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Background
Emerging viral diseases are a major threat to public health 
systems across the globe.1 The recent outbreaks of Novel 
Coronavirus and Severe Acute Respiratory Syndrome 
Coronavirus (SARS-CoV) in China,2 Middle East Respiratory 
Syndrome Coronavirus (MERS-CoV) outbreak in Arabian 
peninsula,3 and Zika virus outbreak in South America have 
caused significant financial and human losses. These outbreaks 
were caused either by novel viruses or by genetically distinct 
strains of existing species.4-6 Interestingly, all listed outbreaks 
were of zoonotic origin, caused by animal viruses that jumped 
species barriers and caused fatal outbreaks in human popula-
tions.6 Zoonosis poses additional challenges because the natu-
ral reservoirs are often domestic or wild animals;5 therefore, 
control measures such as quarantine, vaccination, and social 
distancing are not practical.

The Middle East Respiratory Syndrome (MERS) is a newly 
described disease caused by a recently identified human coro-
navirus.7 The MERS-CoV was first isolated from the sputum 
of a Saudi Arabian patient who died from a severe respiratory 
illness.3 Since then, at least 2494 laboratory-confirmed human 
cases of MERS-CoV infection and 858 deaths in 27 countries 
have been reported.8 The primary source of the MERS-CoV 
remains unclear, but the pattern of transmission and epidemio-
logical studies point toward dromedary camels as a direct 
source. The virus is believed to be introduced into the human 

population through multiple independent, zoonotic transmis-
sion events with limited human-to-human transmission.9,10

The MERS-CoV belongs to the subgenus Merbecovirus of 
the Beta-coronaviruses.11 Other members of this subgenus are 
Tylonycteris bat coronavirus HKU4, Pipistrelles bat coronavi-
rus HKU5, and Hedgehog coronavirus 1.12 The MERS-CoV 
is an enveloped virus containing a large ~30 kb, plus sense 
RNA genome.3 The 5′ two-third of the genome comprises two 
overlapping open reading frames (ORFs), ORF1a and 
ORF1ab, which are translated to yield two large polyproteins, 
polyprotein 1a (pp1a) and polyprotein 1ab (pp1ab). Polyprotein 
1a is translated from ORF1a, while production of pp1ab 
(encoded by both ORF1a and ORF1b) requires a −1 ribosomal 
frameshift before the translation stop codon on ORF1a is 
reached. This frameshift has been shown to occur in the 
overlap region between ORFs 1a and ORF1b. Both polypro-
teins are post-translationally processed by two viral proteases 
to yield 16 mature proteins necessary for viral RNA replication. 
The remaining one-third of the genome encodes four  
structural proteins (Spike(S), Envelope (E), Matrix(M), and 
Nucleocapsid(N) and an unknown number of accessory pro-
teins.11 Contrary to the replicase proteins, which are directly 
translated from genomic RNA, the structural and accessory 
proteins are expressed from a nested set of sub-genomic RNAs. 
In addition to coding sequences, the coronavirus genome also 
contains highly structured, non-coding regions at the 5′ and 3′ 
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end of the genome, which are believed to play a regulatory role 
in viral genome replication and protein expression.13,14

The genetic code is essentially redundant. Eighteen of the 
20 amino acids in prokaryotes are encoded by more than one 
synonymous codon. The use of a synonymous codon is not ran-
dom. During an organism’s evolutionary history, a bias for a 
particular synonymous codon will be formed within a species 
or gene, which ensures that the most frequently used codons 
can pair with the anticodons of the most abundant tRNA 
genes.15,16 Since viruses do not encode translational functions 
and depend exclusively on the host cell machinery to synthe-
size viral proteins, the expression of viral genes is temporally 
regulated by adjusting the codons usage to match or contrast 
the host tRNA resources. The expression levels of papillomavi-
ruses capsid proteins L1 and L2 depend on the match between 
the codon usage and tRNA availability in the host cells.17,18 
The presence of low prevalence codons in hepatitis A virus 
genes facilitates the correct folding of HAV proteins.19 
Herpesviruses and human immunodeficiency virus maintain 
low prevalence codons in their genes.20,21 Considering such 
intimate dependence, codon usage bias analyses can provide 
useful insights into the adaptation of virus, the effect of the 
host on its codon usage, the factors driving the codon usage 
bias, and the regulation of viral gene expression.

Most of the coronavirus genomes have an atypical nucleo-
tide bias, which is believed to be the direct cause of the charac-
teristic codon usage in these viruses. Cytosine deamination and 
selection of CpG suppressed clones by the immune system are 
major selective forces that shape codon usage bias in coronavi-
rus genomes.22 The nucleotide biases are more pronounced in 
the unpaired regions of the structured RNA genome, creating 
a virus-specific signature that may suggest a certain biological 
function for these distinctive sequence signatures.23,24 The 
codon usage bias analyses of MERS-CoV PLpro and 3CLpro 
proteases indicate a disproportional effect of compositional 
constraints and directed mutation pressure on codon usage in 
each protein.25 The comparative analysis of human and animal 
MERS-CoV isolates suggests that mutational bias is a major 
determinant of codon usage bias in human/camel isolates, 
whereas natural selection pressure appeared to be the key 
determinant of codon usage in bat/hedgehog isolates.26 
Although the MERS-CoV genome is a mono-partite RNA, as 
many as 10 different proteins are expressed from a series of 
subgenomic mRNAs produced during virus infection. Non-
structural proteins are required for early stages of the viral life 
cycle and the presence of optimal codons may be desired for 
the rapid accumulation of these proteins in infected cells. On 
the other hand, structural proteins are potentially immuno-
genic and often required for late stages of the virus life cycle; 
therefore, the gradual accumulation of these proteins may be 
beneficial for virus replication without mounting a host 
immune response.

The main objective of this study was to determine (1) the 
nucleotide composition of the genome and its effect on codon 

usage preferences, (2) the intra- and inter-genomic variations 
in the codon usage among human and camel strains, and (3) 
the forces that influence the evolution of codon usage bias. We 
analyzed 4751 MERS-CoV genes from 664 complete or par-
tial genomic sequences to determine the extent of codon usage 
bias and the relative contribution of various evolutionary forces 
in shaping codon usage. The effective number of codons 
(ENC) value showed a moderate, gene-specific codon usage 
bias in MERS-CoV genome. Codon usage bias is mainly 
shaped by translational selection, while mutational pressure 
emerged as a minor factor in some genes. CpG suppression and 
cytosine deamination along with the physical and chemical 
properties of encoded proteins are other factors that affect 
MERS-CoV codon usage preferences.

Materials and Methods
Sequence data

A total of 453 complete genomes and 211 partial sequences of 
human and camel MERS-CoV isolates were retrieved from 
the National Center for Biotechnology GenBank database 
(http://www.ncbi.nlm.nih.gov) Table S1. All the sequences 
were aligned and curated using MEGA 7.0 and ORFs with 
authentic initiation and termination were extracted. The final 
sequence collection of 4751 ORFs was used for further 
analyses.

Nucleotide composition

General nucleotide composition (%A, %C, %T, and %G), 
nucleotide composition at third synonymous codon position 
(%A3s, %C3s, %T3s, and %G3s), and mean frequencies of 
G + C nucleotide at the first, second, and third codon 
position(GC1s, GC2s, GC3s) were calculated using default 
parameter in SSE software package.27 The observed (O) and 
expected(E) frequencies of 16 dinucleotides (GpA, GpC, 
GpG, GpT, CpA, CpC, CpG, CpT, TpA, TpC, TpG, TpT, 
ApA, ApC, ApG, and ApT) were also calculated using SSE 
software package and the ratio of O/E frequencies was used for 
designation of over- or under-represented dinucleotides.28,29

Indices of Codon Usage
ENC

The ENC is a simple and absolute measure of codon usage 
bias.30,31 ENC values range from 20 to 60, with lower ENC 
values (<40) indicating strong codon usage bias.32,33 The ENC 
values for MERS-CoV genes were calculated using the default 
parameter in SSE software package.27

Relative synonymous codon usage (RSCU)

The RSCU values for each codon were calculated to determine 
the patterns of synonymous codon usage.34 The RSCU value 
for a particular codon is a ratio of observed frequency divided 
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by the expected frequency. The codons with RSCU values > 1.0 
indicate a positive codon usage bias, while codons with RSCU 
values < 1.0 indicates a negative codon usage bias. The RSCU 
values of 1.0 indicate that codons are chosen randomly. The 
RSCU values of all MERS-CoV sequences were calculated 
using MEGA7.0 software package.35 The amino acids encoded 
by single codon AUG (Met) and TGG (Trp), and the termina-
tion codons TAA, TAG, and TGA were excluded from the 
analyses.

Indices Related to Mutation Bias
GC3s

It represents the frequency of use of G + C in the synony-
mously variable third positions of the sense codon (ie, exclud-
ing Met, Trp, and termination codons).

Indices Related to Natural Selection
Codon Adaptation Index (CAI)

The CAI is a measure of the relative adaptiveness of a gene 
toward its host codon usage.36 CAI values range from 0 to 1; 
high CAI value indicates a higher proportion of the most 
abundant codons. The CAI values for all MERS-CoV genes 
were calculated using human and dromedary camel codon 
usage as reference sets in CAI calculator.37

Relative Codon Deoptimization Index (RCDI)

The RCDI is a complementary approach to measure codon 
de-optimization, by comparing the similarity in codon 
usage of a given gene against a reference genome.38 The 
RCDI values for all MERS-COV genes were computed for 
both hosts using a web-based RCDI/eRCDI server (avail-
able at http://ppuigbo.me/programs/CAIcal/). The RCDI 
value is inversely related to the degree of adaptation to the 
host. An RCDI value of 1 would indicate that the virus fol-
lows the codon usage of the host, while progressively higher 
RCDI values indicate an increasing deviation from the host 
codon usage.

General average hydropathicity (GRAVY), 
aromacity (Aromo), and CDS Length (L_aa)

Physical and chemical properties of encoded proteins play an 
important role in shaping the codon usage of some spe-
cies.39,40 Hydropathicity values represent the sum of the 
hydropathy values of all amino acids in the gene product 
divided by the number of residues in the sequence.41 
Hydropathicity values range from −2 to 2, where positive and 
negative values are indicative of hydrophobic and hydrophilic 
proteins, respectively. Aromaticity values represent the fre-
quency of aromatic amino acids (Trp, Tyr, and Phe) in the 
protein.42 The CDS Length represents the number of trans-
latable codons in a gene.43

ENC-plot mapping analysis

The ENC-Plot (ENC vs G3s) is commonly used to deter-
mine whether the codon usage of a gene is affected by muta-
tion or selection.30 The ENC-plot is the comparison of the 
observed and expected distribution of genes based on GC3s on 
a single plot. Expected ENC values for all GC3s compositions 
(0-1.0) were calculated using the equation ENCexp = 2 + S +  
(29/(S2 + (1 – S2)))30 and used to plot standard curve. Data 
points located on or just below the standard curve (ENCExp) 
indicate mutational pressure determines the codon usage bias, 
while data points located far away from the standard curve 
indicate that factors other than mutational pressure are affect-
ing the codon usage bias.

Neutrality plot mapping analysis

Mutation at the first and second codon positions cause a 
change in amino acid, while mutation at the third codon posi-
tion often does not alter amino acids. Theoretically, mutations 
should occur randomly at any of the three codon positions if 
there is no external pressure. The neutrality plot is an analytical 
method used to investigate the mutation-selection equilibrium 
in shaping the codon usage bias.44 In a neutrality plot, average 
GC contents at the first and second synonymous codon posi-
tions (GC12) are plotted against GC content at the third syn-
onymous codon (GC3s) position. The regression coefficient 
against GC3s is regarded as the mutation-selection equilibrium 
coefficient and the evolutionary speed of the mutation pressure 
and natural selection pressure is expressed as the slope of a 
regression line. A regression plot with a slope of zero indicates 
no effect of directional mutation pressure, while a slope of 1 is 
suggestive of complete neutrality.

Correspondence analysis of RSCU

Correspondence analysis (CoA) is widely used to study the 
correlation between codon usage and other factors. The CoA 
was performed with CodonW (http://sourceforge.net/pro-
jects/codonw), utilizing the RSCU values to compare the inter-
genic variation of 59 synonymous codons. Major trends within 
this dataset can be determined using measures of relative iner-
tia and genes were ordered according to their positions along 
the axis of major inertia. Pearson rank correlation analysis was 
performed using Microsoft Excel and XLSTAT version 
2014.5.03 to deduce the relationships between the two axes of 
CoA and different variables like CAI, ENC, GRAVY, 
AROMO, and GC3s with a statistical significance at 
P-values ⩽ .05.

Results
Composition analysis of MERS-CoV genome

The nucleotide compositions of MERS-CoV coding sequences 
were analyzed to explore the potential influence of compositional 
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constraints on codon usage. The A (26.2%) and U (32.6%) nucle-
otide occurred more frequently than C (20.3%) and G (21%) 
nucleotide in MERS-CoV genome. As shown in Figure 1A, the 
mean GC and AU compositions of MERS-CoV genome were 
42.68 ± 3.14% and 57.31 ± 3.14%, respectively. The individual 
MERS-CoV genes exhibit similar strong compositional bias, 
except N and ORF8b genes with 47.309 ± 0.20 and 
49.283 ± 0.19% G + C contents, respectively. The G + C content 
in the MERS-CoV coding sequence is not uniformly distributed. 
The G + C at first codon position is highest in all genes; however, 
the G + C at second and third codon positions are variable. In 
ORF4a, E, M, and ORF8b, the G + C at second codon position 
are lowest, while in ORF1ab, S, ORF3, ORF4b, ORF5, and N 
gene, the G + C at third codon position are lowest (Figure 1B). 
Further analyses of third-position wobble nucleotides revealed a 
significant abundance of A3s (0.309 ± 0.053) and U3s 
(0.462 ± 0.105), as compared to C3s (0.239 ± 0.033) and G3s 
(0.195 ± 0.06) (Figure S1). Highly significant nucleotide compo-
sitional bias (P > .0001) is likely to affect the choice of codon and 
A/U is expected to occur most frequently at the third codon posi-
tion in the MERS-CoV genes.

Relative synonymous codon usage (RSCU) in 
MERS-CoV genome

To investigate the extent of codon bias in MERS-CoV genome, 
the RSCU values were computed for every codon in the 
MERS-CoV genes (Table 1). Among 59 synonymous codons, 
27 were defined as preferred codons (RSCU > 1.0), and 24 of 
them are A/U-ending. Among preferred codon, nine codon 
UCU(S), GCU(A), ACU(T), CCU(P), GGU(G), CUU(L), 
GUU(V), CGU(R), and AUU(I) with RSCU value of > 1.6 
were considered over-represented. Similarly, 11 codons 
AUC(I), CUG(L), CUA(L), CGG(R), AGC(S), CGA(R), 
GGG(G), GCG(A), UCG(S), ACG(T), and CCG(P) with 

RSCU value of <0.6 were regarded as under-represented and 
9 out of 11 under-represented codons are GC ending. Among 
18 preferred codons of each amino acid, all 18 in ORF3, 17 in 
ORF1ab and spike, 16 in E and N genes, 15 in ORF4b and 
ORF 5, 10 to 12 in M, ORF4a and ORF8b are A/U ending. 
Further analysis of amino acids encoded by four or more syno-
nym codons revealed that approximately 2/3 of all amino acids 
in MERS-CoV proteins are encoded by A/U-ending codons. 
For example, 79.83% of proline, 78.78% of threonine, 76.6% of 
arginine, 75.60% of serine, 66.5% of glycine, 63.89 of valine, 
60.86% of arginine, and 57% of leucine are encoded by A/U 
ending codons.

The codon usage pattern of MERS-CoV is 
antagonistic to its hosts

Given the dependence of viruses on host translational machin-
ery, the codon usage pattern of viruses is likely to be affected 
by the codon usage pattern of its host.45 Studies have shown 
a wide range of variations among different viruses, ranging 
from complete coincidence to complete antagonism and in 
between.45-51 Comparative analysis of the RSCU values indi-
cate that the codon usage pattern of MERS-CoV is mostly 
antagonistic to its hosts, with less than five preferred codons 
([ORF1ab and S = 0), [ORF3 = 1), [N = 3], 4[E, ORF4b and 
ORF5 = 4] and [ORF4a and M = 5]) coinciding with the host in 
different MERS-CoV genes (Table 1). A similar mix of codon 
usage has been reported for several other viruses49,52 and may 
serve best by balancing the translation efficiency and proper 
folding of viral proteins in infected cells.

CoA

To investigate synonymous codon usage variation among 
MERS-CoV genes, COA was implemented for all 4751 genes. 
The first principle axis explained 32.37% of total variability, 
while the other three principle axes account for 19.41%, 
17.80%, and 10.51% of all the variation, respectively (Figure 
2A). This indicates that the first four axes account for ~80% of 
total variation and are major explanatory axes for interpreting 
the codon usage variation. The COA generated on the RSCU 
of MERS-CoV coding sequences formed 10 distinct clusters, 
each representing one MERS-CoV gene (Figure 2B). The data 
points representing M, N, ORF1ab, S, ORF4b, and ORF5 
were clustered around the axes center, whereas the data points 
representing ORF4a, E, ORF 3, and ORF8b were located 
away from axes. Because the closeness of any two genes on this 
plot reflects the similarities of their codon usages, synonymous 
codon usage bias appears to be conservative between viruses, 
but significant differences exist in codon usage among various 
genes.

Several factors such as translational selection, mutation 
pressure and gene function affect the codon usage bias. A mul-
tivariate correlation analysis was performed to assess the 

Figure 1.  Compositional analysis of MERS-CoV genes. (A) The G+C 

and A+T contents (mean ± SD) in 10 MERS-CoV genes (B) percent GC at 

first, second and third codon position. MERS-CoV indicates Middle East 

Respiratory Syndrome Coronavirus; ORF, open reading frames.
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Figure 2.  Correspondence analysis of synonymous codon usage in 

MERS-CoV genes. (A) The relative and cumulative inertia of the first 40 

factors from a COA of the relative synonymous codon usage values. (R. 

Iner.—Relative Inertia, R.Sum—Relative sum or cumulative relative 

inertia). (B) The positions of each MERS-CoV gene in the first two-main-

dimensional coordinates. COA indicates Correspondence analysis; 

MERS-CoV, Middle East Respiratory Syndrome Coronavirus; ORF, open 

reading frames.

relationship between relative codon bias and various codon 
usage indices. The ENC showed a significant positive correla-
tion with the first and the second principle axes, indicating the 
first and second principle axes are the major contributor to 
codon bias (Table S2). Axis 1 showed a distinct negative cor-
relation with T, AT, and T3s (r = -0.565, -0.695, and -0.688, 
respectively; P < .0001) and positive correlation with A, G, C, 
GC, A3s, G3s, C3s, and GC3s (r = 0.257, 0.558, 0.497, 0.695, 
0.218, 0.577, 0.154, and 0.648, respectively; P < .0001). Axis 2 
also showed similar distinct correlations with these nucleotide 
compositions Table S2. Moreover, when correlation analysis 
was performed between two principle axes and indices related 
to natural selection (CAI, L_aa, Gravy and Aromo), a highly 
significant negative correlation was found between the axis1 
and CAI, L_aa and Aromo (r = -0.512, r = -0.085, and r = 
-0.783, respectively; P < .0001). The axis 2 positively correlated 
with CAI and Aromo (= 0.503 and r = 0.089, respectively; P < 
.0001); while it negatively correlated with Gravy and Laa 
(r = -0.088, and r =- 0.192 respectively; P < .0001) (P < .0001). 
These data suggest that the codon usage bias in MERS-CoV 
genes is affected by both, mutational pressure and natural 
selection.

The analysis of codon usage bias in MERS-CoV 
genes

Although the genomic composition was found to be relatively sta-
ble and conserved among different isolates, substantial differences 
in the codon usage among different MERS-CoV genes were 
observed. The ENC values of different MERS-CoV genes ranged 
from 38.89 to 60.48 (Table 2). The ORF3 of MERS-CoV has a 
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relatively strong codon usage bias (41.02 ± 0.539), while codon 
usage in ORF4a (57.061 ± 1.175), M (59.874 ± 0.332), and E 
protein (56.007 ± 0.323) is least biased. High ENC values (>40) 
and little variation in ENC among genes from different isolates 
suggest a moderate but highly conserved, gene-specific codon 
usage bias in the MERS-CoV genome.

Gene expression level and synonymous codon  
usage bias

To estimate the level of expression of MERS-CoV proteins in 
human and animal hosts, CAI values were calculated for all 
genes using human and camel (dromedary) codon usage as ref-
erences (Table 2). The mean CAI for MERS-CoV genes 
ranged from 0.667 to 0.766 against human codon usage refer-
ence and 0.537 to 0.643 against camel codon usage reference. 
The CAI values resulting from the analyses of the 10 coding 
regions of the MERS-CoV virus, shared by 450+ fully 
sequenced viral genomes showed that genes encoding struc-
tural (N, S, and M) and replicase polyprotein have highest CAI 
values, while most of the accessory proteins have low CAI val-
ues. The envelope, ORF4a, and ORF4b were exceptions in 
both cases. To assess the effect of gene expression on codon 
usage bias, we calculated the correlation coefficient between 
the ENC and CAI values for each host. The CAI values for 
both hosts showed a distinct positive correlation with axis 
2(r = 0.503 and 0.805, respectively; P < .0001) and ENC 
(r = 0.096 and 0.426, respectively; P < .0001) but negative cor-
relation with axis1 (r = -0.512 and -0.117, respectively; 
P < .0001). These data indicate that codon usage in MERS-
CoV genome is affected by the gene expression level of its host.

Relative codon de-optimization

The RCDI provides an insight into the possible co-evolution 
of virus and host genomes. The average RCDI value of 
1.568 ± 0.206 (range: 1.31-2.15) in human and 1.805 ± 0.275 
(1.466-2.452) in camel indicated that MERS-CoV was more 
adapted to human host as compared to its animal host (Table 
2). In relation to both hosts, strong codon deoptimization was 
observed in the accessory genes ORF3 (2.071 ± 0.019 and 
2.421 ± 0.027), E (1.759 ± 0.01 and 2.161 ± 0.014), ORF5 
(1.655 ± 0.013 and 1.961 ± 0.019), and ORF8b (1.621 ± 0.02 
and 1.743 ± 0.019). The structural genes S, M, N, Replicase 
gene (ORF1ab), and accessory gene ORF4 were comparatively 
more adapted to both host and showed low RCDI values.

Relationship between codon bias and 
hydropathicity, aromaticity, and CDS length

To investigate the potential effect of physical and chemical 
properties of encoded proteins on MERS-CoV codon usage, 
correlation coefficients between Gravy, Aromo, L_aa, ENC, and 
nucleotide composition were determined. As shown in (Table Ta
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S2) GRAVY value of MERS-CoV proteins showed significant 
positive correlation with ENC and T and AT (r = 0.634, 0.490, 
and 0.338, respectively; P < .0001) but negative correlation with 
principle axis 2, A, C, and G nucleotides (r =-0.088,-0.731, 
-0.311,-0.439, and-0.490, respectively; P < .0001). Similarly, 
Aromo values also exhibit significant positive correlation with 
ENC, T, AT, and axis 2 (r = 0.300, 0.723, and 0.089, respectively; 
P < .0001) but negative correlation with A, G, C, GC, and axis1 
(r =-0.530, -0.525, -0.631, -0.757, and -0.783, respectively; 
P < .0001). In addition, protein length positively correlated 
with A, T, G, and AT (0.093, 0.102, 0.240, and 0.216, respec-
tively; P < .0001) but negatively correlated with ENC, C, GC, 
axis 1, and axis 2 (-0.197,-0.600,-0.068, -0.085, and -0.192, 
respectively; P < .0001). This result indicates that codon usage 
variations were associated with the protein length, hydropathic-
ity, and aromaticity of the encoded proteins.

The differential effect of mutational biases and 
natural selection on synonymous codon usage in 
MERS-CoV genes

Comparative analysis of GC content at third wobble position 
(GC3s) confirmed the homogeneity of codon usage among the 

isolates but marked variation among individual genes was 
observed. The mean GC3s value of different MERS-CoV 
genes ranged from 0.22 to 0.45. Similarly, despite remarkable 
inter-genomic homogeneity in codon usage, analyses of indi-
vidual genes revealed significant differences in ENC values.

To elucidate the relationship between nucleotide composi-
tion and codon bias in MERS-CoV genes, the ENC values of 
all MERS-CoV genes were plotted against the corresponding 
GC3s. The solid line in Figure 3A represents the expected 
positions of genes when the codon usage was only determined 
by the GC3s compositions. In Figure 3A, data points repre-
senting MERS-CoV ORF1ab, S, ORF3, ORF4b, N, and 
ORF8b formed distinct clusters below the expected curve with 
variable proximities, suggesting a dominant effect of forces 
other than mutation pressure on codon usage bias. Data points 
corresponding to ORF4a, E, and M genes were aggregated 
closer to the expected curve, with few data point overlapping 
the curve, indicating a stronger influence of mutational pres-
sure in these genes as compared to other genes.

Although the ENC–GC3 plot reflected the main factors 
that influenced codon usage bias, it did not estimate precisely 
which one of mutation pressure or natural selection was more 
important. To determine the relative contribution of mutation 
pressure or natural selection on codon usage, the correlation 
among three codon positions (GC12vs GC3s) was determined. 
When GC3 was plotted against GC12 for all genes, no signifi-
cant correlation was found (r = -.0.026, P = .074), suggesting 
that codon usage is not influenced by the mutational pressure. 
However, when GC3 of individual genes were plotted against 
the corresponding GC12, a significant correlation between 
GC3 and GC12 was observed for all genes, except ORF 4b 
(r = 0.028, P < .54). The slope of the individual neutrality plots 
indicates relative neutralities ranging from 1.6% to 35.52% 
(Figure 3B). The ORF3 had the highest relative neutrality val-
ues of 35.52% indicating a significant impact of neutral evolu-
tion (mutational pressure) on codon preference in this gene. 
Although highly significant correlations between GC3 and 
GC12 was observed in remaining genes, the slopes of regres-
sion lines indicate that less than 16% of codon usage bias in 
these genes is explained by mutational pressure. These data 
suggest that different evolutionary pressures are acting dispro-
portionally on MERS-CoV genes. Mutational pressure 
appeared as a minor factor, affecting the codon usage prefer-
ences in some MERS-CoV genes, while natural selection 
emerged as the dominant factor influencing the codon usage in 
all MERS-CoV genes.

Dinucleotide frequency

Significant biases of dinucleotide composition in many RNA 
viruses have been reported, which may be a consequence of 
intrinsic characteristics of the virus or mutational pressure from 
the host. To determine if the dinucleotide composition of 
MERS-CoV genome is biased, ratios of observed to expected 
frequencies of 16 dinucleotides were computed for all 

Figure 3.  The effect of mutational biases and natural selection on 

synonymous codon usage on MERS-CoV genes. (A) Relationship 

between GC3 and the effective number of codons (ENC). The ENC values 

of all genes were plotted against the corresponding GC3s. The standard 

curve indicates the expected codon usage if GC compositional constraints 

alone account for codon usage bias. (B). The neutrality plot (GC12 vs 

GC3). Neutrality plot analysis of the average GC content in the first and 

second positions of the codons (GC12) and the GC content in the third 

position (GC3). For ORF1ab; the regression line is y = 0.114x + 0.3945; 

R² = 0.0621. Spike; the regression line is y = -0.1403x + 0.4954; R² = 0.1369. 

ORF3; the regression line is y = 0.3652x + 0.3951; R² = 0.1549. ORF4a; the 

regression line is y = -0.1602x + 0.5196; R² = 0.2798. ORF4b; the 

regression line is y = 0.0247x + 0.4309; R² = 0.0015. ORF5; the regression 

line is y = 0.0185x + 0.4161; R² = 0.0105. Envelope; the regression line is 

y = -0.016x + 0.4097; R² = 0.0101. Matrix; the regression line is 

y = 0.0545x + 0.4135; R² = 0.0214. Nucleocapsid; the regression line is 

y = 0.1358x + 0.4646; R² = 0.1387. ORF8b; the regression line is 

y = 0.0502x + 0.4572; R² = 0.0005. MERS-CoV indicates Middle East 

Respiratory Syndrome Coronavirus; ORF, open reading frames.
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MERS-CoV sequences. The mean ± standard deviation of 
dinucleotide O/E ratios for MERS-CoV genome is 1.0 ± 0.144 
and the dinucleotides located outside the confidence interval 
(mean ± 1SD, 0.86-1.14) were classified as low or high relative 
abundance, respectively. The dinucleotide bias in MERS-CoV 
genome is not acute and only two dinucleotides, the CpG and 
UpA were markedly under- and over-represented, respectively 
(Figure 4A, solid line), while two other dinucleotides, CpA 
and CpU were marginally over-represented. Similar dinucleo-
tide biases were observed in individual MERS-CoV genes 
(Figure S2A-L). The CpG dinucleotide was under-represented 
in all MERS-CoV genes except orf5, while CpA/UpG were 
over-represented in most of MERS-CoV genes. In non-coding 
sequence, mild suppression of CpG and GpA (O/E 0.752 and 
0.762, respectively) and slight over-representation of ApA, 
CpA, GpC, and UpG (O/E 1.182, 1.183, 1.266, and 1.256, 
respectively) was observed.

Among the differentially used dinucleotides, only CpG 
depletion was common across 9/10 MERS-CoV genes. To 
determine if CpG depletion is due to evolutionary pressures 
specifically acting on CpG dinucleotide and not due to compo-
sition constraint or pressures acting upon constituent nucleo-
tides, CpG/GpC odds ratio were calculated (Figure 4B). High 
odds ratio would indicate that depletion was due to pressure 
acting upon constituent nucleotides, while low odds ratio 
would suggest implication of evolutionary pressures specifically 

acting upon CpG dinucleotide. With exception of ORF 3, 
ORF5A, and Envelope genes (CpG/GpC O/E 0.66, 0.70, and 
0.859, respectively), the CpG/GpC odds ratio for all other 
MERS-CoV genes were less than 0.60, indicating that CpG 
depletion is not mere consequence of compositional con-
straints, rather it is due to evolutionary pressures specifically 
acting on CpG dinucleotides. To further understand the mech-
anism of CpG depletion, the loss of CpG dinucleotides, 1 − 
(O/E)CpG, and average gain in UpG and CpA dinucleotides, 
([TpG – 1] + (O/E)CpA – 1)/2) were calculated (Figure 4 C). The 
average loss of CpG in the MERS-CoV coding region was 
0.391 ± 0.004, and the average gain in UpG and CpA dinu-
cleotides was 0.201 ± 0.003. A strong negative correlation 
between the depletion of CpG dinucleotide and the gain in 
TpG/CpA dinucleotides (r = 0.483; P ⩽ .0001) and a weak 
but significant correlation between the GC% and the extent of 
CpG depletion (r = -0.084; P ⩽ .0001) suggested that the 
observed under-representation of CpG in the MERS-CoV 
genome is the combined effect of the nucleotide composition 
of the genome and the methylation of the cytosine in CpG 
dinucleotides followed by deamination.

To investigate the possible effects of CpG depletion on 
codon usage bias, the RSCU value of the 8 CpG containing 
codons (CGT, CGG, CGC, CGA, TCG, GCG, CCG, and 
ACG) were analyzed. Among these 8 CpG containing codons, 
six codon (CCG [0.16], ACG [0.18], TCG [0.20], GCG 

Figure 4.  Relative dinucleotide abundance in MERS-CoV genome. (A) Line graph represents the mean observed/expected (O/E) frequency ratio of 16 

dinucleotides. The mean ± standard deviation of dinucleotide O/E ratios for MERS-CoV coding sequence is 1.0 ± 0.144. The dotted box represents the 

confidence interval of 0.856-1.144. Dinucleotides outside the dotted box are under- or over–represented in the MERS-CoV genome. (B) Odds ratio of CpG 

and GpC dinucleotide in MERS-CoV genes. (C) The loss of CpG dinucleotides and the average gain in TpG and CpA dinucleotides in MERS-CoV genes. 

MERS-CoV indicates Middle East Respiratory Syndrome Coronavirus.
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[0.290], CGA [0.450], and CGG [0.48] were markedly sup-
pressed, while two codons (CGC[1.14] and CGU [1.80]) were 
over-represented in the MERS-CoV genome. Analysis of 
individual genes also revealed marked suppression of CpG-
containing codons in all genes except ORF 8b, in which four 
codons (ACG [0.03], CGG [0.00], GCG [0.290], CGA 
[0.00], and CGU [0.00]) were markedly suppressed, while four 
CpG-containing codons CCG (1.396), UCG (1.336), GCG 
(1.994), and CGC (20978) were over-represented. Taken 
together, these data suggest that depletion of CpG dinucleo-
tides significantly affected the usage of CpG-containing 
codons in the MERS-CoV genome.

Discussion
The current analyses revealed that the MERS-COV genome 
lacked strong codon usage bias, which is consistent with previ-
ously reported data on other coronaviruses.26,53,54 Weak codon 
bias has been reported in many RNA and DNA virus genomes 
and may serve best by enabling these viruses to maintain efficient 
replication without competing for limited tRNA resources.55 
The MERS-CoV genome is GC poor with almost 2/3 of 
amino acids encoded by A/U ending codon. Since the human 
genome is also AT-rich (58%),56 the biochemical machinery is 
appropriately enriched for the replication of AT-rich extra-
chromosomal genetic elements.57 A viral genome with match-
ing nucleotide composition will be less of a burden and will be 
more efficient in replication.

Although the coronavirus genome is a monopartite single-
stranded RNA, coronavirus structural, and accessory genes are 
expressed from independent transcription units with different 
translation efficiencies.13 Marked differences in codon usage 
bias among different genes indicate that different MERS-CoV 
genes have taken different codon evolution pathways depend-
ing on the function of these genes. Non-structural proteins are 
required for early stages of the viral life cycle and less restricted 
codon usage will ensure an abundant supply of these proteins 
for transcription and replication. Similarly, less restricted codon 
usage in proteins with potential interferon antagonizing prop-
erties58 and anti-apoptotic activity59 and more restricted codon 
usage in proteins with potential immunogenic60 or translation 
attenuation properties61,62 would likely benefit viral growth and 
spread.

Natural selection and mutation pressure are two main fac-
tors that account for codon usage variation in different organ-
isms.34,63 The ENC plot suggested that codon usage bias in 
MERS-CoV was not the sole result of the random accumula-
tion of mutations. Despite the significant correlation between 
GC12 and GC3 for most of the genes, the slope of the neutral-
ity plot suggests that only a fraction (< 16%) of codon usage 
bias in these genes is due to mutational pressure. Translational 
selection appears to be the major determinant of codon usage 
in MERS-CoV. Like many mammalian RNA viruses and ret-
roviruses,64,65 the CpG dinucleotide is markedly under-
represented in the MERS-CoV coding sequence. The precise 

mechanism that contributes to CpG under-representation in 
RNA viruses is still largely unknown; the selection of CpG 
suppressed clones by host immune system and methylation-
deamination are the most likely mechanisms responsible for 
CpG suppression in RNA viruses.22 Studies of influenza and 
picornaviruses indicate that the innate immune response might 
recognize RNA-specific CpG motifs, such that the suppres-
sion of CpG in viruses could assist immune evasion.66,67 In 
contrast, other studies have suggested that dinucleotide bias in 
viruses simply reflects background mutation pressure.55,68 
Comparative analysis of CpG suppression in coding and non-
coding regions of the MERS-CoV genome indicates signifi-
cantly lower CpG content in the MERS-CoV coding region 
than the non-coding region. The loss of CpG dinucleotides by 
deamination of methylated cytosines within CpG dinucleo-
tides results in a gain of TpG and CpA dinucleotides.64 
However, the increase in UpG and CpA dinucleotides in the 
coding region was not much different than that in the non-
coding region. This suggests that CpG suppression was not 
simply a consequence of host methylation capabilities; rather, it 
was a combined effect of multiple biochemical and evolution-
ary pressures specifically acting on CpG dinucleotide.22

Viruses acquire replicative fitness by controlling the expres-
sion of viral proteins. Some viruses achieve high replicative 
rates by codon usage optimized genomes, while others evade 
host immune system and attain latency by codon usage de-
optimized genomes.19,65 The mean CAI values in 0.708 ± 0.027 
in humans and 0.577 ± 0.028 in dromedary camels indicate 
that MERS-CoV genes are significantly less expressive in 
dromedary camels as compared to humans. Similarly, the 
RCDI value of > 1.568 ± 0.206 in humans and 1.805 ± 0.275 
indicate that MERS proteins are expressed in latency phases or 
even that the virus might present a low replication rate in 
dromedary camels. These subtle differences in protein expres-
sion among two hosts may explain the clinical manifestation of 
MERS-CoV infection. The MERS-CoV infection in humans 
is often acute with a high mortality rate, while clinical symp-
toms in camels infected with MERS-CoV are rare and gener-
ally mild.

In summary, the current study revealed a highly conserved 
gene-specific codon usage bias in the MERS-CoV genome. 
The formation of codon usage bias in the MERS-CoV genome 
is affected mainly by natural selection. Mutational pressure 
emerged as a minor factor affecting codon usage in some 
MERS-CoV genes. Dinucleotide bias, specifically the CpG 
suppression has significantly limited the use of CG containing 
codon. The depletion of CpG was a combined effect of evolu-
tionary pressures specifically acting on CpG dinucleotide and 
compositional constraints imposed by the nucleotide composi-
tion of the genome. Other factors that influenced codon usage 
included the gene length and protein properties. The subtle 
differences in the levels of MERS-CoV gene expression in 
humans and dromedary camel and the sharp contrast in the 
severity of diseases between two hosts warrant further studies 
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to determine the relationship between viral gene expression 
and severity of the disease. Several coronavirus proteins have 
been identified as interferon antagonist69 and, by inference, 
optimal expression of these genes is essential for viral patho-
genesis. Taken together, these results provided considerable 
insight into the genome composition and evolution of MERS-
CoV and may provide a theoretical basis for optimizing 
MERS-CoV gene expression to study the functional relevance 
of various MERS-CoV proteins. Alternatively, with affordable 
and readily available gene manipulation tools, attenuated vac-
cine strains containing hundreds of silent mutations can be 
engineered to mitigate the chances of reversal to pathogenic 
wild type.70
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