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1 | INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a

new emerging fatal disease emerged in Wuhan, China in December

| Abdelazim Ibrahim®** | Mahmoud Fayez>*

Abstract

Background: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an
emerging disease with fatal outcomes. In this study, a fundamental knowledge gap
question is to be resolved by evaluating the differences in biological and pathogenic
aspects of SARS-CoV-2 and the changes in SARS-CoV-2 in comparison with the two
prior major COV epidemics, SARS and Middle East respiratory syndrome (MERS)
coronaviruses.

Methods: The genome composition, nucleotide analysis, codon usage indices, re-
lative synonymous codons usage, and effective number of codons (ENc) were ana-
lyzed in the four structural genes; Spike (S), Envelope (E), membrane (M), and
Nucleocapsid (N) genes, and two of the most important nonstructural genes com-
prising RNA-dependent RNA polymerase and main protease (Mpro) of SARS-CoV-2,
Beta-CoV from pangolins, bat SARS, MERS, and SARS CoVs.

Results: SARS-CoV-2 prefers pyrimidine rich codons to purines. Most high-
frequency codons were ending with A or T, while the low frequency and rare codons
were ending with G or C. SARS-CoV-2 structural proteins showed 5 to 20 lower ENc
values, compared with SARS, bat SARS, and MERS CoVs. This implies higher codon
bias and higher gene expression efficiency of SARS-CoV-2 structural proteins. SARS-
CoV-2 encoded the highest number of over-biased and negatively biased codons.
Pangolin Beta-CoV showed little differences with SARS-CoV-2 ENc values, com-
pared with SARS, bat SARS, and MERS CoV.

Conclusion: Extreme bias and lower ENc values of SARS-CoV-2, especially in Spike,
Envelope, and Mpro genes, are suggestive for higher gene expression efficiency,
compared with SARS, bat SARS, and MERS CoVs.

KEYWORDS
codon bias, COVID-19, MERS CoV, nonstructural protein, preferred codons, SARS-CoV-2

2019.%? This is the third CoV epidemic after SARS and Middle East
respiratory syndrome (MERS) CoV outbreaks. Initial phylogenetic
analysis indicates the formation of a common cluster with bat SARS-
like CoV isolated in 2015.% Structural studies showed the close
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relation of the receptor-binding domain of SARS-CoV-2 with SARS
CoV.? Three major CoV epidemics were evolved during the past few
decades. The first epidemic was SARS CoV in 2003.° Evidence was
provided that SARS CoV was raised from an animal source including
an intermediate host animal, which transmitted the virus from a bat
carrier to humans.® About a decade later, MERS CoV was first
identified in the Arabian Peninsula.” Lastly, in December 2019, the
third epidemic emerged in Wuhan, China.

CoVs are enveloped, positive-stranded RNA viruses possessing a
comparatively large genome approaching 30 kb and comprising four
structural proteins, namely, spike (S), nucleocapsid (N) envelope (E),
and membrane (M).2 The S protein is responsible for virus attach-
ment to the receptor and fusion with cell membrane.”'® The N
protein interacts with the viral RNA to form the ribonucleoprotein.**
The E protein helps in virions assembly and comprises ion channel
actions'?; the M protein shares in the assembly of new virus parti-
cles.”® CoV genome is organized in 10 open-reading frames (ORFs).**
The 5’ encodes ORF1a and ORF1b, which are translated to give large
polyproteins 1a and 1b (polyprotein AB in MERS CoV), which en-
codes a set of nonstructural protein. The CoV polyprotein is pro-
cessed by the main protease and papain-like protease to yield the
nonstructural proteins.

Analysis of genome structure and composition is a part of studies
of understanding virus evolution and adaptation to host.*>*¢ Some
amino acids are encoded by one codon, while others are encoded by
several alternative codons knows as synonymous codons.’” Codon
bias means a preference for one codon over another during protein
translation and affects translation efficiency, which differs from one
organism to another.*®*?

In this study, the newly emerged fatal SARS-CoV-2, the four
structural genes, and two most important nonstructural genes were
evaluated for their nucleotide composition, preferred codons, re-
lative synonymous codons usage (RSCU), and positively and nega-
tively biased codons. This investigation will cover a knowledge gap in
our understanding of mechanisms of viral genome evolution, the
underlying codon composition, and codon usage preferences in
comparison with the most recent CoV epidemic viral infections. The
structural genes comprises the S, E, M, and N genes, while the non-
structural genes include the RNA-dependent RNA polymerase
(RdRP) and main protease (Mpro) genes.

2 | MATERIALS AND METHODS
2.1 | Gene data collection and analytical programs

SARS-CoV-2 and Pangolins Beta-CoV complete genomes sequences
were downloaded either from the NCBI GenBank or GISAID (https://
www.gisaid.org/). The sequences of SARS CoV, bat SARS CoV, MERS
CoV were retrieved from the gene databases at NCBI.

The CLC Genomics Workbench 12.0 (QIAGEN, Aarhus, Den-
mark) was used to handle the sequences.’’ The patterns of codon

usage were assessed using CodonW 1.4.2.2*
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2.2 | Nucleotide composition and codon usage
parameters

The nucleotide composition of the four structure genes, S, E, M, and N,
were analyzed to reveal the nucleotides (A, T, G, and C) percentages.
A/T, G/C percentage, the percentage of G or C nucleotides at the first
position of codons (GC1), the percentage of each nucleotide at the
third position of codons, the percentage of G or C nucleotides at the
third position of codons (GC3) were calculated.

2.3 | Relative synonymous codons usage

RSCU is calculated by dividing the expected frequencies of synon-
ymous codon against their observed frequencies, according to
Equation (1)?%:

X (1)

dooni X"’
ni ~j=1"1

RSCU; =

where Xj; implies the observed number of codons used and ni stands
for the sum of synonymous codons. The raw data for RSCU are

provided in the Supporting Information Material.

2.4 | The effective number of codons

ENc values range from 20 to 61. The obtained ENc value can be used
to conclude the codon usage bias. An ENc value of <35 indicates
strong codon usage bias due to lower number of codons used in
protein translation. Higher ENc value indicates low codon usage bias.
The raw data for ENc are provided in the Supporting Information

Material.

3 | RESULTS

3.1 | Nucleotide compositions of the non structural
proteins of SARS-CoV-2, SARS CoV, bat CoV, and
MERS CoV

In S gene, T nucleotides were the most predominant (32%-34%)
followed by A (25%-29%). SARS-CoV-2 showed the lowest GC%
(37%) and the highest AT% (63%), compared with bat SARS, MERS,
and SARS CoV. In addition, SARS-CoV-2 has the lowest percentage of
G/C nucleotides at the third position of codons followed by pangolins
Beta-CoV, which showed the highest A3s. In all of the examined
CoVs, the nucleotide percentages in the S gene were in the following
order: T>A>C>G. In NT3s, the T3s and G3s were the most and the
least frequent nucleotides, respectively (Table 1).

In the E gene, T nucleotides were the most predominant (34.5%-
40.4%) followed by A (21.5%-25.7%). SARS-CoV-2 showed the lowest
GC% (38.2%) and the highest AT% (63%), compared with bat SARS,
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Virus T3s C3s A3s G3s Nc GC3s
Spike SARS-CoV-2 0.55 0.19 0.38 0.13 44 0.25
Beta-CoV pangolin 0.51 0.21 040 0.13 45 0.27
SARS CoV 0.54 022 0.34 0.15 46 0.29
Bat SARS CoV 0.52 0.23 0.34 0.15 48 0.30
MERS CoV 0.53 0.23 028 0.19 48 0.33
Envelope SARS-CoV-2 049 020 027 021 42 0.34
Beta-CoV pangolin 045 0.23 0.28 0.21 46 0.37
SARS CoV 0.39 024 0.33 0.21 61 0.38
Bat SARS CoV 043 0.23 0.30 0.21 53 0.36
MERS CoV 0.38 0.24 044 0.18 53 0.34
Membrane SARS-CoV-2 042 026 0.32 0.17 54 0.36
Beta-CoV pangolin 0.39 0.24 0.36 0.28 57 0.39
SARS CoV 0.36 0.29 0.31 0.23 60 043
Bat SARS CoV 0.39 028 0.30 0.22 57 041
MERS CoV 043 0.27 028 0.19 60 0.38
Nucleocapsid SARS-CoV-2 040 0.29 0.38 0.16 53 0.36
Beta-CoV pangolin 0.41 0.29 0.38 0.15 54 0.35
SARS CoV 0.38 0.31 0.39 0.15 54 0.37
Bat SARS CoV 0.39 0.30 0.39 0.16 55 0.37
MERS CoV 045 0.29 031 0.17 50 0.37

GC

0.37
0.38
0.39
0.39
041

0.39
0.39
041
0.40
0.40

0.43
0.40
0.46
0.44
0.43

0.47
0.47
0.48
0.48
0.48

Gravy

-0.08
-0.04
-0.05
-0.05
0.05

1.13
1.13
1.14
1.15
0.78

0.45
0.22
041
0.43
0.45

-0.97
-0.99
-1.02
-1.00
-0.87

Aromo

0.11
0.11
0.12
0.11
0.11

0.12
0.12
0.11
0.11
0.14

0.12
0.08
0.12
0.12
0.12

0.07
0.07
0.07
0.07
0.07

TABLE 1 The codon usage indices of S, E,
M, and N genes SARS-CoV-2, pangolins
Beta-CoV, SARS CoV, Bat CoV, and

MERS CoV

Abbreviations: CoV, coronavirus; MERS, Middle East respiratory syndrome; SARS, severe acute

respiratory syndrome.

MERS, and SARS CoV. In addition, SARS-CoV-2 has the lowest fre-
quency of G/C nucleotides. In all of the examined dCoVs, the nu-
cleotide percentages in the E gene were in the following order:
T>A>C>G. In NT3s, the T3s and G3s were the most and the least
frequent nucleotides, respectively.

In the N gene, A nucleotides were the most predominant (29.6%-
31.7%) followed by C (25%-29%). There was little or no differences in
GC% and AT% between the CoVs with a conserved tendency for
higher AT%. The nucleotide percentages in the N gene were in the
following order: A>C>G>T for SARS-CoV-2, SARS, and bat SARS
CoVs, while MERS CoV showed a revised order of A>C>T>G. In
NT3s, the T3s and G3s were the most and the least frequent nu-
cleotides, respectively.

In the M gene, T nucleotides were the most predominant (29.9%-
31.9%) followed by A (24.4%-25.6%). SARS-CoV-2 showed the lowest
GC% (42.6%) and the highest AT% (57.4%), compared with bat SARS,
MERS, and SARS CoV. In addition, SARS-CoV-2 and pangolins Beta-
CoV showed slightly lower G/C nucleotides at the third position of
codons. In all of the examined CoVs, the nucleotide percentages in
the M gene were in the following order: T>A>C>G. In NT3s, similar to
other structural genes, the T3s and G3s were the most and the least
frequent nucleotides, respectively.

In RARP, T and A nucleotides were the most predominant nu-
cleotides. In addition, SARS-CoV-2 showed the highest T3s and the
lowest G3s (Table 2). In contrast, pangolins Beta-CoV and MERS CoV
showed the lowest A3s and the highest G3s frequencies. Therefore,
similar to structural genes, RARP contained pyrimidine nucleotides

more frequent than purines. For Mpro, there is a conserved profile of

general preference for T3s and low frequencies for G3s. Both SARS-

CoV-2 and pangolin Beta-CoV showed the lowest G3s frequencies.

3.2 | RSCU analysis

In Tables 3, 4, and Table S1, the RSCU values for codons of CoV
structural and nonstructural genes are provided, respectively. The
tables are colored by a color scheme to denote the levels of codon
usage bias. A value of RSCU =1 means that the observed frequency
of codon is equivalent to the predictable frequency and indicating the
lack of any codon usage bias. The underrepresented or negatively
biased codons denote RSCU <0.6 (blue color), the overexpressed or
positively biased codons with RSCU >0.6 (red color). The range be-
tween 0.6 and 1.6 conforms to the nonbiased codons.

In the S gene, the over-biased codons, SARS-CoV-2 showed the
highest number of over-biased codons (10 codons), including CTT,
ATT, GTT, TCT, CCT, CCA, ACT, GCT, AGA, and GGT. All of these
codons contained A3s or T3s. In contrast, pangolin Beta-CoV, SARS
CoV, bat SARS CoV, and MERS CoV showed 8, 8, 9, and 8 over-
biased codons, respectively (Table 3). Therefore, SARS-CoV-2 has the
largest number of over-biased codons. The over-biased codons were
similar to that provided for SARS-CoV-2 except for CCA and ACT for
pangolin Beta-CoV, CCA, and GGT for SARS CoV, CCA for bat SARS
CoV and ATT and CCA for MERS CoV.

In the N gene, the over-biased codons, SARS-CoV-2 showed the
highest number of over-biased codons (six codons), including TTG, CTT,
ATT, ACT, GCT, and AGA. In contrast, pangolin Beta-CoV, SARS CoV, bat
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TABLE 2 The codon usage indices of
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Virus T3s C3s A3s G3s Nc GC3s GC Gravy Aromo
RdRP and Mpro genes SARS-CoV-2,
pangolins Beta-CoV, SARS CoV, Bat CoV, RdRP  SARS-CoV-2 042 025 039 020 5091 035 039 0.02 0.14
and MERS CoV Beta-CoV pangolin  0.38 0.23 0.39 0.27 5181 039 039 024 0.11
SARS CoV 040 025 036 0.24 5332 038 042 010 011
Bat SARS CoV 041 022 036 0.25 5223 037 041 020 0.09
MERS CoV 0.38 025 033 0.27 5557 041 043 037 011
Mpro  SARS-CoV-2 0.52 021 042 0.13 4568 027 037 -023 0.13
Beta-CoV pangolin 0.54 0.20 040 0.13 4665 026 037 -021 0.13
SARS CoV 0.51 022 037 0.18 4891 031 039 -020 0.3
Bat SARS CoV 049 024 037 0.49 5023 032 040 -020 0.3
MERS CoV 0.54 025 028 0.21 5095 035 040 -0.18 0.14

Abbreviations: CoV, coronavirus; Mpro, main protease; MERS, Middle East respiratory syndrome;
RdRP, RNA-dependent RNA polymerase; SARS, severe acute respiratory syndrome.

SARS CoV, and MERS CoV showed 4, 4, 4, and 5 over-biased codons,
respectively (Table 4). Therefore, SARS-CoV-2 has the largest number of
over-biased codons in the N gene. The over-biased codons were similar to
that provided for SARS-CoV-2 except TTG for pangolin Beta-CoV, TTG,
and CTT for SARS TTG and CTT for bat SARS CoV and TTG for MERS
CoV. For MERS CoV, the over-biased codons were slightly different and
included CTT, ATT, TCT ACT, GCT, TAC, and AGA.

In the M gene, the over-biased codons were CTT, ATT, GTA,
GCT, CCA, GAC, GAA, TGT, CGT, and GGA for SARS-CoV-2 (10
codons), CTT, ATT, TCT, TCA, GCT, CCA, and GGA for pangolin Beta-
CoV (seven codons), CTT, ATT, GTA, GCT, CCA, GAC, TGT, and CGT
for SARS CoV and bat SARS CoV (eight codons), CTT, ATT, GTA,
GCT, CCA, GAC, TGT, GGT, and CGT for MERS CoV (nine codons).

GGA and GAA codons were nonbiased codons in all coronaviruses
except for the SARS-CoV-2 and pangolin Beta-CoV were over-biased.
In the E gene, the codon usage could be biased by the short length of
the E gene that favors excluding its delivered RSCU values.

The frequent negatively biased codons among CoVs include CTG,
TCG, AGC, CCG, ACC, ACG, GCG, CGC, and GGG in the S gene, ATA,
GTA, TGC, GCG, TGT, AGG and TGC in the N gene and ATA, TGC,
and CCC in the M gene.

The number of over-biased and negatively biased codons
were compared in SARS-CoV-2, pangolin Beta-CoV, SARS CoV,
Bat CoV, and MERS CoV. SARS-CoV-2 almost coding the highest
number of over-biased and negatively biased codons among all of
the structural proteins. In the S gene, SARS-CoV-2 bears 12 and

TABLE 3 RSCU values of structural genes (S and E) from SARS-CoV-2, pangolins Beta-CoV, SARS CoV, Bat CoV, and MERS CoV

Spike Envelope Spike Envelope
covons | Amie | gamsy | oy | Sans | siis | MRS | ks | mecoy | AR | sk | RS | conons | A | S | B | SRS | s | VRS | St | ey | S | il | e
TTT F 1.53 1.52 141 | 139 1.16 0.8 0.8 0.5 0.88 | 0.78 GCT A 2.13 2.18 2.35 24 2.02 1 1 1 1.12 | 247
TTC F 0.47 0.48 0.59 | 0.61 | 0.85 1.2 1.2 15 112 | 1.22 GCC A 0.41 0.55 0.55 | 0.59 0.5 1 1 1 0.96 | 0.49
TTA L 1.56 1.42 1.12 | 1.33 1.17 0.43 0.79 0.86 0.7 2.31 GCA A 1.37 1.28 0.87 | 0.88 1.17 1.04
TTG L 1.11 0.85 0.78 | 0.89 | 0.88 | 0.86 0.86 0.86 | 1.04 | 1.17 GCG A 0.23 0.31 2 2 2 1.92
CTT L 2 2.02 1.95 | 1.79 1.92 3 2.64 2.51 | 2.69 | 0.71 TAT Y 1.48 1.15 g 1.34 1.4 1.52
CTC L 0.67 0.67 1.16 | 1.12 b TAC Y 0.52 0.85 5 0.66 | 0.61 2 2 2 2 0.48
CTA L 0.5 0.85 0.69 | 0.56 CAT H 1.53 147 1.67 | 1.29 | 145
CTG L 0.19 0.29 | 0.31 CAC H 0.47 0.53 033 [ 0.71 | 0.55
ATT 1 1.74 1.63 2.08 | 1.75 CAA Q 1.48 1.56 156 | 1.34 | 1.16 1.17
ATC 1 0.55 0.56 0.39 | 0.61 CAG Q 0.52 0.45 0.44 | 0.66 | 0.84 0.83
ATA 1 0.71 0.81 0.53 | 0.64 AAT N 1.23 1.18 132 | 1.37 | 1.27 1.6 1.6 1.2 1.36 | 1.14
GTIT Vv 1.98 227 2.05 | 1.86 AAC N 0.77 0.82 0.68 | 0.63 | 0.74 0.4 0.4 0.8 | 0.64 | 0.86
GTC v 0.87 0.72 0.83 | 0.89 AAA K 1.25 1.36 1.14 | 1.32 1.11 2 2 2 2 1.71
GTA A 0.62 0.42 0.54 | 0.58 AAG K 0.75 0.65 0.86 | 0.68 | 0.89 0.29
GTG Vv 0.54 0.59 0.59 | 0.66 GAT D 1.39 1.16 s 1.16 13 2 2 2 2 1.29
TCT S 2.24 1.9 25 | 215 GAC D 0.61 0.85 5 0.84 0.7 0.71
TCC S 0.73 0.59 0.42 | 0.72 GAA E 1.42 1.25 1.06 | 1.04 1.06 1 1 2 1.6 0.91
TCA S 1.58 1.92 1.76 | 1.51 GAG E 0.58 0.76 0.94 | 0.96 | 0.95 1 1 0.4 1.09
TCG S 0.19 | 0.27 TGT C 1.4 1.31 1.07 | 1.29 1.25 0.67 0.67 0.67 | 0.74 2
AGT S 1.03 1.2 0.75 | 0.9 TGC C 0.6 0.69 0.93 | 0.71 | 0.76 1.33 1.33 133 | 1.26
AGC S 0.3 0.28 0.39 | 0.46 CGT R 1.29 1.03 1.16 | 1.28 2 2 2 3 2.6 2.29
CCT P 2 1.93 2.28 | 1.84 CGC R 0.39 043 | 053 | 0.94
ccc P 0.28 0.4 0.2 0.5 CGA R 0.56 | 0.26 | 0.38 2 2 3 2.6 2.29
CCA P 1.72 1.49 1.38 | 1.45 CGG R 0.29 0.19 0.25
CCG P 0.19 0.21 AGA R 2.86 342 194 | 2.53 | 1.63 2 2 0.8 1.43
ACT T 1.81 1.47 1.84 | 1.74 AGG R 1.43 1.1 1.73 | 1.33 | 0.81
ACC T 0.41 0.48 0.46 | 0.43 GGT G 2.29 1.89 1.52 18 231 2 3.2 0.57
ACA T 1.65 1.91 1.52 1.6 GGC G 0.73 0.74 1.27 | 1.04 | 0.71 0.95
ACG | T [0az2 | 0a4 [ 047 [ 023 GGA | G | 083 | 127 | 102 | 103 | 0.85 2 | 08 [ 133
GGG G 0.19 1.14

Abbreviations: CoV, coronavirus; MERS, Middle East respiratory syndrome; RSCU, relative synonymous codons usage; SARS, severe acute respiratory

syndrome.
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TABLE 4 RSCU values of structural genes (M and N genes) from SARS-CoV-2, pangolins Beta-CoV, SARS CoV, Bat CoV, and MERS CoV

Membrane Nucleocapsid Membrane Nucleocapsid
comons | e | ety [ ey o T o [ v ey T oy T s [l [ | comons [ e | s [ ey [t [ o [ i [ty [ o [ o [ e
TIT | F | 091 ta1| 091 | 114 | 147 | 048 | 065 062 | 065| 088 | GcT | A | 253 24 | 214 | 235 | 168 | 205 | 212 | 167 1.84 | 1.9
TIC | F | 109 089 | 1.09| 086 | 053 | 152 135 138| 135| 12| GCC | A | o042 08| 079 07| 08 | 076 | 045 089 | 072 | 092
TTA | L | 069 1.04| 055| 072 098 | 046| 067 | 03| 067 GCA | A | os4 08 | 0.64| 07| 082 086 | 131 1.08| 122 | 082
TG | L | 069 13| 097 101 | 065 199 | 146 | 131 ] 121 | 054 | GcG | A |21 043 | 026 | 061 | 032 | 011 035 | 022 | 027
CTT | L | 206| 157 t61| 195| 12| 177 | 213 | 162 | 156 | 357 | TAT | Y | 08| 107] 067 | 049 | 087 | 036| 032 ] 036 | 0.62 | 029
CTC | L | 103 078 | 113 | 096 | 137 | 044 | 044 | 069 | 063 | 098 | TAC | v | 111 | 093 | 133 | 151 | 113 | 164 | 168 164 | 138 | 171
CTA | L | 086| 1.04| 11| 055| 1.08| 067 | 044| 1.12| 086 | 033| caT | ® 16| 178 h 064 | 125| 15| 093] 117| 12 1
CTG | L | 069| 026] 064 | 08| 08| 067| 085] 095| 1.07| 054 cac | u 04| 022] 19| 136] 075 05| 107] 083 | 08 1
ATT [ 1.65 15 201 | 201 | 194 193 | 175] 188 | 177| 193] caa | o 1 1| 117 | 108 | 065 | 154 | 153 141 141 ] 117
ATC 1 09| 125 035] 054 | 062 086| 086 082] 078| 082 | CAG | Q 1 1] 083 ] 092 135 046 | 047 059] 059 | 0.3
ATA T | 045 | 025 054 | 045 | 044 [ 020 | 039 029 045 | 026 AAT | N | 073 o092 | 077 | 076 | 152 | 145 129 | 123 | 11| o098
GIT | Vv 1| o089 082 081 118 1| 126 145| 115 | 139 | AAC | N | 127| 108 123 | 124 | 048 | 055| 071 077 | 089 | 102
Grc | v |DOO| 044 | od6 | 02| o083 | 15| 72| 145 | 176 | 089 | AaA | K | tia| t71| 124 | 109 | 138 135 | 143 138 142 | 107
GTA | Vv 2| 133 [ 121 176 | 108 | 05 [D000M0| 036 [022] 11| AAG | K | 086 | 029 076 | 081 | 0.62 | 0.65 | 057 | 0.62 | 058 | 093
GTG | V 1| 133 15| 123 o9 1| o091 073 ] 087 | 063 | GAT | D | 033| 0.9 | 028] 029 065 | 117 | 112 | 096 | 1.05 | 143
TCT | S 08| 171 106 | 106 | 129 13| 128 17| 172| 196 | GAC | D | 167 1a1| 172 | 171 | 1.35| 083 | 088 | 1.04 | 095 | 057
TCC | s 12| 057 | 084 | 089 | 174 | 049 | o064 | 051 | 043 | 091 | GAA | E | 171 | 171 112 | 123 | 083 | 133 | 126 | 103 | 11| 099
TCA | s 12| 171 | 205 | 178 | 108 | 145 1.09| 151 | 145 | 124 | GAG | E | 029 | 029 088 | 077 | 117 067| 074 097 09| tot
TCG | s 04| 029 05] 045| 046 032 | o044 | 0a7| 02| 028| TGT | C 2 12| 19| 127
AGT | s 16| 1.14] 056 | 093 1.19| 146| 143 | 122 | 131 106 | TGC | C 0.8 0.73
AGC | s 08| 057 099] 089 | 055 097 | 112 088] 088 | 054| CGT | R | 214 | 071 | 148 | 1.72 124 | 108 ] 099 | 114 | 136
cct | P 0.8 08| 088 | 08| 101 | 114 148| 13| 132] 184| cGC | R | 086 | 1.06] 124 | 113 103 | 132 | 152 | 146 | 113
ccc | P 019 | 032 | 046 1| o082 113] 1.07] 053 | cGA | R | 043| 141 085] 08| 066 1.03 12 | 115 | 1.09 | 0.62
ccA | P 206 | 192 | 219 | 157 | 126 132 | 124| 162] cGG | R 035 | 074 | 024 121 | o041 [ o6 [NowaN[N00a) 0.8 |
ccG | P 0.38 | 0.96 | 034 0.29| 044 | 026 038 AGA | R | 129 212 085] 072 197 | 207 | 164 | 196 | 1.83 | 174
ACT | T | 154| 086| 11| 127] 229 2| 201 205 201 | 192] AGG | R | 129 035 085 141 076 | 021 0.6 | 036 | 044 | 034
ACC | T | 092| 114] 093] 083 | 081 075| 08| 06| 07| 122| GGT | G | 143| 143 | 154 | 149 | 182 | 093 | 124 095 096 | 114
ACA | T | 092| 143 156 | 147 | 039 1| 115] 135] 124 | 067 | GGC | G | 086 | 057 077 08| 1.03| 149| 1.06| 137 | 1.33 | 091
ACG | T | 062| 057 041 044 | 052 | 025 019 GGA | G | 171 171 088 | 128 | 115 | 121 | 141 | 141 | 138 | 136
GGG | G 029 | 081 | 043 [0 037 029 | 027 ] 033 | 058

Abbreviations: CoV, coronavirus; MERS, Middle East respiratory syndrome; RSCU, relative synonymous codons usage; SARS, severe acute respiratory

syndrome.

19 over-biased and negatively biased codons, respectively. The
SARS-CoV-2/SARS over-biased codons ratio was 1.2, 1.14, and
1.44 for S, N, and M genes, respectively. In addition, The SARS-
CoV-2/SARS negatively biased codons ratio was 1, 1.2, and 1.44
for S, N, and M genes, respectively. Therefore, the SARS-CoV-2
showed the highest number of extreme codon usage patterns of
over- or under-biased codons, followed by SARS CoV. The gap
between SARS-CoV-2 and SARS CoVs is more tighter than the
gap of SARS-CoV-2 or SARS CoV and the bat SARS CoV, which
showed a much lower number of biased codons in comparison
with the other viruses. MERS CoV showed a higher number of
biased codons only in the N gene, compared with SARS and SARS-
CoV-2.

The structural genes undertook a homogenous profile of
codon usage with little differences among the genes. In contrast,
NSP as RdRP and Mpro showed larger variations. RARP showed
three over-biased codons and eight common under-biased co-
dons. SARS-CoV-2 and pangolin Beta-CoV showed the highest
number of under-biased codons (12 codons). Compared to 10
codons in SARS and bat SARS and five codons in MERS CoV
(Table S1).

In Mpro, the number of over- and under-biased genes were
11, 10, 8, 8, 6 and 15, 15, 14, 11, and 9 for SARS-CoV-2, pangolin
Beta-CoV, SARS, bat SARS, and MERS CoVs, respectively. This
agrees with the general predicted highest number of biased co-
dons in SARS-CoV-2.

3.3 | Effective number of codons

ENc implies the effective number of codons and can be used as a
measure of codon usage bias. ENc values range from 20 to 61. As the
ENc value increases, the codon usage bias is lower. Low ENc value
indicates high codon usage bias.

SARS-CoV-2 showed the lowest ENc value for all nonstructural and
structural genes, compared with pangolins Beta-CoV, SARS, and bat
SARS CoVs (Figure 1). MERS CoV has the lowest ENc value for N and

B SARS-CoV-2
E BetaCoV pangolin

[ SARS CoV

80 M Bat SARS CovV M MERS CoV

ENc

FIGURE 1 Effective number of codons values for structural (S, E,
M, N) and nonstructural genes (RNA-dependent RNA polymerase and
main protease genes) from SARS-CoV-2, pangolins Beta-CoV, SARS
CoV, Bat CoV, and MERS CoV. CoV, coronavirus; MERS, Middle East
respiratory syndrome; SARS, severe acute respiratory syndrome
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RdRP. The differences between ENc values between SARS-CoV-2 and
pangolins Beta-CoV were 0.6, 4.2, 2.9, 0.7, and 0.7 for S, E, M, N, RdRP,
and Mpro. These values were the lowest differences compared with the
other CoVs.

4 | DISCUSSION

Codon usage bias is used in the analysis of genes composition and con-
clusion of the forces controlling evolution and functions.”*>* It has been
used in the analysis of viral structural®>2® and nonstructural genes.?>?” In
this study, the codon usage bias and genomic composition were com-
pared in structural proteins of the three major CoV epidemics—SARS,
MERS, and SARS-CoV-2.

In correlation with the previous knowledge of CoVs genome
composition, AT% was higher than GC% in SARS-CoV-2.7%% In all of
the structural genes of SARS-CoV-2, either A or T nucleotides were
the most predominant nucleotides. In addition, A or T nucleotides
were the most predominant nucleotides at the 3rd position of co-
dons. This is in agreement with the previous studies of CoVs.?>?

RNA viruses had evolved high ENc value (>35), implying low
codon bias to adapt a wide range of hosts with various codon usage
preferences.29 ENc values above 50, in general, mean low codon
usage bias. The codon usage data indicated lower number of ENc
values of the SARS-CoV-2 compared with SARS, bat SARS, and
pangolin CoV. This indicates a higher codon usage bias of SARS-CoV-2.
Within these CoVs, pangolin CoV had the least ENc differences.

There is a negative correlation between the ENc value and codon
usage bias. ENc values indicate higher codon usage bias in SARS-
CoV-2 compared with SARS and MERS CoVs, due to lower ENc va-
lues, which is mostly observed in S, E, and M genes and to a lesser
extent in N and RdRP genes. In SARS, bat SARS, and MERS CoVs E
gene, ENc was >60, while in SARS-CoV-2, the ENc value was de-
creased by an amount of 18 to be no more than 42. Similarly, the M
gene ENc value in SARS-CoV-2 was decreased by an amount of 3 to 5.
Genes with low expression levels have high ENc values and more rare
codons.®? The expression of highly biased genes is considered as
high.>® The relative expression can be concluded from the ENc value,
where small ENc value indicates higher bias and a generally higher
level of expression.>* Thus, the small ENc value is suggesting for higher
gene expression. The lower observed ENc, especially for Spike and
Envelope genes, values for SARS-CoV-2 structural genes are indicative
for higher gene expression potency.
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