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Abstract
The worldwide outbreak of a novel coronavirus, SARS-CoV-2 has caused a pandemic of
respiratory disease. Due to this emergency, researchers around the globe have been
investigating the evolution of the genome of SARS-CoV-2 in order to design vaccines.
Here I examined the evolution of GC content of SARS-CoV-2 by comparing the genomes
of the members of the group Betacoronavirus. The results of this investigation revealed
a highly significant positive correlation between the GC contents of betacoronaviruses
and their divergence from SARS-CoV-2.

The betacoronaviruses that are distantly

related to SARS-CoV-2 have much higher GC contents than the latter. Conversely, the
closely related ones have low GC contents, which are only slightly higher than that of
SARS-CoV-2. This suggests a systematic reduction in the GC content in the SARS-CoV2 lineage over time. The declining trend in this lineage predicts a much-reduced GC
content in the coronaviruses that will descend/evolve from SARS-CoV-2 in the future.
Due to the three consecutive outbreaks (MERS-CoV, SARS-CoV and SARS-CoV-2)
caused by the members of the SARS-CoV-2, the scientific community is emphasizing the
need for universal vaccines that are effective across many strains including those, that
will inevitably emerge in the near future. The reduction in GC contents implies an
increase in the rate of GC→AT mutations than that the mutational changes in the reverse
direction. Therefore, understanding the evolution of base composition and mutational
patterns of SARS-CoV-2 could be useful in designing broad-spectrum vaccines that could
identify and neutralize the present and future strains of this virus.
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Introduction
The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), which belongs to the
Betacoronavirus group, caused a pandemic by inflicting respiratory illness in human
populations around the globe. The outbreak caused by SARS-CoV-2 resulted in >8 million
cases and >400K deaths to date. A number of previous studies have characterized the genome
of SARS-CoV-2 including its nucleotide composition. Although these studies compared the
G+C content of this genome with those of the other members of the genus Betacoronavirus (15), the evolution of GC content in the SARS-CoV-2 lineage is unknown. Understanding the
evolution of base composition in this virus has important implications in designing vaccines.

Materials and Methods
Genome data
From the data resource GenBank we obtained the complete genome sequences of seven viruses
belonging to the subgenus Sarbecovirus: human SARS-CoV-2 (NC_045512), bat RaTG13
(MN996532), Pangolin-PCoV_MP789 (MT121216), Pangolin-PCoV_GX-P5E (MT040336),
bat SL-CoVZC45 (MG772933), human SARS-CoV (NC_004718) and bat BM48-31
(NC_014470). We also obtained one genome each from the subgenera Hibecovirus (bat
Zhejiang2013-NC_025217), Nobecovirus (bat HKU9-1-NC_009021) and Merbecovirus
(human MERS-CoV-NC_038294) genomes. An Embecovirus (human HKU1-NC_006577)
genome was also included for the purpose of using it as an outgroup. Using GenBank
annotations, CDS regions were extracted for protein coding genes. Since all mutations at third
codon positions of eight amino acids (Alanine, Arginine, Glycine, Leucine, Proline, Serine,
Threonine, Valine) do not change the amino acids coded by the respective codons, these
positions are called fourfold degenerate sites. We used them as the proxy for synonymous
sites.
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Phylogenetic Analysis
We used the Maximum Likelihood method to infer the phylogenetic relationship among the
viral genomes. This was accomplished using the RaxML program (13). The sophisticated
General Time Reversible (GTR) method was used to model the evolution of nucleotides, as it
addresses the differential rates of nucleotide changes including transition/transversional and
base compositional biases. To accommodate rate variations among nucleotide sites, we used
the gamma model of evolution. To test the strength of phylogenetic relationships we used the
bootstrap resampling procedure with 500 replications.

To compute pairwise evolutionary divergence, we first estimated the shape of the rate variation
among site (gamma) using the program MEGA (14).

For this purpose, the Maximum

Likelihood method was used. The HKY model of nucleotide evolution and the discrete gamma
model with five categories were used to compute the gamma value. This analysis produced a
gamma value of 0.54, which was used to estimate the pairwise evolutionary divergence using
the Maximum Composite Likelihood method. G+C contents were estimated by counting of
the G’s and C’s in the genome (or fourfold degenerate sites) and dividing this by the total
number of nucleotides.

Results and Discussion
The GC content of the whole genome of SARS-CoV-2 is 37.97%. To understand how the
observed GC content has evolved in the SARS-CoV-2 lineage, I collected complete genome
sequences of all representative members of the subgenus Sarbecovirus including two human
(SARS-CoV and SARS-CoV-2), three bat (RaTG13, SL-CoVZC45 and BM48-31) and two
Pangolin (PCoV_MP789 and PCoV_GX-P5E) viruses. I also obtained the genomes of a
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Hibecovirus (Zhejiang2013), Nobecovirus (HKU9-1) and a Merbecovirus (MERS-CoV). In
addition to the above, an Embecovirus (HKU1) was included for the purpose of using it as the
outgroup. These genomes were used to construct a Maximum Likelihood phylogenetic tree
which is shown in Figure 1A. The topology of this tree was very similar to those published by
previous studies (6, 7). The GC contents of these genomes were estimated and are shown in
Figure 1B. As it is clear from comparing Figures 1A and 1B, the GC contents gradually
declines from MERS-CoV to SARS-CoV-2 viruses. To further explore this relationship, pairwise distances between SARS-CoV-2 and the nine other viruses were calculated, and these
estimates were plotted against the GC contents of the respective genomes. A highly significant
positive correlation (Spearman r = 0.9, P = 0.002) between the pairwise evolutionary
divergence and GC content was observed (Figure 2A). This suggests that the difference in the
GC content of the virus that is closely related to SARS-CoV-2 is much smaller than those
estimated using distantly related viruses. For instance, the evolutionary divergence between
SARS-CoV-2 and the pangolin virus, PCoV_MP789 is 0.12 substitutions/site and the
difference in their genomic GC contents is also very small 0.2%. In contrast, the divergence
between SARS-CoV-2 and MERS-CoV viruses is 1.27 substitutions/site and the difference
between their GC contents was 3.2%, which is 14 times higher than the difference observed
for the pangolin virus.

Since ~98% of the SARS-CoV-2 virus is occupied by protein-coding genes the genome is
under high purifying selection. Due to this reason the base composition evolution is also
constrained by selection. Therefore, we used the nucleotides constituting the third positions of
synonymous codons and estimated their GC contents. As expected the relationship between
evolutionary divergence and GC content at synonymous positions was also highly significant
(r = 0.9, P = 0.002) as shown in Figure 2B. However, the variation in the synonymous site
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GC contents were much higher than that observed for the whole genomes. The GC contents
of the genome range between 37.97% to 41.17% and hence the difference in the genomic GC
contents is only 3.2%. On the contrary, GC contents of synonymous sites range between
20.21% to 28.65%, and therefore difference is 8.43%, which is 2.6 times higher than that
observed for the genome.

Previous studies suggested that the synonymous site GC content is driven by codon usage bias
(1, 3, 4). However, this is unlikely in the present case as a highly significant GC correlation
was observed for the whole genomes as well. To further support this, we correlated the GC
contents of nonsynonymous sites with evolutionary divergence and observed a highly
significant relationship (r = 0.98, P < 0.001). Hence this suggest that the GC evolution is
occurring throughout the genome including the constrained nonsynonymous sites and therefore
it is unlikely to be driven by codon usage bias.

In this study we traced back the GC content of the SARS-CoV-2 lineage until the subgenera of
Merbecovirus.

However, the GC content of the outgroup taxon Embecovirus (genomic

GC=32%) was found to be much smaller than that of Merbecovirus (genomic GC=41.6%).
Hence it can be assumed that the ancestor of Merbecovirus, Nobecovirus, Hibecovirus and
Sarbecovirus had the highest fraction of G+C nucleotides. This high GC content started to
decline throughout the lineage leading to SARS-CoV-2, which contains the lowest GC content.
Based on this declining trend shown in Figure 1 it can be predicted that any virus that derive
from this lineage in the near future will more likely have a GC content that is much lower than
that observed for SARS-CoV-2 (37.97%). Furthermore, similar prediction could be made if
we compare only the human SARS like viruses.
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In the past two decades, three outbreaks were caused by the viruses (MERS-CoV, SARS-CoV
and SARS-CoV-2) belonging to the same lineage (8). Hence future pandemic outbreaks appear
to be highly likely to be caused by a novel SARS virus that descends from the SARS-CoV-2
lineage (9). The GC contents of the synonymous sites of these three coronaviruses (MERSCoV, SARS-CoV and SARS-CoV-2) are 29%, 25% and 20% respectively. This suggests that
there was a 14% reduction in the GC content of the SARS-CoV compared to MERS-CoV virus
from which the former has evolved or derived (29% Vs 25%). Similarly, a 20% reduction in
the GC content of the SARS-CoV-2 compared to that of SARS-CoV virus from which the
former is descended. Hence any novel virus (SARS-CoV-X) that descends from SARS-CoV2 lineage will potentially have a much-reduced GC content.

Due to the past outbreaks caused by the viruses belonging to the same lineage, recent studies
emphasize the need for designing vaccines that are effective on not only the current SARSCoV-2 strains but also the novel SARS viruses that eventually evolve from this lineage (9-12).
As explained above, the results of the present study could be useful in predicting the GC content
of future SARS viruses and hence help in designing universal vaccines. For example, reduction
in GC content suggests a higher rate of GC→AT mutations. Hence, we can predict that the G
and C nucleotides in genomic regions (eg. of the S gene) constituting the epitopes are more
likely to be mutated to A or T compared to the mutations in the opposite direction. Therefore,
knowledge about the most probable future mutation types is immensely useful in designing
broad-spectrum epitopes that recognizes many strains of SARS-CoV-2 and its descendants
emerging the imminent future.
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Figure Legends
Figure 1. (A) A Maximum Likelihood tree showing the phylogenetic relationship among
Sarbecovirus (SARS-CoV-2, RaTG13, PCoV_MP789, PCoV_GX-P5E, SL-CoVZC45,
SARS-CoV and BM48-31), Hibecovirus (Zhejiang2013), Nobecovirus (HKU9-1) and
Merbecovirus (MERS-CoV) genomes. An Embecovirus (HKU1) genome was used as the
outgroup. All nodes have at least 74% bootstrap (500 replications) support. (B) Genomic GC
contents estimated for the 10 ingroup viruses are shown and the error bars show standard error
of the mean.

Figure 2.

Correlation between evolutionary divergence and GC contents of the

Betacoronaviruses. Pairwise evolutionary divergences between SARS-CoV-2 and nine other
viruses were estimated. (A) Whole genomes (r = 0.9, P = 0.002). (B) Synonymous positions
(r = 0.9, P = 0.002). Best fitting regressing lines are shown.
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