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Abstract
Viruses are sub-microscopic molecular parasites of cells that depend on and direct the host cell machinery to
produce more copies of themselves. All viruses contain either DNA or RNA as their genetic material, which can
potentially code for many proteins. The virosphere is very large and diverse, with almost 7000 unique species of
viruses described to date. While the majority of these viruses are not disease causing and serve many important
functions in the ecosystem, some viruses cause serious and debilitating diseases that have devastated human
societies such as Ebola, Influenza, AIDS and SARS. Understanding the unique cell and molecular biology of these
disease-causing viruses will aid in development of therapeutic strategies to target them. This study focuses on
elucidating some unique features of the SARS-CoV-2 genome, which is the cause for the ongoing COVID-19
pandemic. Genomic and proteomic comparative analysis between SARS-CoV-2 and other known respiratory viruses
such as SARS-CoV-1, MERS and Rhinoviruses and the intestine infecting human Rotavirus have been performed to
characterize and extract selected novel features of the SARS-CoV-2 genome. These results can contribute to the
existing and rapidly expanding knowledge of the biology of SARS-CoV-2.
Keywords: SARS-CoV-2, COVID-19, Comparative Bioinformatics
1.

Introduction

Viruses are rapidly evolving genetic entities that
exist, reproduce, and evolve through principles of
natural selection within the host cells of living
organisms and are powerful instruments of molecular
evolution that drive non-cyclical genetic exchange
(Villarreal, 2008). While some viruses function as
agents of mayhem and as agents of untold suffering,
the vast majority of viruses are non-pathogenic and
are integral to the health of organisms and are
integral to supporting the ecosystem that we live in
(Nuwer, 2020). As an evolutionary tool, viruses have
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contributed to the formation of the placenta, a critical
step in the history of mammalian evolution (Chuong,
2018). Within the human body, around 40% of the
genome is derived from viral elements called
transposons, and 8% has been derived from
retroviruses (Arnold, 2020).
In order to reproduce and spread into new species,
all viruses, regardless of classification or origin, must
be able to subvert and transcend different molecular
factors within their hosts. Viral binding and entry,
recruitment of host factors necessary for viral
replication, suppression of antiviral host factors,
assembly and egress from the cell, and evasion of the
Advisor: Dr. Aravind Sivakumar
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host immune system are all dependent on various
protein interactions with the host cell (Letko et al.,
2020).
The slightest perturbations to these complex
interactions, caused by changes in nucleotide or
amino acid sequences, can make the difference
between an increased or dead-end viral infection.
Therefore, elucidating the different genomic and
proteomic features of a virus can greatly enhance our
understanding of the cell biology of viral infection of
the host cell.
This
paper
focuses
on
genome-based
characterization of COVID-19 virus (SARS-CoV-2)
which is the cause for the current ongoing pandemic
that is wreaking a deadly assault on the world as we
know it. To highlight its unique features, we have
compared the genome and proteomic characteristics
of SARS-CoV-2 with other known respiratory viruses
such as SARS-CoV-1, MERS and Rhinoviruses. To
identify the common characteristics of respiratory
viruses, the genomic sequences and the proteomic
signature of the aforementioned respiratory viruses
are compared with the human Rotavirus, which is a
virus that infects the intestine. Brief descriptions of
these viruses are given below.
A
B
C

Figure 1. 3D model showing structural organization
of A) Coronaviruses (Yu, 2020) B) Rhinoviruses
(RSCB PDB 1R1A) and C) Rotaviruses (RSCB PDB
4V7Q) that are used in this study. These models can
be found in the Protein Data Bank – a public
repository
for
solved
protein
structures
(www.rscb.org).
Coronaviruses (CoVs) are members of the family
Coronaviridae. CoVs are classified into four types
based on phylogenetic (evolutionary) and genomic
data: Alpha, Beta, Gamma, and Delta. SARS-CoV-1
and SARS-CoV-2 are both beta coronaviruses with
large positive-sense single-stranded RNA genomes.
Both
SARS-CoV-1
and
SARS-CoV-2 are

distinguished by crown-shaped (corona) spikes
protruding from their surfaces (Pal, 2020). These
spikes are glycoproteins that aid in binding to and
infection of host cells. MERS is an abbreviation for
Middle Eastern Respiratory Syndrome Coronavirus.
It is a beta coronavirus with a positive-sense,
single-stranded RNA virus genome, similar to
SARS-CoV-1 and SARS-CoV-2. It is distinct,
however, in that transmission occurs primarily
between animals and people, while transmission
between humans was uncommon and limited to
spread among family members and healthcare
settings (Pal, 2020).
Rhinoviruses (RVs) belong to the family of
Picornaviridae. Of that, the specific Rhinovirus is the
genus. They are common viral agents for humans and
a leading cause of common colds, as well as upper
respiratory tract infections. Like Coronaviruses, it
contains a positive-sense, single-stranded RNA virus
genome, however, it contains four different proteins
that are projected as spikes on the viral surface,
where three of them account for the virus antigenic
diversity, and the last anchors the RNA core to the
capsid (Palmenberg, 2015).
Rotaviruses belong to the Reoviridae family's
Rotavirus class, which includes viruses with
segmented,
double-stranded
RNA
genomes.
Rotavirus particles are massive and complex, with
three concentric protein layers encasing an
11-segment double-stranded RNA genome (Kiefel
and Itzstein, 2003).
We hypothesized that comparative bioinformatic
analysis of SARS-CoV-2 relative to aforementioned
viruses that cause respiratory diseases, will allow us
to map the unique features of SARS-CoV-2 that can
underlie its unique pathology. We also hypothesized
that further comparative bioinformatic analysis of
SARS-Cov-2 and the other respiratory viruses with
the human rotavirus which is specialized to infect a
different organ system, namely the gastrointestinal
system, will allow us to attain a deeper understanding
of the evolutionary adaptability of SARS-CoV-2
virus and the other respiratory viruses to the
microenvironment of the lung. To that end, we have
done a stepwise bioinformatics characterization
using Python to analyze the previously mentioned
viruses using sequences obtained from the National

38

J. Res. HS Vol. 2021 (2) 37 - 49
Center for Biotechnology Information (NCBI)
BLAST* databases, and the Protein Data Bank
(PDB). We present original data and conclusions
regarding certain genomic and proteomic features of
SARS-CoV-2.
2.

Methods

The viruses were compared using bioinformatics
in the following manner. The genomic sequences of
viruses were obtained in the FASTA format from the
NCBI's public database of nucleotide sequences at
https://www.ncbi.nlm.nih.gov/. The files containing
the entire genome's ORF (Open Reading Frame)
sequences were created by merging the individual
ORF sequences. Customized programs were
developed in Python (3.6.13) to perform the
following characterizations.
a. Whole genome GC content
b. Open reading frame GC content, where a count of
the number of G’s and C’s were extracted and
computed as the following fraction (number of G +
number of C)/ total number of bases
c. The influence of GC content on codon bias
analysis was carried by measuring the number of
G and the C that are present in the ORF of the
various viral genomes.
d. The genomic sequences were analyzed to find
occurrences of nucleotide palindromes of different
sizes.
e. Proteomic analysis was carried out using BlastP on
sequences obtained from the protein database of
NCBI while protein structures are obtained from
the public database of protein structures RCSB
protein data bank
A detailed description of the steps and the source
codes used for doing the analysis can be found in the
following
GitHub
link:
https://github.com/ananyabalaji/genomicseq
3.

Results

3.1 Comparative analysis of GC content between the
viruses causing respiratory illnesses reveal that
SARS- CoV-2 has lower GC content and altered
codon bias.
The GC contents vary amongst organisms and are
regarded as genomic signatures which are specific to

a given organism. GC content plays a role in
determining the amino acid selection, codon bias,
genome, gene and promoter organization, the
mutational bias of the genome, and gene silencing in
different species (Elhaik and Tatarinova, 2012).
Given the fact that the CoV-2 virus elicits differential
physiological responses compared to other
respiratory viruses, we performed a comparative
analysis of the GC content of SARS-CoV-1,
SARS-CoV-2, MERS, and Rhinovirus which are
viruses that cause respiratory illness in humans. As a
control, we also included the human Rotavirus, which
infects the intestine to understand if there is a relation
between the GC content and the environments that
the viruses target within the human body. Figure 2
shows the viruses that were selected for analysis and
the corresponding GC content distribution in their
whole genomes, ORFs, and based on their position
on codons.
In general, the whole genome GC content of
various respiratory viruses was approximately 40%,
while the whole genome GC content of the Rotavirus
targeting the gut was approximately 33%. Human
genomes have an average GC content of 35% to 60%
across 100-Kb fragments, with a mean of 41%
(International
Human
Genome
Sequencing
Consortium, 2001). Our whole genome GC content
analysis revealed that there was approximately 2%
less GC content in SARS-CoV-2 when compared to
SARS-CoV-1 and MERS (37.97% CoV-2 vs 40.76%
CoV-1 vs 41.24% MERS) (Figure 2A).
To determine whether this lowering of the GC
content occurs in the coding regions of the genome,
we examined the GC content only in the ORFs of the
viruses, as shown in Figure 2. The GC percentages in
the ORFs of the respiratory viruses followed a similar
trend to that of the whole genome content, showing
that SARS-CoV-2 has a lower GC content in its open
reading frames (37.9% CoV-2 vs 40.90% CoV-1 vs
41.38% MERS). Interestingly the Rotavirus showed a
larger decrease of GC content in the open reading
frame (~40% for respiratory viruses vs 28.85% for
the Rotavirus) further highlighting the link between
the biodistribution and the genomic composition.
The lowering of GC content specific to the open
reading frames can influence the amino acid
composition, as reported in other retroviruses (Zhao,
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2007). Particularly, it can influence the distribution of
amino acids whose codons are GC rich such as
Glycine, Alanine, Arginine, and Proline (GARP)
amino acids. Whole-genome analysis of the GARP
content in the open reading frame for the whole viral
genomes, carried out in Figure 2C, revealed that the
values were similar across the respiratory viruses.
This suggests that the lower GC content of

A

C

SARS-CoV-2 does not translate to a differential
codon usage. Interestingly, the GARP content of the
respiratory viruses (~20%) was higher when
compared with the Rotavirus (~16.79%), suggesting
that the effect of the tissue microenvironment on the
GC content has a dominant influence on the amino
acid selection.

B

D

Figure 2. [A] GC content distribution for whole genome, [B] GC content in ORF for whole genome, [C] GARP
content distribution for whole genome, and [D] Count of GC based on position in codon for whole genome.
3.2 Comparing count and distribution of palindromes
of different sizes across viruses
In molecular biology, a palindromic sequence is
defined as a sequence that, when read backwards,
produces an exact complement of itself. Palindromic
sequences in both DNA and RNA viruses have been
implicated for viral packaging and defense
mechanisms. While the biological significance of
these sequences must be determined experimentally,
we compared the palindromic features of different

respiratory virus genomes to filter and identify a few
lead candidates that can have potential biological
relevance in the pathophysiology of SARS-CoV-2 for
future experimental investigations.
To analyze the palindromic features unique to
SARS-CoV-2, we used our customized Python scripts
to perform a comparative palindrome count analysis
on the respiratory viral genomes. We determined that
the largest palindrome in SARS-CoV-1 is a 22-mer
palindrome, while the largest palindrome in
SARS-CoV-2 is a 20-mer palindrome and the largest
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palindrome in MERS is an 18-mer palindrome
(Figure 3). The counts of the remaining palindromes
ranging in length from 4 to 18 base pairs are shown
in Figure 3 as a percentage coverage of the genome,
while their positions in the genome are shown in
Figure 4. For the majority of palindrome sizes, the
percentage of the genome covered by palindromes
was comparable between coronaviruses and
significantly different from the rhinovirus. Amongst
the coronaviruses, our analysis revealed that SARSCoV-2 has a higher percentage (> 10%) of its genome
covered by 4-mers, 6-mers, 8-mers, 12-mers, and
16-mers than SARS-CoV-1. While the number of
4-mers, 6-mers, and 8-mers in MERS was
comparable to that of other coronaviruses, MERS had
a higher percentage coverage of 10-mers and a lower
percentage coverage of larger palindromes, as
illustrated in Figure 3.
Published phylogenetic analyses by other groups
revealed that MERS is a distinct coronavirus clade
from SARS-CoV-1 and SARS-CoV-2. As a result, we
limited our investigation to SARS-CoV-1 and
SARS-CoV-2 for the frequency distribution studies
between palindromes. We began by determining
whether the distribution of palindromes across the
genome was uniform or non-uniform. While 4-mers,
6-mers, and 8-mers were evenly distributed, 12-mers

and 14-mers palindromes were distributed in the
extremities of both SARS-CoV-1 and SARS-CoV-2,
rather than in the central 10,000 to 20,000 base pair
regions, indicating a non-random distribution (Figure
4). Despite the fact that 4-mers and 6-mers are
distributed uniformly throughout the genome,
previous research established that 4-mers and 6-mers
are statistically underrepresented in coronaviruses
when compared to chance occurrence. To gain a
better understanding of the biological consequences
of this underrepresentation, we examined the
frequency of different palindrome combinations in
the SARS-CoV-1 and SARS-CoV-2 genomes. We
discovered that the SARS-CoV-1 and SARS-CoV-2
contained all possible combinations of 4-mer
palindromes, albeit at varying frequencies. We find
that CoV-2 had a lower frequency (35%) of the 4mer
palindromes 'TCGA', 'CATG', 'CCGG', 'CGCG',
'GCGC', while having a higher frequency of the
AT-rich 4mer palindromes 'TTAA', 'TATA' (>20%).
Figure 5 illustrates this. A similar analysis of the
6-mers revealed that, while the CoV-1 genome
sampled 87.5 percent of all possible 6mer
palindromes, the CoV-2 genome sampled 93.5
percent. Furthermore, 82% of the sampled 6mer
palindromes were sequentially similar, with varying
frequencies and positions in the genome.

Table 1. Palindrome distributions for SARS-CoV-1 and SARS-CoV-2
Palindrome
Selected Palindromic Sequence
Unique features of the selected palindromes
Size
4
TTAA, TATA
These are present in higher frequencies in SARS-Cov-2 genome
TCGA, CATG, CCGG, CGCG,
4
These are present in lower frequencies in SARS-Cov-2 genome
GCGC
GACGTC, CCGCGG, CGGCCG, These 6-mers are missing from both SARS-Cov-1 and
6
SARS-Cov-2. This could have possibly resulted from an
GGGCCC
antagonistic host interaction of an ancestral genome
This 8-mer occurs at the highest frequencies at both
8
TGTTAACA
SARS-Cov-1 and SARS-Cov-2
These are conserved 10-mers that appear twice in SARS-Cov-1
10
TTGTTAACAA, TATAATTATA
and only once in SARS-Cov-2
This conserved 12-mer appears twice in SARS-Cov1 and only
12
TTATAATTATAA
once in SARS-Cov-2
This is the largest sequentially conserved palindrome in both
14
TAAAATTAATTTTA
SARS-Cov-1 and SARS-Cov-2
20
ACACTGGTAATTACCAGTGT This is the largest palindrome found in SARS-Cov2 genome
22
TCTTTAACAAGCTTGTTAAAGA This is the largest palindrome found in SARS-Cov1 genome
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Figure 3. Palindromes of different lengths [A] 4-mer, [B] 6-mer, [C] 8-mer, [D] 10-mer, [E] 12-mer, [F] 14-mer, [G]
16-mer, [H] 18-mer, [I] 20-mer, [j] 22-mer are counted and expressed as percentage of genome coverage for the
different respiratory viruses.
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Figure 4. Distribution of [A] 4-mer [B] 6-mer [C] 8-mer, [D] 10-mer, [E] 12-mer and [F] 14-mer palindromes within
whole genome of SARS-CoV-1 and SARS-CoV-2

Figure 5. Frequency distributions of palindrome size [A] 4-mers, [B] 6-mers and [C] 8-mers versus SARS CoV-1
and SARS-CoV-2. This reveals that the frequency of selected N-mers are altered in CoV-2 compared to CoV-1
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While SARS-CoV-1 and SARS-CoV-2 sampled
approximately 33% of all possible combinations of
8mer palindromes, 40% of the sampled 8mer
palindromes were sequentially similar and appeared
at different frequencies and locations in SARS-CoV-1
and SARS-CoV-2. SARS-CoV-1 and SARS-CoV-2
sampled between 3-4 percent of all possible 10mer
palindromic sequences, and approximately eleven
10mer palindromes (18%) were sequentially similar,
albeit at different frequencies and locations. Less than
0.5 percent of all possible combinations of 12 and
14-mers were sampled, and approximately four
12-mers and one 14-mer were conserved sequentially
between
SARS-CoV-1
and
SARS-CoV-2.
TTATAATTATAA' appeared twice in SARS-CoV-1
and once in SARS-CoV-2, amongst the conserved
palindromic 12mers identified between SARS-CoV-1
and SARS-CoV-2. There were no sequentially
conserved palindromes of size 16 or greater
identified. Thus, the longest conserved palindrome
between SARS-CoV-1 and SARS-CoV-2 is a 14-mer
sequence identified as "TAAAATTAATTTTA".
Based on these analyses, we have nominated lead
candidate palindromes that can have potential
biological relevance for future experimental
investigations.
3.3 Comparing protein structures across viruses
Several unique features of viral genomes are
imprinted in the structural proteins of viruses that
serve to encapsulate the genome and protect it from
degradation and reinfection. Similarities in structure
of these proteins are the very basis of classification of
viruses in terms of families, while minor alterations
in structure are often the basis of differences in
pathophysiological effects within members of the
same family.
While earlier results focused on comparative
analysis of genomic features between SARS-CoV-2,
SARS-CoV-1, MERS, Rhinoviruses and Rotaviruses,
this section focuses on comparative analysis of the
proteomes of primarily the respiratory viruses. We
carried out a whole proteomic signature comparison
of the respiratory viruses by comparing the amino
acid sequences of all proteins (proteome) in the viral
genomes using NCBI Blast (BlastP) and comparing

protein sequences of different viruses. Results are
shown in Table 2. The coverage percentage is a
quantitative measure of the effective length of the
sequences being compared following alignment,
whereas the identity percentage is a quantitative
measure of sequence similarity. Closely related
species share a greater percentage of sequence
identity than distantly related species. Our results
indicated that the entire SARS-CoV-2's proteome
alignment was 79.11 percent identical to
SARS-CoV-1's, with an E-value of 0, indicating that
this similarity is not coincidental. The similarity score
between SARS-CoV-1 and SARS-CoV-2 was
significantly higher than the similarity score (46.72
percent vs 37.56 percent respectively), implying that
SARS-CoV-2 is more closely related to SARS-CoV-1
than MERS. This reinforces the previously published
phylogenetic analysis that showed MERS belongs to
a different clade than CoV-1 and CoV-2.
While structural interpretation is possible only if
this proteomic analysis is extended to include
comparisons of individual proteins within selected
subcategories such as surface proteins and
nucleocapsid proteins, this analysis is currently
beyond the scope of this paper. However, the
similarity and relatedness between the viruses
revealed by the current analysis can be easily
visualized by comparing the three-dimensional
structures of the proteins that several laboratories are
solving using cryo-electron microscopy and
depositing in the protein database repository — PDB.
This is demonstrated in Figure 6 by a comparison of
surface spike proteins.
4.

Discussion

The principle of biological amplification is often
exemplified in virology, where a small modification
of the genomic sequence changes the molecular
structure and function of its proteins that results in a
greater change in the pathophysiological presentation
of a viral infection. In this study, we have attempted
to elucidate key genomic signatures that are specific
to SARS-CoV-2 by performing a comparative study
with other known members of the Coronaviridae
family such as SARS-CoV-1 and MERS. The
comparison was extended to include Rhinoviruses

44

J. Res. HS Vol. 2021 (2) 37 - 49
— which infects human intestines — to show a
different tissue biodistribution and to understand the
features in the context of its environment.

which belong to a different family of viruses but
demonstrate similar physiological biodistribution of
infecting the lung microenvironment. Finally, the
comparisons were extended to include the Rotavirus
Table 2. Proteomic alignment scores for Coronaviridae viruses
Query
Sequence

SARS-Cov-1

SARS-Cov-2

MERS

Coverage
Percent

Identity
Percent

E-value

Coverage
Percent

Identity
Percent

E-value

Coverage
Percent

Identity
Percent

E-value

SARS-Cov-1

100

100

0

79

78.37

0

89

46.72

0

SARS-Cov-2

79

78.37

0

100

100

0

70

37.56

0

MERS

89

46.72

0

70

37.56

0

100

100

0

Figure 6. Surface protein structures for [A] SARS-CoV-1 spike protein, [B] SARS-CoV-2 spike protein, [C] MERS
spike protein, [D] Rhinovirus Viral Coat Protein. These models can be found in the Protein Data Bank – a public
repository for solved protein structures (www.rscb.org). The protein structure identifiers are within the figures. From
the structures, we can see that the spike protein SARS-CoV-2 is more related to SARS-COV spike protein compared
to MERS. Furthermore, the surface proteins of the coronaviruses are clearly distinct from the Rhinovirus, which
belongs to a different family.
GC content plays a role in determining the
genome, gene and promoter organization, amino acid
selection, codon bias, the mutational bias of the
genome, and gene silencing in different species. The
variations of the whole genome GC content across
viruses correlated with tissue preferentiality of the
viruses, with the Rotavirus, demonstrating a distinctly
lower GC content compared to the respiratory
viruses. This suggests a selection of GC content in
the viruses based on the microenvironment that they
target. Thus, future studies can experimentally
examine whether the GC contents of around 40%
make the respiratory viruses more conducive for
targeting the lung.
Amongst the respiratory viruses, SARS-CoV-2
had a lower GC content. From the molecular

perspective, lower-GC-content DNA is less stable
than high-GC-content DNA and this stability
difference is attributed to stacking interactions (Ninh,
2013). The biochemical cost of GC base synthesis is
also quite high, and decreases in GC content across
species has been hypothesized to be a consequence of
energy efficiency (Chen et al., 2016). This indicates
that lowering the GC content can make replication of
the RNA genome a more thermodynamically viable
process. Whether this contributes to the higher
infectivity of SARS-CoV-2 needs to be
experimentally determined by mutating the GC rich
regions and observing the effect on infectivity in vitro
and in vivo model systems.
Furthermore, the GC content analysis that we
carried out across the total ORF of the viral genomes
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revealed that this lowering of GC content occurs in
the actively transcribed regions of the viral genome.
Since lowering of GC content specific to the open
reading frames can influence the amino acid
composition, as well as codon bias, we investigated
the distribution of GARP amino acids and discovered
that the GARP contents were similar across the
different viruses. Investigating the codon bias of
SARS-CoV-2 revealed that compared to other
respiratory viruses, SARS-CoV-2 uniquely preferred
having G’s and C’s in the second position of the
majority of its codons compared to the other viruses.
While this is suggestive of a link between lower GC
content and an altered codon composition, the
causality as well as the biological underpinnings of
the altered codon compositions have to be determined
by controlled experimentation.
Palindromic sequences are intriguing features of
viral genomes and are implicated in viral genome
packaging and defense mechanisms. In addition,
specific loss of function of palindromic sequences
have revealed that some palindromic sequences
regulate viral recombination (Gallaher, 2020) and
viral replication capacity (Elmenofy and Jehle, 2015).
Thus, palindromes represent novel modes of genomic
regulation of viral behavior that are yet to be
elucidated for SARS-CoV-2. An objective analysis of
palindromes across different lengths (4-mers, 8-mers,
10-mers, 12-mers and 14-mers) revealed several
unique features of the SARS-CoV-2 genome. While
previous research has established that 4-mer and
6-mer palindromes are significantly under-sampled in
coronaviruses in comparison to the frequencies
predicted by random occurrence, the biological
significance of this finding is unknown at the
moment. Our findings add another layer of detail to
this observation by demonstrating that the frequency
distributions of the various possible 4-mers are not
equal and that the frequency of certain 4-mer
palindromes is significantly reduced in CoV-2
compared to CoV-1, while certain AT-rich
palindromes are further enriched in CoV-2. The
evolutionary selection pressure that resulted in this
altered frequency distribution should be investigated
because it may indicate that certain antagonistic host
interactions have been overcome in CoV-2 compared
to CoV-1.

A similar trend is observed in 6-mers, where the
frequency distribution and positioning of the
palindromes are altered for 82% of common 6-mer
palindromes. Additionally, while there are 64 total
combinations of palindromic six-mer sequences, four
of these 6-mer sequences are not sampled in either
the CoV-1 or CoV-2 genomes (GACGTC, CCGCGG,
CGGCCG, and GGGCCC). Interestingly, these
palindromes missing from CoV genomes are
GC-rich, making it highly improbable that they were
missed by chance and thus deserving of further
investigation. While both CoV-1 and CoV-2 sampled
30% of the total number of 8-mers (256), they share
approximately 40% of the palindromes with different
frequency and position. A distinguishing feature of
CoV-2 is that it contains a single 8mer palindrome
that occurs five times throughout the genome,
whereas every other palindrome occurs between one
and three times, making it a candidate for
experimental investigation. For 10-mer combinations
out of ten thousand possible combinations, the CoV-1
and CoV-2 genomes sampled only 3-4 percent of all
possible combinations, with only 18% of palindromes
sequentially conserved. The number of palindromes
decreased significantly for 12-mers, and it's worth
noting that while 4, 6, 8, and 10-mers were
distributed evenly and randomly throughout the
genome, palindromes of 12bp were restricted to the
extremities in both CoV-1 and CoV-2 genome
thereby demonstrating a non-random distribution.
Further comparison of conserved palindromic
sequences revealed the presence of a specific
palindromic 12-mer ‘'TTATAATTATAA', that
appeared twice in SARS-CoV-1 and once in
SARS-CoV-2. This could potentially be used for
distinguishing SARS-CoV-1 and SARS-CoV-2.
Indeed, previous studies have used palindromic
sequence frequency patterns to cluster different
viruses to the host they target (Lamprea-Burgunder,
et al., 2011). The location and the conservation of this
sequence suggests a potential biological role for this
12-mer that needs to be determined by
experimentation. The largest palindrome that is
conserved between CoV-1 and CoV-2 is a 14-mer,
which makes it worthy of further experimental
investigation. Thus, our study has identified a few
lead candidates that are worthy of future
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experimental investigation from thousands of
palindromes in the CoV-2 genome.
In addition to the comparison of genomic features,
we compared the proteomic signatures of the
respiratory viruses. At the whole proteome level, our
comparison
of
SARS-CoV-1,
MERS
and
SARS-CoV-2 amino acid alignments, and identities
quantitatively measured that SARS-CoV-2 is more
closely related to SARS-CoV-1 than MERS. While
the analysis at whole proteomic level provides
information regarding relatedness, understanding the
similarities and differences in single protein
structures paves the way forward to understand the
biochemical, cellular and immune responses to
SARS-CoV-1 and SARS-CoV-2 that contribute to the
differences in pathophysiology.
5.

Conclusion

This paper has characterized certain genomic and
proteomic signatures of SARS-CoV-2 in relation to
SARS-CoV-1, MERS, Rhinovirus and the Rotavirus.
While SARS-CoV-2, SARS-CoV-1, MERS, and the
Rhinovirus all infect the respiratory system, the
Rotavirus infects the small intestine. We began by
determining the GC content of the aforementioned
viruses, as GC content is a species-specific genomic
signature that contributes to the organization of the
genome, genes, and promoters, as well as amino acid
selection and codon bias in various species. Our
findings indicate that respiratory viruses and
rotaviruses had markedly different GC content
values, implying that the GC content of viruses has
evolved in response to the microenvironment they
target. Amongst the respiratory viruses, SARS-CoV-2
has a lower whole genome GC content as well as
lower GC content in the coding regions. To measure
the effect of lower GC content in the coding regions,
we investigated amino acid selection and codon
usage bias in the different viruses. While this
reduction in GC content in the coding regions had no
effect on the amino acid selections as measured by
GARP amino acid levels in respiratory viruses, our
investigations into codon usage bias revealed that
SARS-CoV-2 preferred G and C in the second
position of the majority of its codons, which
distinguished
it from other coronaviruses.

Additionally, our findings indicate that this trend is
comparable to that of rhinoviruses. These findings
emphasize the evolutionary similarities and
differences between respiratory viruses, while also
emphasizing the relatively unique characteristics of
the SARS-CoV-2 genome that may contribute to its
unusual functional behavior.
Our subsequent investigations focused on
studying palindromic distributions in the respiratory
viruses. Palindromic sequences are intriguing viral
genome features that are implicated in viral genome
packaging and defense mechanisms. An initial
palindromic count analysis revealed that while the
coronaviruses SARS-CoV-1, SARS-CoV-2 and
MERS showed similar distributions of palindromes
of different sizes, the distributions were considerably
different in Rhinovirus. The largest palindrome in
SARS-CoV-1 is a 22-mer while the largest
palindromes in SARS-CoV-2 and MERS are 20-mer
and 18-mer respectively. We then focused on
performing the palindromic frequency analysis with
SARS-CoV-1 and SARS-CoV-2, which have been
previously established to belong to the same clade.
Our frequency analysis for the palindromes of
different sizes indicated that A) the frequency
distributions of the various possible 4-mers are not
equal and that the frequency of certain 4mer
palindromes is significantly reduced in CoV-2
compared to CoV-1, while certain AT-rich
palindromes are further enriched in CoV-2. B) For
the 6-mer, 8-mer and 10-mer palindromes, the
frequency distribution and positions were altered in
the sequentially conserved palindromes while several
palindromes were unique. For the 12-mer
palindromes, we found that there was a non-random
distribution, while the largest sequentially conserved
palindrome for CoV-1 and CoV-2 is a 14-mer. As a
result of these studies, several unique characteristics
of the CoV-2 genome have been identified, which
may contribute to differential packaging and defense
mechanisms against the host immune system.
Additionally, we have proposed a set of lead
candidate palindromes that we believe merit further
experimental investigation. Future studies can mutate
the specific palindromic residues highlighted in this
study in order to gain a better understanding of their
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biological significance.
Finally, by comparing the whole proteomes of the
coronaviruses, we can quantify the degree of
similarity between SARS-CoV-1, SARS-CoV-2, and
MERS. Our findings corroborate previously
published phylogenetic analyses by establishing that
SARS-CoV-2 is more closely related to SARS-CoV-1
than to MERS. While our current analysis is limited
to the entire proteome, additional comparative
analysis of protein subgroups can provide additional
insights.
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