviruses in general are not unknown
to humans. SARS (SARS-CoV) in 2002 in China infected 8000
people and caused 800 deaths [3]. MERS (MERS-CoV) in 2012 in
the Middle East infected 2500 people and killed 800 of them [4].
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We were able to successfully contain the spread of SARS &
MERS, before they could spread to the rest of the world, because
of their low infectious nature [5-7]. However, COVID-19 has
spread worldwide within a short period of time due of its high
asymptotic transmission and potent infectious nature, mainly due
to mutational changes in the spike protein [8-10].

Most coronaviruses have four structural proteins identified as
spike (S), envelope (E), membrane (M), and nucleocapsid (N)
[11,12]. The virus’s entry into humans is mediated specifically
by spike protein through a multi-step process [13,14]. They first
need to recognize host cell-surface receptor for viral attachment.
In the next step, fuse viral and host membranes for entry [13].
Therefore, Receptor-Binding Domains (RBD) present in S
protein play important role in viral transmission [15]. In addition,
a recent D614G mutation identified in spike protein, from A to
G base change, in one of the Wuhan strains is confirmed to be
a rapid transmission form of COVID-19 [16,17]. Furthermore,
various mutations in spike protein have recently been reported
in isolates from several geographical regions of China and other
parts of the world [18,19]. Therefore, the sequence analysis of the
genomic region encoding the viral spike glycoprotein is essential
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in understanding explosively contagious nature of this virus and to
possibly design effective long lasting viral vaccines in the future.

The genomic analysis in our study will answer two fundamental
questions. Firstly, is COVID-19 the product of the divergent
evolution of coronaviruses? Secondly, are the mutational changes
in spike glycoprotein the cause for evolution of more virulent
form of COVID-19? Therefore, the purpose of this research is
to comprehend & evaluate the divergent evolution of the spike
glycoprotein in COVID-19, and other coronaviruses, at the
molecular level via bioinformatic analysis.

Materials and Methods

Sequence Selection

All coronaviruses fall under the Coronaviridae family within the
Nidovirales order.

Coronaviruses can be further divided into 4 genera:
Alphacoronaviruses, Betacoronaviruses, Gammacoronaviruses
and Deltacoronaviruses. Genera are primary differentiated by
their main reservoir hosts. Alpha- and Betacoronaviruses are
known to infect mammalian species, Gammacoronaviruses
are known to infect avian species, and Deltacoronaviruses are
known to infect both. [20,21] In our analysis, 30 viral genome
sequences were selected and evaluated (Table 1). 24 sequences
were chosen from Coronaviridae family, 3 sequences were taken
from Nidovirales Order, and other 3 represented commonly well-
known human viruses. To ensure diversity in the Coronaviridae
family, sequences were selected in accordance with genre: 9
Alphacoronaviruses, 9 Betacoronaviruses, 3 Deltacoronaviruses,
and 3 Gammacoronaviruses. These sequences were chosen based
on availability of full genome sequence data, relative genome
length and current literature review from a range of mammalian
and non-mammalian hosts for these viruses. All sequences were
obtained from National Center for Biotechnology Information
(NCBI) viral genome database (URL: http://www.ncbi.nlm.nih.

gov).

Table 1. A complete list with names of the viral strains used in the analysis.
Naming abbreviations for different groups: Alphacoronaviruses (Dark Blue),
Betacoronaviruses (Orange), Gammacoronaviruses (Grey), Deltacoronaviruses
(Yellow), Nidovirales strains (Aqua), and Commonly known viruses (Green).
NCBI accession number for each strain is indicated.

Accession #

Abbreviation Viral Strain

A-FIPW Feline infectious peritonitis virus NC_002306
A-HCoWV-NL63 Human coronavirus NL63 NC_005831
A-PEDV Porcine epidemic diarrhea virus NC_003436
A-SBC-512 Scotophilus bat coronavirus 512 NC_009657
A-Mi-BatCoV-HKUS Miniopterus bat coronavirus HKU2 NC_010438
A-BatCoV 1A Bat coronavirus 1A NC_010437
A-BatCoV 1A Porcine respiratory coronavirus DQ811787

A-TGV Transmissible gastroenteritis virus NC_038861
A-Mi-BatCoV 1B Miniopterus bat coronavirus 1B EU420137

B-HCoV-0OC43 Human coronavirus OC43 strain ATCC VR-759 MNC_006213
B-BCoV Bovine coronavirus NC_003045
' B-HCoV-HKU1 Human coronavirus HKU1 NC_006577
B-SARS SARS Coronavirus Tor2 NC_004718
B-Ty-BatCoV-HKU4 Tylonycteris bat coronavirus HKU4 NC_009019

B-Pi-BatCoV-HKUS5
B-Ro-BatCoV-HKU9

Pipistrellus bat coronavirus HKUS
Rousettus bat coronavirus HKU9

Z 2
N0
I§\§\
oQ
NN
L=}

B-MERS Middle East respiratory syndrome coronavirus NC_019843
B-COVID-19/SARS 2  Severe acute respiratory syndrome coronavirus 2 NC_045512
G-AIBW Avian infectious bronchitis virus NC_001451
G-TCoV Turkey coronavirus NC_010800
G-BW1 Beluga whale coronavirus NC_010646
D-BuCoV HKU11 Bulbul coronavirus HKU11 F1376620

D-ThCoVW HKU12 Thrush coronavirus HKU12 NC_011549
D-MunCoV HKU13 Munia coronavirus HKU13 NC_011550
M-Hana Hana virus strain A4/CI/2004 NC_020899
N-PT-SH1 Porcine torovirus strain SH1 NC_022787
N-BLV Ball python nidovirus strain 07-53 NC_024709
Dengue Virus Dengue virus 1 strain Hawaii KM204119
|West Nile Virus West Nile virus lineage 2 NC_001563

Zika Virus Zika virus strain ZIKV/PRI/PRVABC59_8/2015 MH916806
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Nucleotide Composition Analysis: Nucleotide composition data
was summarized using Mega X program: Molecular Evolutionary
Genetics Analysis (Mega Version X). All sequences were first
imported into the “alignment explorer” platform from which
nucleotide frequency data was produced.

Genome Organization: A genome organization of sequences
was created to visually characterize structural similarities
between members of Coronaviridae genres and other commonly
known viruses. The information available in NCBI viral genome
database was applied to map the localizations and size of the 4
main structural proteins: Spike(S), Membrane(M), Envelope(E),
and Nucleocapsid(N). To discover similarity patterns in
genome organization, 12 sequences (3 Betacoronaviruses,
2 Alphacoronaviruses, 2 Gammacoronaviruses, and 2
Deltacoronaviruses and 3 non-coronavirus strains) were utilized
in this analysis. Graphics and imagery were developed using
Microsoft PowerPoint Graphical Tools.

Spike Protein Dot Plot Comparisons: Dot plot comparisons
using the EMBOSS DotMatcher program were constructed to
analyze the spike glycoprotein similarity in Betacoronavirus and
non-coronavirus strains relative to B-COVID-19 [22]. Similarity
of sequences is assessed through the development of a straight
diagonal line. A well-formed straight diagonal line represents
high degree similarities; a scattered diagonal line represents low
degree similarity. The sequences were assessed in the dot matcher
program using a specified substitution matrix and a scoring matrix
with window size of 10 and a threshold of 23 [23]. 6 sequences (3
from the Betacoronavirus genre and 3 from the Nidovirales Order)
were compared with the B-COVID-19 sequence in this analysis.

Phylogenetic Analysis

For the construction of the phylogenetic tree, only S protein
sequences from Coronaviridae family were utilized. ClustalW
algorithm with standard settings was used in the alignment of
24 spike glycoprotein sequences of coronavirus strains. The
phylogenetic analysis was carried out by using the Maximum
Likelihood method and JTT matrix-based model in MEGA X
Tree Constructor [24,25]. Neighbor-Join and BioNJ algorithms
were used in JTT matrix-based model. A bootstrap procedure was
implemented with 100 repetitions to ensure position of the clades

and statistical accuracy.
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Figure 1. Multiple bar graph detailing nucleotide composition of Thymine (blue),
Cytosine (Orange), Adenine (Gray), and Guanine (Yellow) for B-COVID-19,
B-SARS, B-MERS, Dengue Virus, West Nile Virus, and Zika Virus.
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The nucleotide composition between coronavirus and non-
coronavirus strains is represented in Figure 1. The percentage
of thymine is significantly higher in the coronavirus strains
(B-COVID-19, B-SARS, and B-MERS) compared to the non-
coronavirus strains (Dengue, West Nile and Zika). The reverse is
apparent with guanine composition. Non-coronaviruses evidently
have a greater average guanine composition versus coronavirus
strains. However, cytosine and adenine percent composition did
not show any significant variation between coronavirus and non-
coronavirus strains.
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Figure 2. Genome Organization of Viral Sequences of B-COVID-19, B-SARS,
B-MERS, A-TGV, A-SBC-512, G-AIBV, G-BW1, D-BuCoV HKU11, D-MunCoV
HKU13, Dengue Virus, West Nile Virus and Zika Virus. Each line represents
the length of each sequence along with the localizations and size of the 4 main
structural proteins: Spike(S), Membrane(M), Envelope(E), and Nucleocapsid(N).
The numerical length of sequence is provided at the end of the line. Data was
acquired from NCBI viral genome database

Genome organizations of all 3 Betacoronaviruses indicate
relatively similar sequence lengths, protein size, and localizations
of all 4 structural proteins (Fig. 2). However, Alpha-, Gamma-,
and Deltacoronaviruses exhibit less similarities in genome
organization. The length of sequences progressively reduced from
Beta- to Alpha- to Gamma- to Delta- to non-coronavirus strain.
The localization of S protein appears to have a slight leftward
shift. The E protein is absent in Gammacoronaviruses and
Deltacoronaviruses. Dengue Virus, West Nile Virus, Zika Virus
have much shorter sequence length. More significantly, this group
lacked both the S and N protein.
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Figure 3. Spike protein sequence dot plot comparisons in EMBOSS Dot Matcher
program was done with a window size of 10 and a threshold of 23. B-COVID-19
was compared to B-SARS, B-MERS, B-Ro-BatCoV-HKU9, N-Hana, N-BLV,

N-PT-SH1

The degree of similarity between the spike protein within
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Betacoronavirus genre and other Nidovirales strains are expressed
in Dot-plot comparison (Fig. 3). The first graph, comparing
B-COVID-19 to B-SARS, has an almost perfect diagonal line.
The next Betacoronavirus comparisons with B-MERS and B-Ro-
BatCoV-HKU9 show asimilar well-formed diagonal line. Naturally,
this high level of similarity is expected since we are comparing
B-COVID-19 with other closely related Betacoronaviruses.
However, comparison with sequences in the Nidovirales order
but not Coronaviridae family (N-Hana, N-BLV, and N-PT-SH), no
diagonal lines are formed in any of these graphs indicating little to
no similarities with the S protein of B-COVID-19.
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Figure 4. Phylogenetic Tree Analysis of Coronaviridae Spike Proteins. The
evolutionary history was inferred by using the Maximum Likelihood method and

JTT matrix-based model in MEGA X program

The phylogenetic tree analysis produced four distinct clades for
each coronavirus genera (Alpha, Beta, Gamma & Delta) with
common ancestral origin sometime in history (Fig. 4). This has
been supported by high bootstrap values for individual viral strains
and each clade. More importantly, B-COVID-19 and B-SARS
formed their own subclade within the Betacoronavirus clade
suggesting that evolution of sequence has taken place in the spike
protein over the period time.

Discussion

We explored genome sequences of COVID-19 and other related
coronaviruses by analyzing their nucleotide composition,
genome organizational structure, dot-plot comparisons and by
the construction of a phylogenetic tree. The evolutionary tree,
produced by utilizing the spike glycoprotein sequences from
our data, created 4 distinct clades (Alpha-, Beta-, Gamma- &
Deltacoronaviruses) of statistically high bootstrap values with a
common ancestral origin sometime in the history. Therefore, the
tree supported our first hypothesis and provided evidence for
divergent evolution of COVID-19 and other coronaviruses within
Coronaviridae family. More importantly, COVID-19 and SARS
formed their own subclade with in Betacoronavirus clade. This
results further supported our second hypothesis that, mutational
change in the spike protein is the cause for evolution of COVID-19,
likely the virulent form strain. Our results agree with Korber et
al. (2020) recent findings that variant COVID-19 strains are now
spreading due to D614G mutation in spike mutation. D614G is a
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non-synonymous mutation where aspartic acid was replaced with
glycine at position 614 of COVID-19’s spike protein.

This study has concluded that this mutational change is under
positive selection and has led to evolution of more virulent form of
COVID-19 within a relatively short period time. Another study in
Spain by Diez-Fuertes et al. (2021) also reported similar findings
and summarized that an evolutionary advantage of this substitution
in spike protein for COVID-19. However, a recent study by Volz
et al. (2021) partially contradicted the potency of this mutational
change. They concluded that spike 614G variant was more
infectious but did not increase the mortality. Additionally, ongoing
research work throughout the world soon will help us sort out the
outcome of mutational changes in spike protein.

The nucleotide composition analysis in our study provided
preliminary evidence for the evolution of among COVID-19 and
other related coronaviruses. We found higher level of thymine
(T) and lower level of guanine (G) in coronavirus strains. The
reverse was true for non-coronavirus strains. The coronaviruses
have an average thymine percent composition of 31.8% compared
to 21.5% in non-coronaviruses group. The coronaviruses have
an average guanine percent composition of 20.4% compared to
27.8 % in non-coronaviruses group. Pathan et al. (2020) work on
prediction of COVID-19 by mutation rate analysis found that about
0.1% increment in mutation rate for mutating of nucleotides from
T to G and C. This model can be handy in estimating the rate of
mutation in COVID-19 variants and might be useful in managing
vaccine efficacy.

Genome organization of various viral strains in the study further
provided evidence of divergent evolution of sequences and viral
organisms. COVID-19, SARS & MERS sequences exhibited
perfect genome length and nearly similar localization of spike and
other three structural proteins. Alpha-, Beta- & Deltacoronaviruses
showed reduced genome size along with slightly different
localization of spike protein. The non-coronavirus genomes
(Dengue, West Nile & Zika virus) had drastically reduced genome
length and, more importantly, lacked both spike protein and the
nucleocapsid protein indicating further evidence of evolutionary
progression in coronaviruses. It implies that the coronavirus
spike proteins have almost completely mutated from their closest
taxonomic group a long time ago. The dot-plot comparison
provided further evidence of mutational change in the sequence
of spike protein. Our analysis of spike protein sequences from
COVID-19 vs other closely related Betacoronaviruses produced
near perfect diagonal lines exemplifying the high degree of
similarity. When we compared COVID-19 vs other spike protein
sequences from the Nidovirales order, we found no diagonal line,
indicating zero similarity, as expected if the divergent evolution
was occurring over a long period of time.

Conclusion

Ultimately, we believe that our work has provided sufficient
evidence for mutational changes in spike glycoprotein and its role
in divergent evolution of COVID-19 and other coronaviruses. But
this study is far from complete and require us to study genome
sequences of new variants to better understand the evolution of
these viruses. Many new variants of COVID-19 are being reported
worldwide in the last few months alone, as we begin to inoculate
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against the original strain of this virus using both mRNA based as
well as traditional vaccines. It’s no surprise to see the emergence of
new variants and, in fact, it is expected based on what we already
knew about the coronavirus’s ability to mutate. There is uncertainty
about duration of protection and efficacy of vaccines against new
variants of this virus. Further research involving the spike protein
from many COVID-19 new variants should help us in answering
these questions and pave the way for subsequent development of
improved mRNA-based vaccines in the immediate future.
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