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ABSTRACT: SARS-CoV-2 needs to efficiently make use of the resources from hosts in order to survive and propagate. Among the multiple lay-
ers of regulatory network, mRNA translation is the rate-limiting step in gene expression. Synonymous codon usage usually conforms with tRNA
concentration to allow fast decoding during translation. It is acknowledged that SARS-CoV-2 has adapted to the codon usage of human lungs so
that the virus could rapidly proliferate in the lung environment. While this notion seems to nicely explain the adaptation of SARS-CoV-2 to lungs,
it is unable to tell why other viruses do not have this advantage. In this study, we retrieve the GTEx RNA-seq data for 30 tissues (belonging to
over 17000 individuals). We calculate the RSCU (relative synonymous codon usage) weighted by gene expression in each human sample, and
investigate the correlation of RSCU between the human tissues and SARS-CoV-2 or RaTG 13 (the closest coronavirus to SARS-CoV-2). Lung has
the highest correlation of RSCU to SARS-CoV-2 among all tissues, suggesting that the lung environment is generally suitable for SARS-CoV-2.
Interestingly, for most tissues, SARS-CoV-2 has higher correlations with the human samples compared with the RaTG13-human correlation. This
difference is most significant for lungs. In conclusion, the codon usage of SARS-CoV-2 has adapted to human lungs to allow fast decoding and
translation. This adaptation probably took place after SARS-CoV-2 split from RaTG 13 because RaTG13 is less perfectly correlated with human.
This finding depicts the trajectory of adaptive evolution from ancestral sequence to SARS-CoV-2, and also well explains why SARS-CoV-2 rather
than other viruses could perfectly adapt to human lung environment.
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Introduction

Viruses need to adapt to hosts to survive and proliferate.! In
order to rapidly replicate themselves, the key question for
viruses is how to efficiently utilize the limited resources in host
cells. The central dogma dictates that the virus proliferation
includes (at least for RNA viruses like SARS-CoV-2) the rep-
lication and translation processes. While the elements required
for replication is evolutionarily conserved across coronavi-
ruses,? the mechanism of virus translation is quite mysterious.
This prompts us to consider how the virus translate its own
RNAs in the host cells. In fact, among the various biological
processes, the most energy-consuming and rate-limiting step is
mRNA translation.’ Therefore, virus RNAs have to compete
with host RNAs for translation machineries. It is believed that
higher translation efficiency is favored by natural selection,*®
and this is especially crucial for viruses. Conceivably, if the high
expression of viral genes is not achieved, then the optimization
of viral protein sequence/structure is not meaningful because
the viral genes must express to a sufficiently high amount
before they exert their functions.

A smart way to elevate mRNA translation efficiency is to
optimize the synonymous codon usage.”® Although synony-
mous codons encode identical amino acids, they do have differ-
ent cognate tRNA concentrations.'® Synonymous codons with

higher tRNA availability are advantageous as they are decoded
and translated with faster rates. Since tRNA availability is
highly correlated with relative synonymous codon usage
(RSCU),"12 it is generally accepted that frequently used
codons are optimized (optimal) codons that are suitable for fast
translation as well as favored by natural selection.!®

The RSCU of eukaryotes has been adapted to the tRNA
concentration during long term evolution.!? For viruses that
invade the hosts, the viral codon usage is usually uncorrelated
with host codon usage. It means that viral genes would be less
capable of utilizing the tRNA pool and have lower translation
efficiency. Indeed, manipulating codon usage has already been
used as a strategy to control viral gene expression.’* On the
contrary, from the virus perspective, a wise way to efficiently
invade the host is to make its codon usage similar to that of the
host transcriptome.! Since RSCU is measured by the expressed
genes in a particular tissue/sample, the different tissues of the
same species could have distinct RSCU spectrum. A previous
literature found an interesting co-evolution pattern between
virus and host.” When the codon usage of virus is similar to
that of the host, the translation efficiency of host genes would
be suppressed so that the virus gains an advantage due to trans-
lation selection. However, the above analyses were majorly con-
ducted at unicellular level (yeast and human cell), which does
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not have a problem of tissue-specific gene expression. In reality,
the infection of SARS-CoV-2 is also selective, reminding us
that we should analyze different tissues respectively. Analogous
conclusion was proposed based on proteomic evidence that
although the GC content of SARS-CoV-2 is poorly correlated
with human genome (possibly for avoiding human immune
response!®), the human genes with similar codon usage to
SARS-CoV-2 were down-regulated upon infection.!”

It is reported that although the codon usage of SARS-
CoV-2 is not correlated with RSCU of human genome, it is
correlated with codon usage of lung expressed genes.! In other
words, SARS-CoV-2 is adapted to human lungs. This observa-
tion nicely explains why SARS-CoV-2 could be rampant in the
lung environment. However, question comes that why other
viruses do not have this advantage to infect human lungs? To
answer this question, there are 2 steps to be accomplished. First
is to look into multi-tissue transcriptome data to confirm that
the codon usage of SARS-CoV-2 is really most similar to that
of human lungs (compared with other human tissues). Next,
one should analyze the codon usage of a close coronavirus to see
whether the other viruses are less correlated with human lungs.

RaTG13 is a coronavirus found in bats (Rhinolophus
affinis). Although its evolutionary divergence with SARS-
CoV-2isstill under debate,'® it is widely accepted that RaTG13
is the closest sequence relative to SARS-CoV-2.1-21 In this
study, by retrieving the GTEx??> RNA-seq data of 30 human
tissues (from over 17000 individuals) and analyzing the RSCU
of SARS-CoV-2, RaT'G13, and human tissues, we draw the
conclusion that codon usage of SARS-CoV-2 is most adaptive
to human lungs, and that this adaptation event took place after
the split from RaTG13. Our finding nicely explains the
uniqueness of SARS-CoV-2 and demonstrates the evolution-
ary trajectory of codon usage in coronaviruses.

Materials and Methods
Awailability of data and materials

The RNA-seq data of human tissues were downloaded from
GTEx portal.??2 The expression level of each gene (measured
by TPM, transcripts per million) is given in the downloaded
file. We downloaded the SARS-CoV-2 and RaTG13 genome
from the NCBI website (https://www.ncbi.nlm.nih.gov/
genome/). The coding sequence of human genome was
downloaded from the Ensembl website of version hgl9
(ftp://ftp.ensembl.org/pub/release-75/fasta’homo_sapiens/
cds/).

Relative synonymous codon usage (RSCU)
The RSCU is defined as the frequency of a codon divided by the

mean frequency of all its synonymous codons.?? Frequency is cal-
culated with a particular set of genes, which are usually the highly
expressed genes (HEG) in a given sample. Under this definition,
for an amino acid with N synonymous codons, the sum of RSCU
values of all its codons will exactly be V. For a codon, RSCU>1

represents frequently used codons, or termed optimal codons.
RSCU <1 represents non-optimal codons. Considering the arbi-
trary definition of HEG in a sample, it is also feasible to calculate
RSCU by weighting each gene by expression level instead of dis-
carding the lowly expressed genes. In this study, the “all genes
weighted” RSCU is calculated by weighting all gene expression,
and the “tissue-specific HEG” has excluded the top 500 genes
with the highest mean expression in all tissues. The excluded 500
genes represent house-keeping genes.

Statistics

The statistics like Pearson correlation coefficient (PCC) is per-
formed in R language and environment. Delta PCC =PCCg,gs.
covea— PCCrirais, Wwhere PCCgagrs.-covs is the PCC of RSCU
between SARS-CoV-2 and human samples, and PCCp,rq15 is
the PCC of RSCU between RaTG13 and human samples.

Results

RSCU shows no positive correlation when all genes
are used

We retrieve GTEx transcriptome data of 30 human tissues
(from over 17000 individuals) and intend to see the correlation
of codon usage between human tissues and SARS-CoV-2.The
RSCU values of SARS-CoV-2 are calculated with standard
pipeline.! For human tissues, the RSCU value could be either
calculated from the gene sequences of a set of arbitrarily
selected HEG, or alternatively, we could weight each gene by
its expression level so that the arbitrary cutoff is avoided.
Theoretically, the 2 approaches should produce similar RSCU
values because the HEG have higher weights.

We first weight each gene by expression level and calculate
the RSCU for each sample. Then we perform correlation anal-
ysis and calculate the Pearson correlation coefficient (PCC)
between SARS-CoV-2 and every human sample. Totally 30
tissues are ranked by median PCC. While lung samples gener-
ally have the highest RSCU correlation with SARS-CoV-2
(Figure 1A), it is striking that the PCC is globally negative,
with a median PCC=-0.32 and 95% quantile [-0.36, -0.19]
for all human samples (Figure 1B).

Since we have calculated the human RSCU by weighting each
gene by expression level, we wonder whether another approach
could improve the correlation. We select the top 50% genes with
higher expression levels and calculate RSCU from the raw
sequences of these genes (not weighted by expression level). It
turns out that the RSCU under this approach does not differ
much from the weighted one, with median PCC=-0.31 and 95%
quantile [-0.35,-0.19] when compared to SARS-CoV-2.

Tissue-specific HEG is suitable for calculating
RSCU

We have observed unexpected results where the RSCU values
are negatively correlated between human and SARS-CoV-2.
Given the fact that SARS-CoV-2 is very successful in invading
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Figure 1. Pearson correlation coefficient (PCC) of RSCU between SARS-CoV-2 and human tissues. Each dot represents a human individual. Thirty
human tissues are displayed separately and ranked by the median value. (A) The RSCU calculated by weighting each gene by expression level. Boxplots
are shown for each tissue. (B) The RSCU calculated by weighting each gene by expression level. Histogram is shown for all observations with
median=-0.32. The vertical lines also show the 95% quantile [-0.36, —0.19]. (C) The RSCU calculated by tissue-specific HEG. Boxplots are shown for
each tissue. (D) The RSCU calculated by tissue-specific HEG. Histogram is shown for all observations with median=-0.06. The vertical lines also show

the 95% quantile [-0.26, 0.15].

human lungs, there should be some features that are unique to
lungs to allow SARS-CoV-2 to take advantage of them.

It is known that some house-keeping genes are constantly
highly expressed in all tissues (such as constitutionally expressed
RPL family genes) while some other genes are selectively
highly expressed in particular tissues (termed tissue-specific
HEG). Our purpose is to try to reflect the tissue-specific codon
usage, but the weighting method would obviously overrate the
contribution of house-keeping genes and underestimate the
importance of tissue-specific HEG. Among the tens of thou-
sands of genes in the human genome, we rank the genes with
mean expression across all GTEx samples, and empirically find
that the top 500 genes are constantly highly expressed in most
samples. Therefore, we regard the top 500 genes as house-
keeping genes. Notably, the robustness of this cutoff would be
discussed later.

In order to reflect the contribution of tissue-specific HEG,
we remove the top 500 house-keeping genes and perform the
weighting method to calculate RSCU. The PCC values
between SARS-CoV-2 RSCU and human RSCU are calcu-

lated for each tissue respectively. Strikingly, the correlation is

no longer “all negative” but shows considerable fractions of
positive correlation in each tissue (Figure 1C). Lung is still the
most highly correlated tissue, and the median PCC across all
tissues is -0.06 with 95% quantile [-0.26, 0.15] (Figure 1D).
For all the lung samples, 93% of them show positive correlation
with SARS-CoV-2 and 3.6% show significantly positive PCC.
These results agree with our intuitive expectation.

To test the robustness of the tissue-specific HEG approach,
we alternatively selected the top 300, top 800, and top 1000
genes as the house-keeping genes, and calculated the RSCU
and PCC for the remaining genes weighted by expression level.
The aforementioned patterns are robust. Lung is always the
tissue showing the highest correlation with SARS-CoV-2, and
87% to 94% of the lung samples show significantly positive
PCC.

Therefore, we conclude that the tissue-specific HEG, rather
than the constitutionally highly expressed house-keeping
genes, are suitable for distinguishing the codon usage of differ-
ent tissues. Lung is still the most highly correlated tissue with
SARS-CoV-2. A large fraction of lung samples shows positive
correlation with the codon usage of SARS-CoV-2.
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Figure 2. Comparison between SARS-CoV-2 and RaTG13. Their correlation with human tissues is compared. (A) We define delta PCC=PCCgpgs.
cov-2— PCChraraia Where PCCgpgps.cov-2 is the PCC of RSCU between SARS-CoV-2 and human samples, and PCCp gy is the PCC of RSCU between
RaTG13 and human samples. RSCU is calculated with tissue-specific HEG. (B) RSCU between SARS-CoV-2 and human sample Lung_GTEX-QDT8-
0926-SM-32PL2. The RSCU of all genes is used. (C) RSCU between RaTG13 and human sample Lung_GTEX-QDT8-0926-SM-32PL2. The RSCU of all
genes is used. (D) RSCU between SARS-CoV-2 and human sample Lung_GTEX-QDT8-0926-SM-32PL2. The RSCU of tissue-specific HEG is used. (E)
RSCU between RaTG13 and human sample Lung_GTEX-QDT8-0926-SM-32PL2. The RSCU of tissue-specific HEG is used.

SARS-CoV-2 adapts to human after the split from
RaTG13

Given the observation that the codon usage of SARS-CoV-2
conforms to that of the human lung expressed genes, one would
intuitively ask why only SARS-CoV-2 rather than other closely
related coronaviruses has succeeded in the adaptation. To answer
this question, we retrieve the sequence of RaTG13, the closest
coronavirus to SARS-CoV-2. We calculate the correlation of
RSCU between RaTG13 and human tissues where the tissue-
specific HEG (excluding the top 500 house-keeping genes) are
used. For a given human sample, we define delta PCC =PCCgpps.
cov2— PCCrurgis- A positive delta PCC means SARS-CoV-2 is
more adaptive to human. We rank the human tissues with increas-
ing delta PCC values. Amazingly, all samples have a positive delta
PCC value, among which lungs generally have the highest delta
PCC (Figure 2A). This result demonstrates that SARS-CoV-2
always has better codon adaptation to human tissues compared
with RaT'G13, and that the extent of difference peaks in lungs.
Note that the RSCU above is calculated with the tissue-
specific HEG. We have proved that using this set of genes is

better than using all genes. To reemphasize this notion, we use
a lung sample (ID: Lung GTEX-QDT8-0926-SM-32PL2)
to display how the choice of gene sets would affect the RSCU
and correlation. First, we calculate RSCU with all genes
weighted by expression level in this lung sample. The PCC
with SARS-CoV-2 (Figure 2B) and the PCC with RaTG13
(Figure 2C) are both negative and do not differ much. However,
if we calculate RSCU with the tissue-specific HEG by exclud-
ing the top 500 house-keeping genes, then the PCC with both
SARS-CoV-2 and RaTG13 has greatly improved but the
PCC with SARS-CoV-2 (Figure 2D) is obviously higher than
the PCC with RaTG13 (Figure 2E). This pattern, where
SARS-CoV-2 is better correlated with human, suggests that
the adaptation has taken place after SARS-CoV-2 split from
RaTG13.

Discussion

From the perspectives of structural biology, biochemistry, and
molecular biology, there are already plenty of explanations for
how SARS-CoV-2 could perfectly adapt to the human envi-

ronment. However, several essential links are still missing. (1)
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Why SARS-CoV-2 rather than other closely related coronavi-
ruses could have this perfectness? (2) If the high expression of
viral genes is not achieved, then the optimization of protein
sequence/structure is almost futile (because quantity and qual-
ity are both important for the functioning of viral genes). The
answer to these questions could be addressed in the light of
evolution.?* Conceivably, mutation is the source of natural
selection and evolution.?>?” Different mutated sequences were
subjected to natural selection to eliminate the less adaptive
ones.”® The transition from ancient sequence to the present
SARS-CoV-2 sequence reliably reflects this long-lasting evo-
lution process.

By comparing the codon usage profiles of SARS-CoV-2,
RaTG13, and numerous human tissues, we successfully find
that SARS-CoV-2 always has better correlation with human
tissues compared with its closest relative RaTG13. This obser-
vation nicely reconstructs the evolution history of SARS-
CoV-2. After split from RaTG13,SARS-CoV-2 has optimized
its codon usage to become more similar to that of human tis-
sues, especially for lungs. This allows SARS-CoV-2 to utilize
the resources (like tRNA pools) of human cells more efficiently,
and explains why SARS-CoV-2 is so unique compared with
other viruses. The adaptive codon usage of SARS-CoV-2 facil-
itates the viral RNA translation. A high translation rate of viral
genes guarantees the high amount of viral proteins, which
serves as the prerequisite of successful viral invasion and prolif-
eration. To the host, the optimization of viral sequence is unde-
sired, but for the virus itself, this codon optimization might be
a milestone in evolution. Interestingly, the previous study on
co-evolution of host-virus also found that the codon usage cor-
relation is higher between virus and symptomatic hosts (com-
pared to other natural hosts),” this simply support our
conclusion that SARS-CoV-2 has optimized the codon usage
after splitting from RaTG13.

We also emphasize that the correlation of codon usage
between host and parasite should be investigated tissue by tis-
sue, that is, taking the tissue specific gene expression into
account, rather than using the whole reference genome. As we
have shown, different human tissues exhibit completely differ-
ent correlation with the virus. SARS-CoV-2 is highly corre-
lated with human lungs, indicating its perfect adaptation to
lung environment. The whole genome sequence (of a host spe-
cies) is used only when there are no high-quality tissue-specific
transcriptome data available.

Note that codon optimization is only a necessary but not
sufficient requirement for successful viral invasion. The codon
optimization ensures a relatively high level of viral gene expres-
sion. However, the expressed viral protein should also be struc-
turally optimal to invade the host cells. The natural selection on
codon optimization is exerted on synonymous mutations, while
the selection on protein sequence/structure is exerted on mis-
sense mutations. One could conclude that any mutations in the
viral coding sequence are potentially subjected to natural

selection. Therefore, under this global pandemic, any single
mutation in the SARS-CoV-2 sequence should not be ignored
since it might change the viral adaptiveness and even virulence.

Conclusions

The codon usage of SARS-CoV-2 has adapted to human lungs
to allow fast decoding and translation. This adaptation proba-
bly took place after SARS-CoV-2 split from RaTG13 because
RaTG13 is less perfectly correlated with human. This finding
depicts the trajectory of adaptive evolution from ancestral
sequence to SARS-CoV-2, and also well explains why SARS-
CoV-2 rather than other viruses could perfectly adapt to
human lung environment.
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