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A B S T R A C T   

Coronavirus disease 2019 (COVID-19) has caused thousands of deaths worldwide and has become an urgent 
public health concern. The extraordinary interhuman transmission of this disease has urged scientists to examine 
the various facets of its pathogenic agent, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). 
Herein, based on publicly available genomic data, we analyzed the codon usage co-adaptation profiles of SARS- 
CoV-2 and other respiratory coronaviruses (CoVs) with their human host, identified CoV-responsive human 
genes and their functional roles on the basis of both the relative synonymous codon usage (RSCU)-based cor-
relation of viral genes with human genes and differential gene expression analysis, and predicted potential drugs 
for COVID-19 treatment based on these genes. The relatively high codon adaptation index (CAI) values (> 0.70) 
signposted the gene expressivity efficiency of CoVs in human. The ENc-GC3 plot indicated that SARS-CoV-2 
genome was under strict selection pressure while SARS-CoV and MERS-CoV were under selection and mutational 
pressures. The RSCU-based correlation analysis indicated that the viral genomes shared similar codons with a 
panoply of human genes. The merging of RSCU-based correlation data and SARS-CoV-2-responsive differentially 
expressed genes allowed the identification of human genes potentially affected by SARS-CoV-2 infection. 
Functional enrichment analysis indicated that these genes were enriched in biological processes and pathways 
related to host response to viral infection and immune response. Using the drug-gene interaction database, we 
screened a list of drugs that could target these genes as potential COVID-19 therapeutics. Our findings not only 
will contribute in vaccine development but also provide a useful set of drugs that could guide practitioners in 
strategical monitoring of COVID-19. We recommend practitioners to scrupulously screen this list of predicted 
drugs in order to authenticate those qualified for treating COVID-19 symptoms.   

1. Introduction 

The coronaviruses (CoVs) are a large family of RNA viruses re-
sponsible for illnesses ranging from the common cold to severe acute 
respiratory diseases both in wild animals and humans (Sutton and 
Subbarao, 2015; Tortorici and Veesler, 2019). Severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) is a CoV identified as the causal 
agent of the respiratory epidemic first detected in China (Wuhan) and 
subsequently declared by the World Health Organization (WHO) as the 
COVID-19 pandemics due to the spread of the outbreak to other 
countries worldwide (Lai et al., 2020; Zheng, 2020). The clinical 
symptoms of SARS-CoV-2 infection include fever, cough, headache, and 
shortness of breath (Lin et al., 2020; Xu et al., 2020; Yang et al., 2020;  

Zhang et al., 2020). COVID-19 has caused a significant loss in human 
lives and has resulted in a tremendous economic damage across the five 
continents (Ahn et al., 2020). At present, there is no accurate therapy 
for COVID-19 though some medications such as chloroquine/hydroxy-
chloroquine (Wright et al., 2020), combinations of antiviral and anti- 
inflammatory treatments (Stebbing et al., 2020), traditional Chinese 
medicine (Ren et al., 2020) and other therapeutics (Ahn et al., 2020;  
Elfiky, 2020) have been proposed. The development of vaccines against 
COVID-9 is also at its infancy (Ahmed et al., 2020; Prompetchara et al., 
2020; Robson, 2020). Due to the extent of the pandemic, experimental 
research on COVID-19 vaccine candidates and therapeutics as well as 
the identification of suitable experimental models are needed to limit 
the impact of SARS-CoV-2 infection. This requires the understanding of 
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SARS-CoV-2 at molecular level. 
The reference genome of SARS-CoV-2 has been made available and 

an in-depth genome annotation of this virus has been performed 
(Licastro et al., 2020; Paraskevis et al., 2020; Sah et al., 2020; Stefanelli 
et al., 2020; Yadav et al., 2020). Preliminary comparative genomics 
studies suggested the divergence between SARS-CoV-2 and other CoVs, 
namely SARS-CoV and MERS-CoV (Wu et al., 2020). Codon usage bias, 
the differential use of codons encoding a given amino acid, is vital for 
examining the expressivity and the adaptation of exogenous viral genes 
to the hosts (Deb et al., 2020; Oldfield et al., 2020; Yao et al., 2019). 
Codon usage can play a significant role in modulating the expression of 
viral genes via codon optimization (Morgunov and Babu, 2014; Victor 
et al., 2019; Zalucki et al., 2009). Codon usage is equally important for 
studying the evolution and ecological adaptation of diverse organisms 
(Liang et al., 2014; Ou et al., 2020). Studies on codon usage analysis of 
CoVs have been focused on the analysis of codon usage bias of some 
proteins among CoVs (Castells et al., 2017; Chen et al., 2017; Gu et al., 
2004; Kandeel and Altaher, 2017; Sheikh et al., 2020). With the out-
break of COVID-19, scientists have put forward effort to analyze the 
codon usage bias of CoVs in order to improve our understanding on the 
emergence, adaptation, spread and evolution of SARS-CoV-2 (Tort 
et al., 2020). Apart from that, the phenotypic variation of genes en-
coded by SARS-CoV-2 has been also studied (Dilucca et al., 2020). 
Nonetheless, little is known about the molecular mechanism associated 
with the SARS-CoV-2 and its adaptation to its human host. Therefore, 
studies on the codon usage pattern of SARS-CoV-2 would be vital in 
elucidating the evolution of SARS-CoV-2, its adaptation to the host and 
the molecular mechanism involved in SARS-CoV-2 infection and pa-
thological changes in the host. This will provide useful data on the 
virulence of SARS-CoV-2 and help understand the molecular mechan-
isms underlying the pathogenicity in human. Studying the codon usage 
of SARS-CoV-2 will pave the way for devising various approaches to 
engineer the SARS-CoV-2 genome to mitigate its virulence and uncover 
its replicative effectiveness in human hosts, which is relevant for safe 
and efficient vaccine and therapeutic drug development. Previous stu-
dies indicated that codon usage preferences of viruses and their animal 
and human hosts are strongly correlated, especially in tissues they in-
fect (Miller et al., 2017). These correlations are the consequence of co- 
evolution between the virus and their host, which is necessary for the 
host evolution in the defense against the virus as well as the virus 
adaptation to the host physiological changes (Guo et al., 2019; Miller 
et al., 2017). Thus, the analysis of codon usage is important for un-
covering the host genes which are affected by the viral infection. The 
knowledge on these genes is necessary for determining the mechanisms 
underlying the pathogenesis associated with viral infection in the host. 

Systems biology is a multidisciplinary method that is systematically 
used for portraying the multifaceted aspects of biological processes and 
accurate prediction of the performance of biological systems (Kitano, 
2002). This approach has been applied for examining the codons usage 
profile of various organism and their adaptation to their hosts. Systems 
biology is also useful for predicting drugs for a given disease. Systems 
biology has been recently applied for network-based drug repurposing 
for SARS-CoV-2 (Zhou et al., 2020), but this study was solely based on 
phylogenetic approaches, and thus present some limitations in the un-
derstanding of the interaction between the virus and its host; this could 
introduce some biases in drug prediction. As a systems biology ap-
proach, network-pharmacology has been also used for evaluating the 
potential of traditional Chinese medicines against COVID-19 (Yu et al., 
2020). In silico prediction of drug candidates against COVID-19 has 
been also proposed on the basis of Angiotensin converting enzyme 2 
(ACE2) regulatory network (Cava et al., 2020); however, this prediction 
had no direct connection with viral infection. To the best of our 
knowledge, systems biology approaches based on codon usage co- 
adaptation between SARS-CoV-2 and its human host as well as SARS- 
CoV-2-induced differential gene expression have not been applied for 
discovering potential therapeutics for COVID-19 and other respiratory 

CoVs. This is an important research avenue to deeply explore. 
Hence, the primary purpose of the present study was to use systems 

biology approaches for analyzing the codon usage profile of SARS-CoV, 
SARS-CoV-2 and MERS-CoV in order to provide useful molecular data 
for the development of attenuated SARS-CoV-2 vaccine strains that may 
have vaccine potential against COVID-19 and a broader applicability 
for CoVs. Secondly, we aimed to exploit the codon usage co-adaptation 
of CoVs with their hosts to assess the impact of the interaction between 
these viruses and their human host on the expression of host genes in 
order to discover possible mechanisms of their pathogenicity. Finally, 
based on our knowledge of these genes, we also aimed to predict, in 
silico, the potential drugs for the treatment of the ongoing COVID-19 in 
particular, and CoV infection in general. Based on the model of CAI, 
ENc-GC3 and RSCU of the three CoVs, we uncovered the functional role 
of CoV-responsive human genes and how respiratory CoVs affect human 
genes, and revealed a useful set of drugs that could guide practitioners 
in strategical monitoring of COVID-19. By comparing the above aspects 
with previous studies (Dilucca et al., 2020; Tort et al., 2020), our 
findings may provide some new strategies to control or prevent SARS- 
CoV-2 and other CoV diseases. 

2. Material and methods 

2.1. Data collection 

The full-length CDS sequences of SARS-CoV, SARS-CoV-2 and 
MERS-CoV were downloaded from the NCBI virus (https://www.ncbi. 
nlm.nih.gov/labs/virus/vssi/) database. The data were downloaded on 
March 16, 2020. The reference genomes of SARS-CoV, SARS-CoV-2 and 
MERS-CoV and their hosts, including Camelus bactrianus， C. drome-
darius， Canis lupus familiaris， Capra hircus， Chlorocebus sabeus， 
Equus asinus，Felis catus， Hipposideros armiger，Homo sapiens， Mus 
musculus， Panthera tigris， Manis javanica，Rhinolophus ferrumequinum 
and R. sinicus, were downloaded from RefSeq. Human CDS sequences 
(N = 20,091) of the Release 33 (GRCh38.p13) of human genome were 
downloaded from GENCODE (https://www.gencodegenes.org/human/ 
). The gene expression dataset GSE147507 (Blanco-Melo et al., 2020) 
containing the gene expression of human cells transfected or un-
transfected with SARS-CoV-2 was downloaded from the GEO database 
(https://www.ncbi.nlm.nih.gov/geo/). 

2.2. Sequence analysis in viruSITE 

The viruSITE (http://www.virusite.org/), a database of viral gen-
omes and genes (Stano et al., 2016), was used for analyzing the se-
quences of SARS-CoV, SARS-CoV-2 and MERS-CoV based on the re-
ference sequences deposited in this database. Circoletto (Darzentas, 
2010) was used for visualizing sequence similarity circos plot. 

2.3. Determination of codon usage indices 

The R package vhcub (Anwar et al., 2019) was used to compute 
codon usage bias indices including the effective number of codons 
(ENc), codon adaptation index (CAI), relative codon deoptimization 
index (RCDI), similarity index (SiD), and relative synonymous codon 
usage (RSCU). The vhcub package was also used for analyzing dinu-
cleotide over- and under-representation based on base model, codon 
and syncodon models. Details on these indices are described below. 

2.3.1. GC content analysis 
The total GC content (percentage of G and C nucleotides relative to 

the total number of nucleotides), GC1 (percentage of G and C nucleo-
tides at first position of codons), GC2 (percentage of G and C nucleo-
tides at second position of codons) and GC3 (percentage of G and C 
nucleotides at second position of codons) were determined for each 
coding protein of SARS-CoV, SARS-CoV-2 or MERS-CoV and averaged. 
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2.3.2. Relative dinucleotide abundance analysis 
Deviations in the ratio of dinucleotide pairs constitute an influential 

factor of codon usage (Kunec and Osterrieder, 2016; Sexton and Ebel, 
2019). The ratio of dinucleotide pairs is useful for gaging the pre-
ferential use of various dinucleotide pairs in an organism (Kunec and 
Osterrieder, 2016; Sexton and Ebel, 2019). There are 16 dinucleotide 
combinations and the profiles of dinucleotide ratio can reflect muta-
tional or selectional pressures. The ratio of dinucleotides was computed 
using the equation ρXY = fXY/fX*fY, wherein fX and fY stand for the 
frequencies of nucleotide X and nucleotide Y, respectively, whereas fXY 
is the frequency of XY dinucleotides in the same nucleotide sequence. 
The ratio of the factual to predicted dinucleotide frequency is the odds 
ratio. An odds ratio lower than 0.78 indicates underrepresented dinu-
cleotide pairs while odds ratio greater than 1.25 indicates over-
represented dinucleotides (Kunec and Osterrieder, 2016). 

2.3.3. Relative synonymous codon usage (RSCU) 
The RSCU value of a given codon is the ratio of the observed value 

of this codon over the expected value of this codon for a given amino 
acid (Sharp and Li, 1986). RSCU value is independent from sequence 
length of the content in amino acid. Codons with RSCU greater than 1.6 
are considered as preferred codons while codons with RSCU values 
lower than 0.6 are considered as non-preferential codons. Unbiased 
codons are those with RSCU ranging from 0.6 to 1.6. RSCU values were 
generated based on the CDS sequences of SARS-CoV, SARS-CoV-2, 
MERS-CoV and their hosts. 

2.3.4. Similarity index analysis 
The similarity index (SiD) that assesses the impact of the codon 

usage of a given host on that of its pathogen. This approach is com-
monly used to gage the capacity of a host to give refuge to a virus (Zhou 
et al., 2013). SiD is the effect of the overall codon usage of the host on 
that of its pathogens. SiD is comprised between 0 and 1, and high SiD 
values indicates greater effect of the host on codon usage of the pa-
thogens. SiD values of SARS-CoV, SARS-CoV-2 and MERS-CoV were 
examined relative to their human host. 

2.3.5. Effective number of codons (ENc) 
The effective number of codons (ENc), ranging between 20 and 61, 

is a codon usage index used for detecting the bias in the use of sy-
nonymous codons (Wright, 1990). ENc value = 20 when there is 
maximum bias and only one of the available synonymous codons is 
used for the encoding of a given amino acid. On the contrary, the 
maximum ENc value of 61 signposts no codon usage bias and indicates 
the same probability of the use of the available codons. ENc value < 35, 
indicates high codon usage bias in the genome. 

2.3.6. Neutrality and parity analysis 
To analyze the effect of the translation selection and mutation bias 

on the codon usage, we generated the neutrality plots for SARS-CoV, 
SARS-CoV-2 and MERS-CoV, respectively. The regression line between 
GC12s and GC3s was generated and the slopes of the regression equa-
tions were used for evaluation the mutational force. The parity rule 2 
(PR2)-bias plot was generated by plotting the three CoVs relative to 
human. 

2.3.7. Codon adaptation index (CAI) analysis 
Codon adaptation index (CAI) is a numerical measure portraying the 

frequency of the use of a preferred codon among genes with high ex-
pression (Carbone et al., 2003; Lee et al., 2010). CAI is used to assess 
the translation efficiency and finds application in the genetic en-
gineering of nucleotide sequences optimal protein expression for vac-
cine development. Comprised between 0 and 1, elevated CAI values 
indicate greater gene expressivity and CAI values approximating the 
value of 1 signpost the use of codons with high RSCU values in the gene. 
We computed the CAI values of the CDS sequences of SARS-CoV, SARS- 

CoV-2 and MERS-CoV. 

2.3.8. Relative codon deoptimization index (RCDI) 
RCDI (Mueller et al., 2006) is a numerical variable used for com-

paring the similarity in codon usage in genes and given genomes. RCDI 
can depict the rate of translation of viral gene in a host genome. Similar 
codon usage between a pathogen and its host is characterized by RCDI 
values close to 1, which indicates high translation rate and high 
adaptive capacity to the host (Butt et al., 2016). RCDI values of the CDS 
sequences of SARS-CoV, SARS-CoV-2 and MERS-CoV for the host H. 
sapiens were determined. 

2.4. Principal component analysis (PCA) 

PCA is a multivariate analysis approach that is used for geometrical 
plotting of sets of columns and rows in a given dataset (Wold et al., 
1987). We performed PCA based on the RSCU values of the CDS se-
quences of SARS-CoV, SARS-CoV-2, MERS-CoV and H. sapiens using the 
function dudi.pca in the ade4 R package. 

2.5. Correspondence analysis 

Correspondence analysis was performed based on the RSCU values 
of the three viruses using the R packages “FactoMineR” and “fac-
toextra”. 

2.6. Correlation analysis 

The correlation between the RSCU values of human genes and those 
of viral genes was analyzed using the Hmisc library in R. The Pearson 
correlation coefficients and p values were generated for each pair of 
genes. The correlation significance was set for p  <  .05. 

2.7. Differential gene expression analysis 

The differential expression analysis of genes among uninfected and 
SARS-CoV-2-infected human cell lines A549, A549-ACE2, Calu3 and 
NHBE was performed based on the GSE147507 data. The differential 
expression among uninfected and infected groups was analyzed using 
the DESeq library in R. The screening parameters of differentially ex-
pressed genes (DEGs) were as follows: |log2FC| ≥ 1 and adjusted p 
value (p.adjust)  >  0.05. To uncover the true DEGs in response to 
SARS-CoV-2, the DEGs screened from the four cell lines were merge 
while for broader applicability, these DEGs were combined. 

2.8. Gene ontology and KEGG pathway enrichment analysis of potential 
human genes responding to viral infection 

The R package clusterProfiler (Yu et al., 2012) was used for gene 
ontology (GO) and KEGG pathway enrichment analysis. The adjusted p 
values were also generated and the statistical significance was set for 
p  <  .05. 

2.9. Prediction of drugs interacting with potential human genes responding 
to viral infection 

The Drug-Gene Interaction Database (DGIdb at http://www.dgidb. 
org/search_interactions) (Cotto et al., 2018) was used for predicting the 
potential drugs that could target the potential human genes affected by 
viral infection. The prediction result TSV file was downloaded and 
imported in R for generating the summary of results using the summary 
function in R. 

2.10. Statistical analysis and data visualization 

One-way analysis of variance (ANOVA) followed by Bonferroni 
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posttest was used to evaluate the differences between values in the 
genomes of SARS-CoV, SARS-CoV-2 and MERS-CoV in GraphPad Prism 
software (GraphPad Software, La Jolla California USA, www.graphpad. 
com). Graphs were plotted using the R packages ggplot2 and ggrepel. 
Various coloring schemes were employed for labelling sequences on the 
plots according to the different features being investigated. 

3. Results 

3.1. Sequence similarity analysis 

In order to examine the genomic similarity of SARS-CoV, SARS-CoV- 
2 and MERS-CoV, similarity analysis was performed using the viruSITE 
database. The circos plot depicted in Fig. 1 indicated high genetic di-
vergence between the genome of MERS-CoV compared to SARS-CoV 
and SARS-CoV-2. On the contrary, high similarity of genomic features 
were observed between SARS-CoV and SARS-CoV-2. This suggested that 
clinical and experimental practices based on SARS-CoV may be ap-
plicable to SARS-CoV-2, especially in the search for vaccines and 
treatment approaches. 

3.2. GC content in the genomes of coronaviruses 

To examine the compositional constraints in the genome of CoVs, 
the nucleotide compositions of the CDSs from MERS-CoV, SARS-CoV 
and SARS-CoV-2 were determined. The GC% content of the CDS se-
quences of MERS-CoV, SARS-CoV and SARS-CoV-2 ranged from 13.16% 
to 53.52% (Fig. 2A). Most of the CDS sequences had GC content around 
40% (Fig. 2A). The histogram showing the distribution of GC1 (Fig. 2B) 
indicated that most of the CDS sequences had GC1 content of 40–50% 
especially for MERS-CoV genome (Fig. 2B). The lowest GC1 content was 
15% while the highest was 69.01% (Fig. 2B). Additionally, the CDS 
sequences with GC2 content of approximately 40% were the most 
abundant in the genomes of these CoVs with the lowest GC2 content of 
12.56% and the highest GC2 content of 50.33% (Fig. 2C). The lowest 
GC3 content was 11.84% while the GC3 content was 59.59% (Fig. 2D). 
The CDS sequences with GC3 content between 20% and 40% were the 
most abundant (Fig. 2D). As shown in Fig. 2E, the average GC contents 
of CDS sequences were 0.34, 0.38 and 0.40 for SARS-CoV-2, SARS-CoV 
and MERS-CoV, respectively. The average GC1 contents were 0.41, 0.45 
and 0.47 for SARS-CoV-2, SARS-CoV and MERS-CoV, separately 

(Fig. 2E). The average GC2 contents were 0.33, 0.34 and 0.39 for SARS- 
CoV-2, SARS-CoV and MERS-CoV, respectively (Fig. 2E). The average 
GC3 contents were 0.29, 0.35 and 0.35 for SARS-CoV-2, SARS-CoV and 
MERS-CoV, respectively (Fig. 2E). There were no significant differences 
in the mean of GC, GC1, GC2 and GC3 between the 3 viruses. These 
results indicated that the genomes of CoVs are rich in A/U nucleotides 
in comparison to G/C nucleotides. 

3.3. Dinucleotide over- and underrepresentation in coronaviruses 

To determine codon pair preferences in CoV, we used three models 
for determining the underrepresented and the overrepresented dinu-
cleotides. In the “base model” (Fig. 3A), CG, TA, TC, GA, AT and CC 
were identified as underrepresented dinucleotides whereas the other 
dinucleotide pairs were found as the over represented dinucleotide with 
GC, CT, TG and CA being the most overrepresented. In the “codon 
model” (Fig. 3B), AC, GT, AG, CT, GC, TG and CA were found as the 
overrepresented dinucleotide pairs in the genomes of SARS-CoV-2, 
SARS-CoV and MERS-CoV while the other dinucleotide pairs were un-
derrepresented with CG being the most underrepresented. In the 
“syncodon model” (Fig. 3A), GC, TG and CA were found as the over-
represented dinucleotide pairs in the genomes of SARS-CoV-2, SARS- 
CoV and MERS-CoV while the other dinucleotide pairs were under-
represented with CG being the most underrepresented. The patterns of 
dinucleotide pair preferences were similar among SARS-CoV-2, SARS- 
CoV and MERS-CoV. 

3.4. Codon usage bias in CoV CDS sequences and ENc-GC3 plot analysis 

ENc values were computed to evaluate the intra-virus codon bias. 
Within SARS-CoV-2, the ENc values varied from 17.15 to 54.87, with a 
mean value of 42.47  ±  11.57 (Fig. 4A, B). For SARS-CoV, the ENc 
values varied from 20.71 to 61, with a mean value of 45.54  ±  9.72 
(Fig. 4A, B). For MERS-CoV, the ENc values varied from 24.98 to 58.27, 
with a mean value of 50.40  ±  4.58 (Fig. 4A, B). The One-way ANOVA 
analysis followed by Bonferoni posttest at a 95% confidence level in-
dicated no statistically significant difference in the mean ENc values 
among MERS, SARS-CoV and SARS-CoV-2 (Fig. 4B). The percentages of 
CDS sequences with ENc > 35 were 76.19, 90.63 and 86.49% for SARS- 
CoV-2, MERS-CoV and SARS-CoV, respectively. Given the high number 
of sequences with ENc values > 35, we inferred that there was little 
bias in codon usage in the CoVs. 

The ENc-GC3 plot was generated in order to assess whether muta-
tional pressure or selection pressure has an impact on codon usage of 
viral genes. Points over the expected ENc curve suggest mutational 
pressure while points under the expected ENc curve indicate selection 
pressure. Fig. 4C and D shows that for MERS-CoV and SARS-CoV, a 
huge number of CDS sequences were under the expected ENc curve 
while a lesser number of CDS sequences were represented over this 
curve. This suggested that selectional pressure, in larger extent, and 
mutational pression, in lesser extent are the major forces influencing 
the codon usage in MERS-CoV (Fig. 4C) and SARS-CoV (Fig. 4D). For 
SARS-CoV-2, all the points were under the expected ENc curve, which 
suggested that selectional pressure is the exclusive factor influencing 
codon usage in SARS-CoV-2 (Fig. 4E). 

3.5. Neutrality plot 

Neutrality plots of GC12 in function of GC3 was generated to assess 
the extent of mutational pressure on the usage of codons in CoVs. A 
correlation among GC12 and GC3 indicates mutational forces (Jenkins 
and Holmes, 2003). For MERS-CoV, SARS-CoV and SARS-CoV-2, GC12 
was positively correlated with GC3 (R2 = 0.4218， P  <  .001 for 
MERS-CoV (Fig. 5A); R2 = 0.4218， P  <  .001 for SARS-CoV (Fig. 5B); 
R2 = 0.4218， P  <  .001 for SARS-CoV-2 (Fig. 5C)), which indicated 
the occurrence of mutational pressure. The slopes of the regression 

Fig. 1. Similarity analysis of the genomes of human respiratory coronaviruses. 
The circos plot was generated using circolleto in viruSITE. 
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equations were 1.029, 0.992 and 2.002 for MERS-CoV, SARS-CoV and 
SARS-CoV-2, respectively, suggesting that the relative neutrality (mu-
tation pressure) was 10.29%, 9.92% and 20.02% for MERS-CoV, SARS- 
CoV and SARS-CoV-2 compared to relative natural selection constraints 
on GC3. The neutrality plot suggested that natural selection forces were 
stronger than mutational pressure. 

3.6. Measures of virus adaptation 

CAI is a hallmark of the expressivity of viral proteins in the host and 
a defining marker of virus adaptation to a host. Genes with elevated CAI 
values are those which are adapted to the corresponding host. On the 
contrary low CAI values are indicative of weak adaptation to the host. 
The average CAI values were 0.71  ±  0.07, 0.79  ±  0.12, 0.77  ±  0.12 
for MERS-CoV, SARS-CoV and SARS-CoV-2 (Fig. 6A), indicating that 
SARS-CoV was more adapted to human, followed by SARS-CoV-2 and 
MERS-CoV in this decreasing order. 

RCDI values indicate the cumulative effects of codon biases on the 
expression of a gene. It is measured by comparing the codon usage of a 
virus with that of its host. These values also provide insight into the 
possible co-evolution of virus and host genomes. A lower RCDI value 
indicates higher adaptation of a virus to its host. Here, we found that 
the mean RCDI value of SARS-CoV-2 was higher than that of SARS-CoV 
and MERS-CoV (Fig. 6B). No significant difference was recorded among 
the three viruses, indicating that these viruses might have the same 
adaptive capacity for their human host. 

The correlation analysis in each virus indicated a marked positive 

correlation of CAI values with RCDI values (p  <  .01; R2 = 0.049 for 
MERS-CoV; p  <  .01; R2 = 0.0364 for SARS-CoV; p  <  .01; R2 = 0.102 
for SARS-CoV-2) (Fig. 6C-6E). Similarly, positive correlations were 
observed between RCDI and GC3 on one hand, and RCDI and ENC on 
the other end (Fig. 6C-6E). Designing virus genome with lower CAI and 
higher RCDI via modifying codon usage will result in low level viral 
protein expression and decreased viral infectivity, which important for 
the development attenuated vaccine candidates. A comparative analysis 
of RCDI values of the viruses in human showed that SARS-CoV is more 
adapted than MERS-CoV and SARS-CoV-2. 

The analysis of the whole sequence after adaptation to human in-
dicated that the CAI values of the genomic sequences after adaption 
were 0.957, 0.9511 and 0.9556, respectively (Additional Fig. S1). 

3.7. Similarity index and PR2-bias plot 

To assess the influence of the host (human) on codon usage by 
MERS-CoV, SARS-CoV and SARS-CoV-2, similarity index (SiD) was 
computed. SiD, ranging from 0 to 1, is an indicator of the similarities in 
codon usage among the virus and its host. The similarity indexes for 
MERS-CoV, SARS-CoV and SARS-CoV-2 were 0.4921, 0.4919 and 
0.4919, respectively (Fig. 7A). This indicated that the human genome 
had the highest effect on the MERS-CoV codon bias, followed by SARS- 
CoV and SARS-CoV-2, though there was no significant difference be-
tween the three viruses (Fig. 7A). The parity plot was used to examine 
natural selection and mutation pressure in viral genes. Variation among 
A and T and among C and G contents was recorded for MERS-CoV 

Fig. 2. GC composition of CDS sequences of human respiratory coronaviruses. A- Distribution of the overall GC content of CDS sequences of MERS-CoV, SARS-CoV 
and SARS-CoV-2. B- Distribution of the GC1 content of CDS sequences of MERS-CoV, SARS-CoV and SARS-CoV-2. C- Distribution of the GC2 content of CDS sequences 
of MERS-CoV, SARS-CoV and SARS-CoV-2. D- GC3 content of CDS sequences of MERS-CoV, SARS-CoV and SARS-CoV-2. E- Boxplot of GC, GC1, GC2 and GC3 
contents in CDS sequences of MERS-CoV, SARS-CoV and SARS-CoV-2. 
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(Fig. 7B), SARS-CoV (Fig. 7C) and SARS-CoV-2 (Fig. 7D), signifying that 
not only natural selection but also mutation pressure cooperatively 
affect the codon usage bias of viral genes. 

3.8. Relative synonymous codon usage (RSCU) analysis 

To explore the profiles of synonymous codon usage, we computed 
the RSCU values for each gene sequence from SARS-CoV-2, SARS-CoV 
and MERS-CoV. The average RSCU values of human CDS sequences 
were also calculated. A heatmap showing the profile of the codons in 
each viral gene and human cell is depicted in Fig. 8A. It can be seen that 
numerous viral gene shared similar RSCU profile with human cell. In 
addition, after averaging the RSCU values of each viral genomes, we 
found that C-and G-ending codons were those generally preferred in 
human cell and other hosts compared to viral genes (Fig. 8B). In ad-
dition, A- and T-ending codons were preferentially used in the viral 
genomes compared to the hosts (Fig. 8B). In addition, as shown in  
Fig. 8B, the three CoVs were clustered together on the basis of their 
RSCU values while their hosts were also clustered together. Moreover, a 
high similarity of RSCU values between the hosts was recorded 
(Fig. 8B). The PCA plots of the A-ended, C-ended, G-ended and U-ended 
for MERS-CoV, SARS-CoV and SARS-CoV-2 based on the RSCU values 
was depicted in Additional Fig. S2. In general, C-ended and G-ended 
codon were clustered together for each viral genome. The correlation 
between codon on the basis of RSCU values were as depicted in Addi-
tional Fig. S3. To identify proteins which were shared similar RSCU 
pattern with the human cells, The PCA plot of genes was generated and 
indicated that membrane protein, matrix protein, membrane glyco-
protein nucleocapsid protein and nucleocapsid phosphoprotein shared 
the most similar RSCU patterns with human cells (Fig. 9A). To uncover 
the human genes that could be affected by the virus, we also generated 
the PCA plot based on the RSCU values of human genes and viral genes. 
This PCA plot indicated that viral genes of MERS-CoV, SARS-CoV and 

MERS-CoV-2 shared the similarities with a huge number of human 
genes (Fig. 9B). 

3.9. Correspondence analysis 

To identify the other factors that shape codon usage bias in CoVs, 
we performed correspondence analysis which is a statistical method 
used to study the variation of codon usage bias in genomes. 
Correspondence analysis reflects the distribution of genes and their 
corresponding codons, which helps identify potential factors influen-
cing codon usage bias. The correspondence analysis of the variation in 
the use of codons in the genome of the MERS-CoV, SARS-CoV and 
SARS-CoV-2 viruses was performed on the basis of the RSCU values. For 
MERS-CoV, the result revealed that the first axis represented 22.8% of 
the total variation, while the second axis represented 20.2%, con-
firming that the first axis is the main factor governing the use of codons 
in the genes of this virus (Fig. 10A and B). For SARS-CoV, we found that 
the first axis represented 26% of the total variation, while the second 
axis represented 14.8% (Fig. 10C and D). For SARS-CoV-2, the first axis 
represented 26.3% of the total variation, while the second axis re-
presented 18.5% (Fig. 10E and F). The distribution of synonymous 
codons (Fig. 10A, C and E) showed that codons with C/G endings were 
the most important factors contributing to variation along both axes, 
indicating that variations in the use of synonymous codons within the 
CoVs genes were based on the nucleotide content. For MERS-CoV, we 
found that the contributions of the truncated Orf8B protein, the Orf8B 
protein, the Orf4A protein, the NS4A protein and the NS3B protein to 
the variation on the first and second axes were the most representative 
(Fig. 10B). For SARS-CoV, the contributions of the hypothetical Orf10 
protein, the Orf14 protein, the Orf9B protein, the Orf13 protein, the 
Orf8A protein and the Orf10 protein to the variation on the first and the 
second axis were higher than those of other proteins (Fig. 10D). For 
SARS-CoV-2, the contributions of the Orf10 protein, the Orf6 protein, 

Fig. 3. Dinucleotide over-representation and under-representation in CDS sequences of human respiratory coronaviruses. A- Heatmap of dinucleotide content of CDS 
sequences of MERS-CoV, SARS-CoV and SARS-CoV-2 based on the base model. B- Heatmap of dinucleotide content of CDS sequences of MERS-CoV, SARS-CoV and 
SARS-CoV-2 based on the codon model. C- Heatmap of dinucleotide content of CDS sequences of MERS-CoV, SARS-CoV and SARS-CoV-2 based on the syncodon 
model. 
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the Orf7B protein and the envelope protein to the variation on the first 
and the second axis were more important than those of other proteins 
(Fig. 10F). 

3.10. Functional roles of coronavirus-responsive human genes 

Further, we performed Pearson correlation between human genes 
and viral genes. Human genes showing correlation r with p  <  .05 were 
retained for subsequent analysis. In total, 14,091 human genes were 
correlated with viral genes (Additional File 1) with 8603 of them 

showing positive correlations whereas 5488 showed negative correla-
tions (Additional File 1). To uncover the functional role of these genes, 
KEGG and GO enrichment analysis was performed. As shown in  
Fig. 11A and Additional File 2, the results showed that all of the human 
genes correlated with viral genes were enriched in the biological pro-
cesses (GO-BP) of epidermis development, skin development, epidermal 
cell differentiation, keratinocyte differentiation, keratinization, protein 
activation cascade, regulation of acute inflammatory response, com-
plement activation, regulation of complement activation, and regula-
tion of protein activation cascade. In the category of cellular component 

Fig. 4. ENc values and ENc-GC3 plots of CDS sequences of human respiratory coronaviruses. A- Distribution of the ENc of CDS sequences of MERS-CoV, SARS-CoV 
and SARS-CoV-2. B- Boxplot of ENC values of CDS sequences of MERS-CoV, SARS-CoV and SARS-CoV-2. C- ENc-GC3 plot of CDS sequences of MERS-CoV. D- ENc-GC3 
plot of CDS sequences of SARS-CoV. E- ENc-GC3 plot of CDS sequences of SARS-CoV-2. 

Fig. 5. Neutrality plots of CDS sequences of human respiratory coronaviruses. A- Neutrality plot of CDS sequences of MERS-CoV. B- Neutrality plot of CDS sequences 
of SARS-CoV. C- Neutrality plot of CDS sequences of SARS-CoV-2. 
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(GO-CC), plasma membrane protein complex, and transmembrane 
transporter complex were the most enriched terms (Fig. 11B) while in 
the category of molecular function (GO-MF), the channel activity, 
passive transmembrane transporter activity, and substrate-specific 
channel activity were the most enriched terms (Fig. 11C). In KEGG 
pathway enrichment analysis, we found that cytokine-cytokine receptor 
interaction, PI3K-Akt signaling pathway, lysosome, and hematopoietic 
cell lineage were the most enriched pathways (Fig. 11D). It is worth 
noting that viral protein interaction with cytokine and cytokine re-
ceptor pathway was among the top enriched pathways (Fig. 11D). 

In order to identify the terms directly linked to viral infection, we 
searched the results for the corresponding terms. We found that 54 
terms were related to virus in the category of GO-BP (Additional File 2, 
sheet “Virus-related terms”). Among these terms, response to virus, 
regulation of defense response to virus by virus, defense response to 
virus, viral entry into host cell, and modulation by virus of host mor-
phology or physiology were the most significantly enriched GO-terms. 
In the category of molecular function, virus receptor activity was the 
only term related to virus. In KEGG pathway enrichment results, we 
found that viral protein interaction with cytokine and cytokine re-
ceptor, human papillomavirus infection, human cytomegalovirus in-
fection, Kaposi sarcoma-associated herpesvirus infection, viral myo-
carditis, human immunodeficiency virus 1 infection, human T-cell 
leukemia virus 1 infection, and Epstein-Barr virus infection pathways 
were the significant pathways related to viral infection. Our results 
demonstrated that the codon usage of MERS-CoV, SARS-CoV and SARS- 
CoV-2 have significant impact on human and gave insight in the related 
mechanisms of corresponding diseases. In total, 879 genes were in-
volved in these virus-related enrichment terms. 

3.11. Screening and functional enrichment analysis of SARS-CoV-2- 
responsive human genes 

In order to further confirm the potential genes affected by SARS- 
CoV-2, we performed differential expression analysis between unin-
fected and SARS-CoV-2-infected cells. For the A549, A549-ACE2, Calu3 
and NHBE cells, we obtained 460, 1109, 1967 and 117 DEGs, respec-
tively (Additional File 3). After merging of DEGs from the four cell 
lines, we obtained LGALS9, ICAM1, CCL20 and IL6 as common genes. 
In addition, the combination of the results from the four cell lines led to 
3067 DEGs in total. Further, we merged the results of differential ex-
pression with those of the RSCU-based correlation analysis described 
above. The merging of DEGs obtained by combination of DEGs from the 
four cell lines with the RSCU-based correlation data allowed the iden-
tification of common 1348 DEGs as SARS-CoV-2 responsive genes while 
merging of DEGs obtained by merging of differential expression ana-
lysis results and those of RSCU-based correlation analysis indicated that 
LGALS9, ICAM1, CCL20 and IL6 were the common genes found in the 
differential expression analysis from the four cell lines and RSCU-based 
correlation analysis. 

Functional analysis of the 1348 genes affected by both codon usage 
bias and differential expression (Fig. 12, Additional File 4) indicated 
that these genes were majorly enriched in biological processes (GO-BP,  
Fig. 12A) of leukocyte differentiation, response to virus, regulation of 
cell-cell adhesion, positive regulation of cytokine production. The most 
enriched terms in the category of cellular component (GO-CC, Fig. 12B) 
were extracellular matrix and plasma membrane protein complex while 
the representative molecular functions (GO-MF, Fig. 12C) were receptor 
regulator activity, receptor ligand activity, and cofactor binding. The 
major KEGG pathways (Fig. 12D) were cytokine-cytokine receptor in-
teraction, MAPK signaling pathway, TNF signaling pathway, JAK-STAT 
signaling pathway, and viral protein interaction with cytokine and cy-
tokine receptor. 

Fig. 6. CAI and RCDI of CDS sequences of human respiratory coronaviruses. A- Boxplot of CAI values of CDS sequences of MERS-CoV, SARS-CoV and SARS-CoV-2. B- 
Boxplot of RCDI values of CDS sequences of MERS-CoV, SARS-CoV and SARS-CoV-2. C- Correlation between RCDI and CAI, GC3 and ENC in MERS-CoV genome. D- 
Correlation between RCDI and CAI, GC3 and ENC in SARS-CoV genome. E- Correlation between RCDI and CAI, GC3 and ENC in SARS-CoV-2 genome. 
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Functional analysis of the 4 common genes obtained from merging 
of the DEGs obtained from differential expression analysis of each cell 
line and the RSCU-based correlation analysis indicated that these genes 
were enriched in biological processes of positive regulation of leukocyte 
migration, regulation of leukocyte migration, leukocyte migration, T 
cell activation involved in immune response and other immune-related 
processes (GO-BP, Fig. 13A). The most enriched cellular components 
were collagen-containing extracellular matrix, extracellular matrix, 
immunological synapse and plasma membrane receptor complex (GO- 
CC, Fig. 13B). The most representative molecular functions were cyto-
kine receptor binding, oligosaccharide binding, and CCR chemokine 
receptor binding (GO-MF, Fig. 13C). The most representative pathways 
were rheumatoid arthritis, TNF signaling pathway, African trypanoso-
miasis, malaria, IL-17 signaling pathway, viral protein interaction with 
cytokine and cytokine receptor, AGE-RAGE signaling pathway in dia-
betic complications, and influenza related pathways (Fig. 13D). 

3.12. Prediction of drug candidates for treating viral infection 

Using the Drug-Gene Interaction database (DGIdb), we identified 
drug candidates targeting the potential human genes affected by viral 

infection. All the human genes showing significant correlations with the 
viral (MERS-CoV, SARS-CoV and SARS-CoV-2) genes were first used for 
drug prediction. The results were summarized in Additional File 5. A 
total of 5650 drugs were predicted. The drug CHEMBL1161866 had the 
highest number (78) of target genes in the list of retrieved genes, fol-
lowed by L-glutamate (54 target genes), staurosporine (49 target 
genes), celecoxib (47 target genes), clozapine (45 target genes), dal-
fampridine (41 target genes), fluorouracil (41 target genes), olanzapine 
(41 target genes) and nerispirdine (40 target genes). Among the re-
maining genes we found hydroxychloroquine (3 target genes) and 
chloroquine (2 target genes) which have been recently proposed as 
therapeutics for COVID-19. 

Further, based on genes screened by the intersection of the 3067 
DEGs between SARS-CoV-2-infected cells and uninfected cells with the 
RSCU-based correlation genes, we predicted a total of 2135 drugs 
(Additional File 6). The drugs with the highest number of target genes 
were paclitaxel (15 targets), CHEMBL1161866 (14 targets), cyclos-
porine (14 targets), staurosporine (14 targets), alcohol (13 targets), 
phorbol myristate acetate (13 targets), dexamethasone (12 targets), 
fluorouracil (12 targets), tretinoin (12 targets) and ocriplasmin (11 
targets). Hydroxychloroquine (2 target genes) was also among the 

Fig. 7. Similarity index and PR2-bias plot of CDS sequences of the human respiratory coronaviruses. A-Similarity index of human respiratory coronaviruses relative 
to their host. B- PR2-bias plot of MERS-CoV CDS sequences. C- PR2-bias plot of SARS-CoV CDS sequences. D- PR2-bias plot of SARS-CoV-2 CDS sequences. The PR2- 
bias plot was based on GC bias [G3/(G3 + C3)] and AT bias [A3/(A3 + T3)] in the third codon position. The two solid red lines represent both coordinates (ordinate 
and abscissa) equal to 0.5, where A = T and G = C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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retrieved drugs. Based on the four common genes that were found in all 
of the comparison analyses, we predicted 30 drugs, with 24 of them 
targeting IL6 and six of them targeting ICAM1. 

When considering the 879 genes involved in virus-related GO and 
KEGG enrichment terms, we predicted 2014 drugs (Additional File 7). 

Among these drugs, ocriplasmin (26 target genes), staurosporine (18 
target genes), paclitaxel (16 target genes), cyclosporine (15 target 
genes), tretinoin (15 target genes), collagenase clostridium histolyticum 
(14 target genes), CHEMBL1213492 (13 target genes), dasatinib (13 
target genes), CUDC-101 (12 target genes), fluorouracil (12 target 

Fig. 8. Heatmaps representing the RSCU values of respiratory coronaviruses and that of human cell. A- Heatmap based on the RSCU values of each viral gene and the 
average RSCU of human gene. B- Heatmap based on the average RSCU values of genes in each virus and the average RSCU values of the original and intermediate 
hosts of the three coronaviruses. 

Fig. 9. PCA analysis of the CDS sequences of human coronaviruses based on RSCU values. A- PCA based on MERS-CoV, SARS-CoV and SARS-CoV-2 CDS sequences 
and human cell; genes showing high similarity with human cell were visualized on the plot. B- PCA based on MERS-CoV, SARS-CoV and SARS-CoV-2 CDS sequences 
and human cell CDS sequences. 
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genes), panobinostat (12 target genes), romidepsin (12 target genes), 
valproic acid (12 target genes) and vorinostat (12 target genes) were 
those with the highest number of target genes. We inferred that the list 
of drugs found in this study could be useful for the treatment of COVID- 
19. 

4. Discussion 

SARS-CoV-2 is currently a virus that has caused serious public 
health problems worldwide. There is an urgent need for viable treat-
ments and the development of effective vaccines to contain it. 
Information on the interaction between this virus and similar viruses 
with their human host can facilitate the identification of prophylactic 
and therapeutic measures. Here, based on the use of codons, we tried to 
identify the susceptibility of humans to carry the three respiratory 
viruses. Based on the gene analysis, there are remarkable genomic 
differences between the CDS sequences of SARS-CoV-2 and SARS-CoV 
and MERS-CoV with respect to the use of codons. Our results showed 
that the GC content and the GC3 content of MERS-CoV, SARS-CoV and 
SARS-CoV-2 were relatively low, indicating that the U/A-ending codons 
are preferentially used compared to the GC-ending codons. We also 
noted that selection pressure plays a major role in the codon usage of 

the three viruses and that in addition to this selection pressure, some 
SARS-CoV and MERS-CoV genes are under the influence of mutation 
forces. The CAI index of the different viruses showed that SARS-CoV 
and SARS-CoV-2 are highly adapted to human sequences than MERS- 
CoV and that human cells were very favorable to virus replication, 
given the high CAI values. Based on the virus-interaction analysis, we 
discovered potential human genes involved in the pathogenesis of CoV 
infections in human. Drug-gene interaction analysis allowed the dis-
covery of available drugs for potential treatment of the symptoms of 
CoV infections, particularly COVID-19. 

The occurrence of dinucleotide codons is a defining variable for 
evaluating mutational and codon usage biases as well as the effect of 
compositional constraints and selective pressure in a given genome 
(Ellis et al., 1993; Smutzer and Chamberlin, 1994; Yamagishi et al., 
2002). Studies have shown that the relative abundance of dinucleotides 
has a strong influence on the use of viral codons (Tan et al., 2004). GC 
dinucleotide depletion is a selective force that has a direct impact on 
the frequency of GC dinucleotide codons (Johnson, 1990; Tan et al., 
2004). In the present study, we found an under-representation of GC 
dinucleotides. This low GC dinucleotide frequency is a strategy of the 
virus to avoid host immunization that identifies any sequence con-
taining unmethylated GC dinucleotides as an antigen to be degraded 

Fig. 10. Correspondence analysis (CA) of the CDS sequences of human coronaviruses based on RSCU values. A- Plot showing the distribution of codons based on the 
first and second axes obtained from CA of RSCU values in MERS-CoV. B- Plot showing the distribution of genes based on the first and second axes obtained from CA of 
RSCU values in MERS-CoV. C- Plot showing the distribution of codons based on the first and second axes obtained from CA of RSCU values in SARS-CoV. D- Plot 
showing the distribution of genes based on the first and second axes obtained from CA of RSCU values in SARS-CoV. E- Plot showing the distribution of codons based 
on the first and second axes obtained from CA of RSCU values in SARS-CoV-2. F- Plot showing the distribution of genes based on the first and second axes obtained 
from CA of RSCU values in SARS-CoV-2. 
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(Vetsigian and Goldenfeld, 2009; Woo et al., 2007). In addition, the low 
frequency of GC dinucleotides may be a direct cause of methylation of 
cytosine residues induced by genetic events such as X chromosome 
inactivation, genetic silencing and genetic fingerprinting (Li and Zhang, 
2014; Zhang et al., 2014). Spontaneous deamination of methylated 

cytosines into thymine may therefore lead to low levels of GC dinu-
cleotides. An under-representation of GC dinucleotides has been simi-
larly observed in the genome of various viruses (Castells et al., 2017;  
Rothberg and Wimmer, 1981; Tan et al., 2004). Studies indicate that 
artificially increasing the frequency of GC dinucleotides attenuates the 

Fig. 11. Functional enrichment analysis results of human genes correlated with viral genes based on the RSCU values. A- Terms enriched in the category of GO-BP 
(Gene Ontology- Biological processes). B-Terms enriched in the category of GO-CC (Gene Ontology- Cellular component). C- Terms enriched in the category of GO-MF 
(Gene Ontology-Molecular Function). D- Pathways enriched in the KEGG (Kyoto Encyclopedia of Genes and Genomes) database. 

Fig. 12. Functional enrichment analysis results of human genes correlated with viral genes based on the RSCU values and that are differentially expressed in human 
cells infected by SARS-CoV-2. A- Terms enriched in the category of GO-BP (Gene Ontology- Biological processes). B-Terms enriched in the category of GO-CC (Gene 
Ontology- Cellular component). C- Terms enriched in the category of GO-MF (Gene Ontology-Molecular Function). D- Pathways enriched in the KEGG (Kyoto 
Encyclopedia of Genes and Genomes) database. 
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virus and inhibits its replication (Takata et al., 2017). This approach 
could be adopted in the search for vaccines against respiratory viruses 
such as the SARS-CoV2 responsible for COVID-19. 

The mean GC3 contents were 0.29, 0.35 and 0.35 for SARS-CoV-2, 
SARS-CoV and MERS-CoV, respectively. If the use of the codon is only 
affected by the GC3 content, there is mutation pressure and, in this 
case, the ENc value is above the predicted ENc curve (Gu et al., 2004;  
Zhong et al., 2007). In all three genomes of MERS-CoV, SARS-CoV and 
SARS-CoV-2, ENc values for the vast majority of CDS sequences were 
below the predicted ENc curve, suggesting that selection pressure is the 
main force impacting codon utilization in these viruses. For SARS-CoV- 
2, ENc values for some CDS sequences were above the expected ENc 
curve, suggesting that these sequences are under the force of mutational 
pressure. Subsequently, we also examined the role of selection pressure 
using neutrality plots. A significant correlation between GC12 and GC3 
with a slope of the regression line around 1 indicates that the mutation 
pressure is the key coefficient that affects codon use. On the other hand, 
a slope of zero or close to the horizontal line suggests that selection 
pressure is the major factor influencing codon use. The slopes of the 
regression lines were 1.029, 0.992 and 2.002 for MERS-CoV, SARS-CoV 
and SARS-CoV-2, respectively, indicating that the force of natural se-
lection takes precedence over the force of mutation. 

CAI, RCDI and similarity indicators were evaluated and verified 
between MERS-CoV, SARS-CoV and SARS-CoV-2 for their host. The 
mean CAI values were found to be 0.71  ±  0.07, 0.79  ±  0.12, 
0.77  ±  0.12 for MERS-CoV, SARS-CoV and SARS-CoV-2, respectively. 
This result shows that SARS-CoV is more adapted to humans compared 
to SARS-CoV-2 and MERS-CoV, with MERS-CoV being the least adapted 
to humans among the three viruses. In addition, the ENc is a parameter 
correlated with a shift caused by mutation or selection pressure. The 
correlation between CAI and ENc indicates a relative balance between 
selection and mutation pressure (Vicario et al., 2007). A positively 
significant correlation between CAI and ENc observed in our study in-
dicates that high expressivity is partly associated with ENc and confirms 
the primacy of selection pressure over mutation strength in the gen-
omes of SARS-CoV-2 and MERS-CoV. 

The similarity index (SiD) analysis showed that the human genome 
has the greatest impact on the use of codons by SARS-CoV-2 and MERS- 
CoV. Similarity indicators have been reported for other viruses, in-
cluding the Zika virus (Butt et al., 2016), Influenza D virus (Yan et al., 
2019) and the Henipaviruses (Kumar et al., 2018). In this study, the 
mean SiD values indicated that SARS-CoV, SARS-CoV-2 and MERS-CoV 
can replicate efficiently in humans without significant effect on host 
codon utilization. 

Currently, the mechanism underlying the pathogenesis of COVID-19 
is unknown. Making use of the results obtained in the present study, we 
found human genes that could be affected by viral (SARS-CoV-2, SARS- 
CoV and MERS-CoV) genes. Similar to previous studies (Miller et al., 
2017), we found that the codon usage of the SARS-CoV, SARS-CoV-2, 
and MERS-CoV were significantly correlated with a huge number of 
human genes. The GO and KEGG enrichment analysis of these genes 
allowed us to uncover their functional roles. Biological processes re-
lated to epidermis development, keratinization, protein activation 
cascade, regulation of acute inflammatory response and regulation of 
complement activation were the most represented. The enrichment of 
genes in skin-related biological processes can be explained by the fact 
that the skin may play a vital role in the protection of the host against 
the virus (Friedman, 2006). Keratinization may also help the virus to 
skip the host immune system (Friedman, 2006). Previous studies in-
dicated the activation of protein cascades such as coagulation protease 
cascade in viral infections (Antoniak and Mackman, 2014). Our study 
indicated that human genes correlated with viral genes on the basis of 
RSCU values were involved in protein activation cascade. In addition, 
the regulation of complement activation found in the present study 
corroborated with previous studies indicating that complement plays a 
significant role in the fight against viral infections (Stoermer and 
Morrison, 2011) and viral evasion to the host immune-system (Agrawal 
et al., 2017). Also, we found that 879 genes were involved in “virus”- 
related GO terms such as host response to virus infection and virus 
entry in the host. Cytokine-cytokine receptor interaction, hematopoietic 
cell lineage, lysosome, fatty acid degradation, PI3K-Akt signaling 
pathway and viral protein interaction with cytokine and cytokine 

Fig. 13. Functional enrichment analysis results of the 4 common human genes considering all the comparative instances. A- Terms enriched in the category of GO-BP 
(Gene Ontology- Biological processes). B-Terms enriched in the category of GO-CC (Gene Ontology- Cellular component). C- Terms enriched in the category of GO-MF 
(Gene Ontology-Molecular Function). D- Pathways enriched in the KEGG (Kyoto Encyclopedia of Genes and Genomes) database. 
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receptor were the pathways affected by the dysregulated human genes. 
These enrichment in virus-related terms, especially terms associated 
with the interaction between the virus and the host, indicated the re-
liability of the approach adopted in this study. In addition, recent stu-
dies have reported that segmental pulmonary emboli (hemoptysis) oc-
curs in COVID-19 infection (Casey et al., 2020), which corroborated 
with our finding that the pathway of hematopoietic cell lineage is po-
tentially dysregulated in CoV infections. Thus, our findings shed light 
on the mechanisms of CoV pathogenesis in the host. 

Currently, there is no precise therapy for treating the ongoing 
COVID-19. Here, we predicted a set of drugs that could be efficient in 
the treatment of COVID-19 and other CoV infections. In the early search 
of treatment for SARS-CoV-2 infection, researchers have proposed hy-
droxycholoroquine and chloroquine as treatment for COVID-19 (Singh 
et al., 2020). Our study also predicted these drugs as a treatment for 
COVID-19 and other CoV infections. However, the limited number of 
genes targeted by these drugs indicated that their efficiencies may be 
limited. Nevertheless, these results ascertain the credibility of the pre-
sent study. In our study, we found that some drugs had huge numbers of 
target genes. Thus, we suggested that these drugs could be the most 
potentially efficient drugs for counteracting the deleterious pathogenic 
effect of the viral infection. As a model, CHEMBL1161866, also known 
as dihydronicotinamide adenine dinucleotide or NADH had the highest 
number of target genes among the potential CoV-responsive human 
genes. Nicotinamide adenine dinucleotide is a cofactor molecule al-
lowing the action of certain enzymes and the proper functioning of our 
cells. It exists in reduced form (NADH) or in oxidized form (NAD+). 
NAD+ plays a key role in the production of energy by the mitochondria 
and its metabolism is considered a drug target for many human diseases 
such as tumors, inflammatory, cardiovascular and neurodegenerative 
diseases. NAD+ also plays a first-order role in the regulation of the 
innate or adaptive immune response, which gives it a very important 
place in the mechanisms of interaction between the host and patho-
genic germs (Mesquita et al., 2016) and, therefore, in the treatment of 
infectious diseases. Nicotinamide and its derivatives have remarkable 
therapeutic implications for viral infections due to the role played by 
NAD+ metabolism in host infections (Singhal and Cheng, 2019). Stu-
dies have shown that NAD+ plays an important regulatory role in 
depressing genes involved in the response mechanisms to persistent 
adenovirus infection of lymphocytes (Dickherber and Garnett-Benson, 
2019). Nicotinamide has also been shown to be an antimicrobial agent 
with activity against the tuberculosis pathogen (Mycobacterium tu-
berculosis) and the human immunodeficiency virus (HIV) (Murray, 
2003). Reports of other scientific research indicate that ethanol, 
through its inducing action on lipid metabolism and NADH/NAD+, is 
effective in inhibiting the replication of the hepatitis C virus (Seronello 
et al., 2010). Our study also found alcohol as a potential drug against 
CoV infections. However, this should be dealt with caution as studies 
have shown that alcohol regulates the inflammatory and anti-viral ac-
tivities of monocytes but that prolonged alcohol consumption reduces 
the anti-viral activity of interferon type 1 (IFN) while inducing in-
flammation through modulation of the pro-inflammatory cytokine 
TNFα (Pang et al., 2011). Our study uncovered L-GLUTAMATE as a 
potential therapeutic drug for CoV infections. Our results reaffirm those 
of previous studies stating that glutamate plays an important role 
against viral infections such as HIV-1 (Erdmann et al., 2007) and HIV-1 
associated neuro-invasive dementia (Zhao et al., 2004). Thus, we be-
lieve that its administration to CoV-infected patients will probably be 
salutary for patients especially due to the fact that studies have de-
monstrated that the neuroinvasive ability of SARS-CoV2 is partially 
associated with the respiratory failure of COVID-19 patients (Li et al., 
2020). 

Taken together, our study predicted a panoply of drugs with po-
tential in the treatment of CoV infections. Some of the predicted drugs 
have shown antiviral potential in previous studies whereas the role of 
others in the treatments of viral infections is unknown. Further studies 

combining efforts from practitioners and scientific researchers are 
needed to validate these drugs as therapeutics for COVID-19 and other 
CoV diseases. Especially, in vitro, animal and clinical studies are needed 
to confirm the potential of the predicted drugs in treating CoV infec-
tions, especially the current COVID-19 pandemics. 
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