SARS-CoV-2 Genetics
Key Findings for Public Health
• The outbreak was initiated from either a single introduction
into humans or very few animal-to-human transmission
events.
• SARS-CoV-1 and SARS-CoV-2 use the same cellular
receptor, ACE2, which could be used as a starting point for
creating therapeutics for SARS-CoV-2.

Background
Coronaviruses, including the pneumonia-causing novel
coronavirus currently known as SARS-CoV-2, are enveloped,
nonsegmented, positive-sense RNA viruses. Coronavirus
genomes have some of the largest genomes among RNA viruses,
with approximately 25-32 kilobases.1 The typical CoV genome
includes a 5’-cap, 5’-untranslated region (UTR), open reading
frames, a 3’-UTR, and 3’-poly(A) tail. The first two thirds of the
genome typically codes for nonstructural proteins from 2 open
reading frames that form the replicase complex. The last third of
the genome encodes primarily structural proteins.2 There are 4
conserved structural proteins across CoVs: the spike (S) protein,
membrane (M) protein, envelope (E) protein, and nucleocapsid
(N) protein.1 The S protein is responsible for binding to host cell
receptors and viral entry to host cells. The M, E, and N proteins
are part of the nucleocapsid of viral particles.

SARS-CoV-2 Naming
In a paper published early in the pandemic,3 viral sequences
collected from the earliest patients were assessed and compared
to known viral sequences. Sequence analysis of 11 samples
found that SARS-CoV-2 is in the same species as SARS-CoV;
the 2 viruses are 94.6% similar in amino acid sequence (80%
nucleotide sequence similarity) across the genome.3 However,
other studies from early in the outbreak do not consider the
viruses to be the same species, as they differ by more than 10%
in the replicase genes.4 In February, the Coronavirus Study
Group (CSG) of the International Committee on Taxonomy of
Viruses officially named the novel coronavirus SARS-CoV-2. The
CSG analyzed viral genomes from several patients and assessed
phylogenetic (evolutionary) relationships between the new virus
and known coronaviruses. The committee found that the genome
of viruses isolated from patients was similar enough to SARS
genomes to be considered a variant of SARS, not an entirely
novel virus. While the clinical presentation, epidemiologic
patterns, and host range of SARS-CoV-2 may differ from the
original SARS-CoV, it is the genetic similarity between the 2
viruses that is used to conclude they are the same species. For
this reason, the CSG has named SARS-CoV and SARS-CoV-2 as
variants of the species known as Severe acute respiratory syndrome–
related coronaviruses. The name SARS-CoV-2 is distinct from the
name of the disease, which the WHO has officially designated
COVID-19.
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Coronaviruses have a genome made of RNA. Viruses with RNA
genomes have an essential gene called the RNA-dependent RNA
polymerase (RdRp), which is highly conserved, meaning that
there are few changes in the gene from one RNA virus to another.
This makes the gene useful for measuring the evolutionary
distance and relatedness of one RNA virus to another. The CSG
found that there were fewer differences in the RdRp gene when
comparing the SARS-CoV and SARS-CoV-2 genomes than
between variants of MERS or HCoV-OC43—that is, SARS-CoV
and SARS-CoV-2 were more closely related. However, there are
relatively few samples of SARS-CoV from the 2003 outbreak
available for use in analysis, which could bias calculations of
genetic distance between variants within and between species of
coronaviruses.
RNA viruses have high mutation rates that result in several
slightly different versions of the viral genome being made each
time the viral genome is replicated (Figure 1). This creates a viral
population with diverse genomes, known as a quasispecies. With
each viral replication cycle, the differences accumulate between
the original viral genome and the progeny viral genomes. This
may contribute to differences in clinical outcomes between
patients, as the viral populations that are infecting them are
slightly different. The fact that there are multiple versions of
the viruses also makes it challenging to categorize viruses as
different species. Instead, the genomes will have varying levels
of relatedness to one another. This is why the CSG assessed the
relative levels of relatedness between and within SARS-CoV and
SARS-CoV-2 and compared it to the level of relatedness between
other and within other coronavirus species.

Figure 1. This diagram illustrates the generation of a quasispecies
from one initial virus.
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SARS-CoV-2 Evolution
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Phylogenetic analysis of 30 publicly available SARS-CoV-2
samples concluded that emergence of SARS-CoV-2 in the
human population likely occurred in mid-November 2019.5
The sequences have limited variability in consensus sequences,
suggesting the outbreak was initiated from either a single
introduction into humans or from a very few animal-to-human
transmission events.6 The mutation rate has been estimated
in various groups, ranging from about 1.05x10–3 to1.26x10–3
substitutions per site per year, which is similar to some estimates
of MERS-CoV mutation rates.5,7-9 As more viral genomes are
made publicly available, scientists will better be able to track viral
evolution and mutation rates, so the exact estimates will vary.
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Selection analysis of the genome suggests that 2 genes in the
SARS-CoV-2, the S and N genes, are under episodic selection
as the virus is transmitted between humans.10 This is normal for
emerging viruses and means that parts of the genome are
undergoing positive selection.11,12 Mutations and adaptation in
the S and N genes could affect virus stability and pathogenicity.9
As more genomes are made publicly available, analysis of the
genome sequence diversity across samples has revealed the
highest diversity occurring in the structural genes, especially the S
protein, ORF3a, and ORF8.
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SARS-CoV-2 is evolving over the course of the pandemic.
However, this evolution is not occurring faster than expected
compared to other viruses during an outbreak. There are different
clades of SARS-CoV-2 developing as COVID-19 spread across
the globe.13 Different clades emerge as viruses evolve. This is
entirely normal and does not mean there are new strains of
SARS-CoV-2 that are more pathogenic than others circulating
right now.
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Scientists have done an incredible job sequencing samples of
SARS-CoV-2 and sharing results during this pandemic. These
sequences are allowing public health officials to estimate several
important parameters of the epidemiology of COVID-19, such
as the reproductive number and introduction of the virus into
new regions.
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