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Abstract
Understanding how SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus 2) efficiently reproduces itself by taking 
resources from the human host could facilitate the development of drugs against the virus. SARS-CoV-2 translates its own 
proteins by using the host tRNAs, so that its GC or codon usage should fit that of the host cells. It is necessary to study both 
the virus and human genomes in the light of evolution and adaptation. The SARS-CoV-2 virus has significantly lower GC 
content and GC3 as compared to human. However, when we selected a set of human genes that have similar GC properties 
to SARS-CoV-2, we found that these genes were enriched in particular pathways. Moreover, these human genes have the 
codon composition perfectly correlated with the SARS-CoV-2, and were extraordinarily highly expressed in human lung 
tissues, demonstrating that the SARS-CoV-2 genes have similar GC usage as compared to the lung expressed human genes. 
RSCU (relative synonymous codon usage) and CAI (codon adaptation index) profiles further support the matching between 
SARS-CoV-2 and lungs. Our study indicates that SARS-CoV-2 might have adapted to the human lung environment by 
observing the high correlation between GC usage of SARS-CoV-2 and human lung genes, which suggests the GC content 
of SARS-CoV-2 is optimized to take advantage of human lung tissues.

Keywords SARS-CoV-2 · GC content · Lung expressed genes · Adaptation

Introduction

The recent outbreak of SARS-CoV-2 (Severe Acute Respira-
tory Syndrome Coronavirus 2) has caused severe damage to 
China especially the Hubei province (Cowling and Leung 
2020; Hui et al. 2020; Wang et al. 2020). It is urgent to find 
ways to control its transmission and cure the infected patients 
(Edelstein and Heymann 2015; Sheahan and Baric 2018; 
Wang et al. 2020). Particularly, understanding how SARS-
CoV-2 achieved rapid reproduction in the human host might 
be helpful in developing antivirus drugs. Notably, SARS-
CoV-2 translates its own proteins using the host tRNAs, 
which indicates that the codon composition of SARS-CoV-2 
should have adapted to that of the human hosts. Therefore, it 

is rational to study both the virus and human genomes from 
the perspective of evolution and adaptation.

It is well established that the viruses themselves do not 
survive alone, and they could only translate and reproduce 
their own proteins by using the resources from host cells 
(Taghinezhad et al. 2017). Proteins commonly consist of 20 
amino acids, which are encoded by specific codons. The host 
cells do not equally use each amino acid and codon (Plotkin 
and Kudla 2011). Instead, there are different GC biases or 
codon biases in different organisms (Harrison and Charles-
worth 2011; Wei 2020). The GC content across the genome 
almost determines which set of codons (G/C ending or A/T 
ending) are favored by this organism. For SARS-CoV-2 or 
other coronaviruses, the GC content in its coding sequence is 
around 38% (Berkhout and van Hemert 2015). In eukaryotes, 
such as vertebrates, including humans, the GC content could 
be around 60%. It seems that SARS-CoV-2 has a very differ-
ent GC preference as compared to the human genome. This 
raises a question that how the virus could efficiently repro-
duce itself in an environment with very different resources.

However, human is a multiorgan/tissue organisms. The 
genes express differentially in specific organs/tissues/cells. 
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The GC preference could also vary across tissues according 
to the tissue-specifically expressed genes. For SARS-CoV-2, 
although it exhibits a different GC preference as compared 
to the entire human genome, it might adapt to the environ-
ment of particular tissues (e.g., lung). The aim of this study 
is to test whether SARS-CoV-2 has developed a particular 
GC usage similar to that of the human lung tissues. If this is 
the case, then this idea might help understand how the virus 
adapt to its living environment. In the multiple domains of 
life, using the genomic big data to deal with the relation-
ship between organisms and environmental adaptation has 
already been proposed (Argueso et al. 2019), and analyzing 
the codon usage might be part of the key issues (Feng et al. 
2013; Wang and Hickey 2007).

RSCU (relative synonymous codon usage) and CAI 
(codon adaptation index) are classic parameters measur-
ing the extent of codon bias (Sharp and Li 1987). Codons 
with higher RSCU values are more frequently used by the 
genome and are usually GC enriched. Genes with higher 
CAI values tend to utilize more optimal codons. Since CAI 
of a gene is calculated as the geometric mean of RSCU, and 
RSCU is largely based on the set of genes of interest, this 
allows us to compare the codon bias of virus and human 
genes from different aspects.

We found the following patterns. The SARS-CoV-2 virus 
has significantly lower GC content and GC3 compared to 
human. However, when we selected a set of human genes 
which have similar GC properties to SARS-CoV-2, we found 
that these genes were enriched in particular pathways that 
might be related to virus invasion. Moreover, these human 
genes were extraordinarily highly expressed in human lung 
tissues, suggesting that the SARS-CoV-2 genes have similar 
GC usage compared to the lung expressed human genes. 
When we further employed the RSCU and CAI, the match-
ing between SARS-CoV-2 and human lungs is consolidated.

Our study indicates that SARS-CoV-2 might have adapted 
to the human lung environment. The GC usage of SARS-
CoV-2 is optimized to take advantage of human lungs. These 
results might help understand how the virus adapt to its liv-
ing environment.

Materials and methods

Data collection

We downloaded the SARS-CoV-2 genome from the NCBI 
website (https ://www.ncbi.nlm.nih.gov/genom e/). The cod-
ing sequence of human genome was downloaded from the 
Ensembl website of version hg19 (ftp://ftp.ensem bl.org/pub/
relea se-75/fasta /homo_sapie ns/cds/). The RNA-seq data 
used in this study were downloaded with accession numbers 
GSM1120308 (polyA RNA sequencing of STL001 Lung 

Cells) and GSE93482 (polyA mRNA RNA-seq from lung). 
These are data from normal lung tissues.

GC content calculation

GC content (GC%) used in this study is the percentage of 
guanosines and cytidines in the coding sequence of genomes. 
GC3 is the percentage of guanosines and cytidines at the 
third codon position. GC12 is the percentage of guanosines 
and cytidines at the first and second codon positions.

RNA‑seq mapping

We mapped the RNA-seq reads to the human coding 
sequence with software bowtie2 (Langmead and Salzberg 
2012). Two mismatches per read were allowed. Only the 
longest coding sequence of each gene was chosen to be the 
reference file. The uniquely mapped reads were maintained. 
The gene expression was measured by RPKM (reads per 
kilobase per million mapped reads) = reads count of a gene/
gene length (Kb)/library size (million reads). In the RSCU 
and CAI analyses, the highly expressed genes in lungs repre-
sent the top 1000 genes with highest RPKM in the combined 
GSM1120308 and GSE93482 samples.

Functional annotation

Functional annotation of human genes was accomplished 
on the DAVID website (Jiao et al. 2012). The gene ontology 
(GO) terms with multiple testing corrected p value (FDR, 
the column “Benjamini”) < 0.05 were maintained.

RSCU (relative synonymous codon usage) and CAI 
(codon adaptation index)

To calculate RSCU we first need to know which set of genes 
should be used. We tried using different sets of genes to cal-
culate RSCU. The different sets of genes are: (1) All human 
genes; (2) lung genes: top 1000 (RPKM) genes expressed in 
lung (combined GSM1120308 and GSE93482); (3) house-
keeping genes: among the 1000 lung genes we extracted the 
ribosomal genes; (4) lung-non-house genes: the 1000 lung 
genes excluding ribosomal genes; (5) virus genes: the eleven 
non-redundant ORFs of SARS-CoV-2. Among each set of 
genes, a number of codon appearance were counted. RSCU 
is the codon count weighted by the mean count across synon-
ymous codons. By this way, if an amino acid has N synony-
mous codons, then the sum of RSCU values of these codons 
should be equal to N. RSCU greater than one represents 
frequently used codons, and vice versa. CAI of a gene is the 
geometric mean of RSCU values of codons in that gene. The 
ribosomal genes were selected based on the gene names. In 
the gene annotation file (hg19 version), all ribosomal genes 

https://www.ncbi.nlm.nih.gov/genome/
ftp://ftp.ensembl.org/pub/release-75/fasta/homo_sapiens/cds/
ftp://ftp.ensembl.org/pub/release-75/fasta/homo_sapiens/cds/
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are named with prefix RPL (ribosome protein large subunit) 
or RPS (ribosome protein small subunit). We extracted these 
genes by matching the string “^RPL|^RPS”.

Statistical analyses

We used R language to conduct statistical analyses including 
correlation tests and KS tests.

Results

GC content of SARS‑CoV‑2 genes is lower 
than that of human genes

We downloaded the coding sequences of SARS-CoV-2 virus 
and human (“Materials and methods”). We define GC3 as 
the percentage of guanosines and cytidines at the third codon 
position, and GC12 as the percentage of guanosines and cyt-
idines at the first and second codon positions (“Materials 
and methods”). We found moderately positive correlations 
between the GC3 and GC12 values among the 12 SARS-
CoV-2 genes (Fig. 1a, Spearman’s correlation = 0.39) and 
the twenty thousand human genes (Fig. 1b, Spearman’s cor-
relation = 0.62). However, we found a significantly higher 
GC content in human than SARS-CoV-2 (Fig. 1c).

Human genes with similar GC content/codon bias 
to that of SARS‑CoV‑2 are highly expressed in lungs

The distinctly different GC contents between the SARS-
CoV-2 and human genomes raise a question that how the 
virus could efficiently reproduce itself in an environment 
with very different GC resources. We first defined the 25% 
and 75% quantiles of GC contents of SARS-CoV-2 genes. 
25% quantile GC3 = 0.252; 75% quantile GC3 = 0.334; 25% 
quantile GC12 = 0.396; 75% quantile GC12 = 0.437. We 
selected the human genes within this range of GC content 
(Fig. 2a) and totally obtained 324 human genes. We per-
formed gene ontology (GO) enrichment analysis (“Materials 
and methods”) on these 324 genes and found an enrichment 
in cilium morphogenesis and double-strand break repair 
(Fig. 2b). Although without direct evidence, we could sur-
mise that these genes might be related to virus invasion 
since they entail the processes similar to immune or stress 
response. At this stage, this point remains speculative and 
untested. Note that the purpose of this part is to seek for 
potential human genes with similar GC profile with SARS-
CoV-2. It does not mean the human genes adapted to SARS-
CoV-2 genes. It should be the other way around: evolution 
rate in coronaviruses are orders of magnitude higher than 
that of eukaryotic cells, so it is the SARS-CoV-2 genes that 

have adapted to particular human genes (or the virus’ living 
environment).

Moreover, when we calculated the codon frequency 
(proportion) of the 61 sense codons among different genes, 
we found that the codon proportion among the 324 human 
genes was significantly positively correlated with the codon 
proportion among the SARS-CoV-2 genes (Fig. 2c, left), 
while the codon proportion among the other human genes 
did not show such a significant correlation (Fig. 2c, right). 
This result is not surprising because the codon identity could 
be affected by the GC status.

Because these 324 human genes have the most similar GC 
contents to the SARS-CoV-2 and the SARS-CoV-2 invades 
human lungs, we intuitively wonder whether these 324 genes 
are highly expressed in lungs. We downloaded two sets of 
RNA-seq data of human lungs (“Materials and methods”). 
We discovered that the 324 genes indeed had significantly 
higher expression levels than the remaining genes (Fig. 3a). 
In other words, this result tells us that the SARS-CoV-2 
genes have similar GC usage as compared to the human lung 
expressed genes.

We have shown that the human genes with similar GC 
profile with SARS-CoV-2 genes are highly expressed in 
lungs. Next, we use a more direct way to test the correla-
tion between the codon usage between SARS-CoV-2 and 
human genes. We will change the angle and directly use the 
top 1000 highly expressed genes in lung instead of the “324 
candidate genes”. The overlapping between the top 1000 
genes in the two datasets > 86% (Fig. 3b), so in the follow-
ing analyses we combined GSM1120308 and GSE93482.

RSCU (relative synonymous codon usage) profile 
in virus and human genes

We want to better understand the effect of GC content on 
the synonymous codon usage. The RSCU provides quantita-
tive insight into the synonymous codon profile (“Materials 
and methods”). We first calculated the RSCU values using 
three different sets of genes: (1) All human genes; (2) lung 
expressed genes: top 1000 (RPKM) genes expressed in lung; 
(3) the SARS-CoV-2 genes. We see that the RSCU calcu-
lated from all human genes and lung expressed genes are 
similar but they differ from RSCU calculated from SARS-
CoV-2 genes (Fig. 4a, b).

CAI (codon adaptation index) profile of virus 
and human genes

The purpose of knowing RSCU is to calculate the CAI of 
genes. Given a particular set of RSCU values, one can cal-
culate the geometric mean to get a CAI value for a gene 
(“Materials and methods”). Since we already have three dif-
ferent sets of RSCU values, we would obtain three versions 
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of CAI values for a single gene. We inspect the CAI of the 
following genes: the CAI of 12 SARS-CoV-2 ORFs sepa-
rately, the median CAI of 12 SARS-CoV-2 ORFs, and the 
median CAI of all human genes (Fig. 5a).

We see an interesting result. For human genes, using the 
virus RSCU would lead to an obviously lower CAI profile. 
Using the all human gene RSCU or lung gene RSCU does 
not seem to affect the CAI of human genes (Fig. 5a). For 
virus genes, the choice of all human gene RSCU or virus 
gene RSCU does not strongly affect the CAI of virus genes, 
either. However, using lung gene RSCU would produce 
remarkably higher CAI values (Fig. 5a).

The N gene (nucleocapsid) has the largest difference 
between CAI values calculated from human RSCU and 
virus RSCU (Fig. 5a). It simply means that nucleocapsid 
has the codon usage most distant from the host. Another 
indirect illustration of this issue is the pairwise Spearman 
correlation between the RSCU values of 12 SARS-CoV-2 
ORFs and the ~ 20,000 human genes (Fig. 5b). N gene seems 
to have a different correlation profile, suggesting its poten-
tially different “interactome” with human genes. A possible 
explanation for the outstanding feature of gene N is that the 
proteins interacting with host antibodies have a tend to show 
codon usage very distant from the host so that to allow lower 

Fig. 1  GC content of SARS-CoV-2 and human genes. a Dot plot 
showing the GC3 and GC12 of the coding sequences of 12 genes of 
SARS-CoV-2. Spearman’s correlation = 0.39. b Dot plot showing the 
GC3 and GC12 of the coding sequences of all human genes. Spear-

man’s correlation = 0.62. c Boxplot displaying the GC3 and GC12 of 
SARS-CoV-2 (purple) and human genes (brown). “3” means GC3 
and “1 + 2” mean GC12. “***”Indicates p value < 1e−3. The p values 
were calculated by Wilcoxon rank sum tests
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exposition to the immune system. So far, these are the obser-
vation and deduction. We currently do not have experimental 
data to prove this evolutionary notion.

Are SARS‑CoV‑2 genes more adapted to lung cells 
than the lung genes?

An interesting but confusing issue is whether SARS-
CoV-2 adapted to lung cells or the lung genes? First, we 
think the definition of “lung genes” partially comes from 

the observed highly expressed genes in lungs. But the 
highly expressed genes in lungs should include several 
housekeeping genes which are not “lung genes”. Any-
way, “highly expressed genes in lung cells” and “lung 
genes” are not independent. They might overlap with each 
other for a large proportion. Next, if we have to tell them 
apart, as we understand, the difference between “highly 
expressed genes in lung cells” and “lung genes” is that 
the former contains some housekeeping genes (such as 
ribosomal genes).

Fig. 2  Human genes with similar GC properties to that of SARS-
CoV-2 genes. a Dot plot showing the set of human genes (colored 
purple, 324 genes) with similar GC properties to those of SARS-
CoV-2 genes (the human genes with GC3 and GC12 values within 
the 25% ~ 75% quantiles of the GC3 and GC12 of SARS-CoV-2). b 
Gene ontology enrichment of the 324 genes which have similar GC 

properties to those of SARS-CoV-2 genes. “Benjamini” is the p value 
after multiple testing correction. c Dot plots displaying the correlation 
between codon frequency (proportion) in SARS-CoV-2 and human 
genes. The selected 324 genes are in purple. The other genes are in 
gray. Pearson’s correlation coefficients are shown
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Apart from the lowly expressed genes (most genes in a 
sample) in lung (combined GSM1120308 and GSE93482), 
we divide the “highly expressed genes in lung cells” (top 
one thousand RPKM) into two categories, one is the ribo-
somal genes (termed “house”), another is the remaining 
genes (termed “lung-non-house”). We draw the median 
values of the gene expression of each set of genes (Fig. 6a). 
Then we calculate the RSCU values of codons based the 
house genes and lung-non-house genes, respectively. With 
these two sets of RSCU values, we next calculated the 
CAI of 12 SARS-CoV-2 genes. The CAI from RSCU of 
lung-non-house genes is always higher than the CAI from 
house genes (Fig. 6b). We can preliminarily conclude that 
SARS-CoV-2 genes more adapted to human lung genes 

(represented by lung-non-house genes) when compared 
with lung cells (represented by house genes).

Discussion

The mutation (Zhao et al. 2004) and modification (Carpenter 
et al. 2009; Fung and Liu 2018) of virus sequences usually 
make it difficult to trace the origin and evolution of viruses 
(Li et al. 2020). However, the codon composition would be 
less affected by the noises. The SARS-CoV-2 needs to utilize 
the resources from host cells to reproduce itself. In theory, 
the virus should choose a host environment where the GC 
and codon usages are most similar to the virus genome itself. 

Fig. 3  Gene expression in human lungs and the GC content of coding 
sequences of different viruses. a Boxplots displaying the gene expres-
sion levels (RPKM) of the 324 genes versus other genes in two sets of 

lung RNA-seq data. The p values were calculated by KS tests. b The 
overlapping between the top 1000 genes (highest RPKM) of the two 
datasets
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We have found that the GC/codon usage of SARS-CoV-2 
is optimized to take advantage of human lungs, supporting 
the idea that its GC usage fits that of the host cells. Indeed, 
we did not perform functional verifications to prove any rel-
evance between the GC content of virus and human. How-
ever, we hope our ideas could be a novel aspect to decipher 
the needs and demands relationship between virus and host 
cells. In the light of evolution and adaptation, the host and 
the parasite should co-evolve so that their genomic features 
like GC or codon usage should be shaped to fit each other. 
The actual process might be, the host genome evolves allow-
ing to escape from the parasite invasion and the parasite 

genome evolves allowing to take advantage of host genomes, 
the results of which could be the similarity between their 
genomic features. Frankly speaking, the correlation of codon 
usage between host and parasite only serves as supporting 
evidence but not decisive evidence to connect the two organ-
isms. The most solid evidence is still the other medical-
related methodologies.

Indeed, the vast majority of codon usage studies would 
calculate the virus CAI by using the human RSCU. We 
added additional analyses on the CAI based on the virus 
RSCU. One certain thing is that the traditional calculation 
of virus CAI using host RSCU is the standard approach, 

Fig. 4  The RSCU (relative synonymous codon usage) profile calcu-
lated from different sets of genes. a The RSCU values of each codon 
except stop codons. “virus” means the RSCU calculated from SARS-
CoV-2 genes. “human” means the RSCU calculated from all human 

genes. “lung” means the RSCU calculated from top 1000 genes 
expressed in lung. b Correlation between the RSCU values shown in 
(a)
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but our comparison of CAI calculated from different sets of 
RSCU could reflect the difference of the codon usage profile 
between human and SARS-CoV-2.

All we have talked above is to emphasize the importance 
of adapting to the codon profile of the host. Inversely, one 
may propose whether it is possible that low GC content in 
SARS-CoV-2 is an adaptation for not competing with the 
cell in order to use tRNA that are not the most frequently 
used by the cell? This leads to a dilemma. (1) If the codon 
profile of the parasite is highly correlated with the codon 
usage in host, then theory could be like: the parasite has 
adapted to take advantage of the host; (2) If the codon 
profile of the parasite is poorly correlated with the codon 
usage in host, then theory could be like: the parasites avoid 
competing with hosts so that they choose to use the codons 
that are rarely used by the host. From another aspect, there 
is an opinion that the correlated codon usage between two 
species is a “necessary bit not sufficient” prerequisite for 
the host–parasite relationship. Without this prerequisite, 

the two species even have no change to become host–para-
site. Therefore, our current work is to display the existence 
of this prerequisite, and support the possibility of SARS-
CoV-2 adapting to the human lung tissues. Anyway, this 
question remains open and we tend to believe the former 
hypothesis which assumes the codon usage of parasites 
should be as close as possible to their host.

Hopefully, more detailed analyses in the future could 
reveal whether the codon usage of virus is optimized 
towards a set of codons which are excessively used in 
human lungs. These results could help understand the 
interaction between virus and hosts, and hint us about 
how the virus adapt to its living environment. Our study 
indicates that SARS-CoV-2 might have adapted to the 
human lung environment. The GC usage and codon usage 
of SARS-CoV-2 are optimized to take advantage of human 
lungs. These results might help understand how the virus 
adapt to its living environment.

Fig. 5  The CAI (codon adapta-
tion index) profile of different 
genes. a The CAI values of 12 
SARS-CoV-2 ORFs, mean of 
12 SARS-CoV-2 ORFs, and 
mean of all ~ 20,000 human 
genes. b Pairwise spearman 
correlation between the RSCU 
values calculated from each sin-
gle gene. The horizontal axis is 
the ~ 20,000 human genes. The 
vertical axis is the 12 SARS-
CoV-2 ORFs
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