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AćĘęėĆĈę

Kyasanur Forest Disease was ϐirst evolved in the Kyasanur forest, Karnataka.
The transmission of the virus has occurred from the monkey to the human by
the tick vector. On the early day of viral spread, the disease was restricted to
the surrounded region of Kyasanur forest, Shimoga district. But in the present
days, the disease has been spreading to neighboring districts and states as
well. So, this study involves estimation of codon bias among the gene C, gene
E, gene prM, and gene NS5 of the KFD virus and rate of evolution with phylo-
genetic analysis. The codon usage analysis has revealed the moderate codon
bias among all the selected genes and the role of mutation pressure in genes-
C and E and natural selection in genes- prM and NS5. Also, the tMRCA age was
1942, 1982, 1975, and 1931 of genes- C, E, prM, and NS5, respectively, of the
KFD virus. The integrated analysis of codon usage bias and evolutionary rate
analysis signiϐies that both mutational pressure and natural selection among
the selected genes of the KFD virus.
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INTRODUCTION

Kyasanur forest disease (KFD) virus is a tick-borne
viral disease that belongs to the family Flaviviri-
dae, genus ϔlavivirus. The ϐirst case of KFDV was
reported in 1957 at Shimoga district, Karnataka,
India (Kasabi, 2011). An outbreak of disease caused
high mortality among monkeys in the Kyasanur for-
est, and viral transmission was followed to birds
and humans through ticks, a disease found mainly
with people who often travel to the forest and
have direct contact with forest areas (Haemphysalis
spinigera) (Author n.d.). A virus has found a high
rate of susceptibility in both hosts, humans and
monkeys. Since the exploration of the KFDV, the dis-
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ease was reported in and around ϐive districts (Shi-
moga, Chikkamagalore, Uttara-Kannada, Dakshina-
Kannada, and Udupi) of Karnataka state, India. Also,
the recent studies stated the presence of KFDV in
neighbouring states of Karnataka, including Maha-
rashtra, Kerala, Tamil Nadu, and Goa, which indi-
cates the risk factor or prevalence of viral spread in
the nearby geographical locality.

KFDV contains a positive sense of RNA genomes
that are an approximate length of 11kb and encoded
a single 3416 amino acid polyproteins. During
the post-translational process, the polyproteins are
cleaved into three structural (C, M/prM, and E)
and seven non-structural (NS1, NS2a, NS2b, NS3,
NS4a, NS4b, and NS5)proteins (Yadav, 2020; Dodd,
2011). Viral is well known as a biphasic syndrome
with hemorrhagic fever, severe headache, arthral-
gia, myalgia. The ϐirst phase of the viral features
is known to have thrombocytopenia, leukopenia,
and elevated transaminases. Neurological symp-
toms are the second phase of the syndrome (Dodd,
2011; Barido-Sottani et al., 2018; Gupta et al., 2020).

Capsid polyproteins are highly basic in nature, con-
taining 25.5% of arginine and lysine residues which
is similar to other ϐlaviviruses. It takes a major
role to build nucleocapsids by interacting with RNA.
Also, the C terminus of the capsid gene contributes
to transmit the signal sequence to the synthesis
of the prM, which shows a signiϐicant difference
among other tick-borne ϔlaviviruses. Glycoprotein E
(Envelope)possesses a major functional part as an
inducing haemagglutination inhibition, counteract-
ing, and as an antibody during the period of natu-
ral infection or immunization. Hence, envelope pro-
teins have been a hot spot to drug target or vacci-
nation (Venugopal et al., 1994). Non-structural NS5
of the ϐlaviviruses is the largest matured viral pro-
tein that is synthesized during the period of infec-
tion. Also, it secretes N-terminal methyltransferase
(MTase) that produces cap1 structure at the5’ endof
newly created viral genomes, promoting the trans-
lational process and protect viral RNA from immune
detection (Fajardo, 2020). So the protein NS5 is a
vital replication enzyme for both methyltransferase
and RNA polymerase (Yadav, 2020).

Thenonhomogenoususe of synonymous codonshas
beenbroadly reported in several genes andgenomes
of different organisms or species. The rate of syn-
onymous codon usage frequency in an individual
sample species is known as the codon usage bias
(CUB) (Wu et al., 2020; Zhou, 2016). The amount
of bias is extremely variable among each different
sample species; also, codon usage bias explains the
feature of molecular evolution. Natural selection

and mutational pressure are two major factors of
codon usage bias. Also, other factors such as din-
ucleotide composition, nucleotide composition, GC,
GC1, GC2, GC3, aromaticity (AROMO), and hydropa-
thy (GRAVY) are inϐluencing elements of shaping the
codon usage pattern. So the CUB can be a poten-
tial analytical approach for determining the major
cause of the bias (Comeron and Aguadé, 1998; Rah-
man and Ur, 2017).

Exploring the distinct diversity of a subpopulation
from its ancestral populations has remained an
essential quest in population genetics. When the
ancestry population acquires random genetic muta-
tion over the period, it produces a distinct diver-
sity in its progeny populations or subpopulations,
and interpretationof thedivergenceperiodbetween
populations has become a signiϐicant study of popu-
lation evolution (Zhou and Teo, 2016). The coales-
cent theory has proven to be an effective approach
for genetic problems in terms of bothmodelling bio-
logical aspects and generating rich statistical data.
The theory has been extensively implemented in
evolutionary studies. It is capable of analyzing the
rigorous statistical population data and hypothe-
sizing rational simulation datasets (Donnelly and
Tavare, 1995). Several methodologies have been
developed based on the coalescent theory, and these
can be categorized corresponding to the type of
input genetic data and hypothesis of the popula-
tion demography. For instance, tMRCA (time of the
Most Recent Common Ancestor) works on mainly
three methods, one class of method recognizes mul-
tiple neutral loci of each ∼1000 in multiple pop-
ulations, the second method interprets the tMRCA
from full information of the chromosomes, the third
one infers the tMRCA based on the extent linkage
equilibrium (LD) (Zhou and Teo, 2016). BEAST:
Bayesian Evolutionary Analysis By Sampling Tree
is a fast, user-friendly software that has become
a widespread platform for resolving the evolution-
ary analysis and phylogenetic time-tree. BEAST
relatively allows the Bayesian Markov chain Monte
Carlo (MCMC) algorithmormethod for phylogenetic
reconstruction, which is already the most embraced
and core algorithm. Also, it creates a platform
to analyze multiple data partitions at the same
time, which is helpful to estimate the single multi-
locus coalescent analysis (Drummond andRambaut,
2007). BEAUti is an analysis engine that is inte-
grated into the BEAST software, which allows cre-
ating the modelling ϐile without any GUI program-
ming. BEAUti has the ability to checkpoint and
restart analysis, template-based GUI enhancement,
and extensible XML format, and the tool tracer,
which is an in-built tool of BEAST software, helps
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to visualize the log ϐile in the graphical format gen-
erated after the execution of BEAST (Zhou and Teo,
2016). The tree annotator tool was used to burn
in the tree ϐile, and Figtree software used to further
phylogenetic tree visualization and to illustrate the
year of tMRCA. Whereas the system requires a Java
platform to execute the BEAST software in Linux or
ubuntu (Figure 9).

The proportion of substitution rate at the non-
synonymous and synonymous site are quantiϐied for
the estimation of selection and evolutionary pres-
sure on the protein-coding regions; the ratio of
dN/dS is the most often used method. The dN/dS
compares the rate of substitution at a silent site (dS)
to the substitution non-silent sites (dN) (Figure 10),
which may experience the selection (Kryazhimskiy
and Plotkin, 2008).

Although the evolutionary analysis of the whole
KFDV genome was already analyzed in the previ-
ous studies (Kasabi, 2011; Yadav, 2020; Dodd, 2011;
Mehla, 2009), in the current study, a strategy to ana-
lyze the pattern of codon usage bias, with phyloge-
netic background, and the variations among volu-
tionary characters using the tMRCA & evolution-
ary rate methods have been employed to under-
stand the common ancestors, selection pressure,
and most abundant codon frequency, respectively
among the Capsid (C), pre Membrane (prM), Enve-
lope (E), and non-structural RNA polymerase NS5 of
the KFD virus.

MATERIALS ANDMETHODS

Codon Usage Bias Analysis
Data Collection and Sequence Editing
The complete nucleotide coding sequence (CDs)
of gene C, gene E, prM, and NS5 of Homo sapi-
ens, monkeys, and ticks were downloaded individ-
ually from the NCBI database (National Center for
Biotechnology Information (nih.gov))in FASTA for-
mat, which had 30, 48, 34, and 33, respectively. The
CDs sequence was aligned using MEGA-X (Molecu-
lar Evolutionary Genetics Analysis)software, MUS-
CLE algorithm.

Quantitative Analysis of Nucleotide Composition
and Analysis of Dinucleotide Abundance Fre-
quency
The nucleotide composition of gene C, gene E, prM,
and NS5, include nucleotide at 3rd position, and GC,
GC1, GC2, GC3, GC12 (mean of GC at the ϐirst and
second position) were estimated using the MEGA-X
program. The frequency of GC and dinucleotide con-
tent, mononucleotides were calculated using the R
program by adopting the “SeqinR” add-on package.

A certain dinucleotide contributes to a codon usage
bias, and it represents a total of 16 dinucleotide
compositions of gene C, gene E, prM, and NS5 genes.
The dinucleotide abundance frequency is calculated
using by following Karlin and Burge method (Tao,
2009).

PXY =
FXY

FXFY

In the above formula, the frequency of nucleotide X
andY are represented as Fx andFy , di nucleotide fre-
quency is represented as FXY . If the value of PXY is
>1.23, it represents the over representation of din-
ucleotides, and the PXY value < 0.78 are underrep-
resented dinucleotides. Extreme dinucleotide abun-
dance is PXY ≥1.50, and PXY ≤0.50 is extremely
underrepresented. Frameworkwork of relative din-
ucleotide abundance analysis identiϐies both natural
selection and mutational pressure (Khandia et al.,
2019). In order to calculate the abundance fre-
quency, the dinucleotide frequency was calculated
in R studio software using the “SeqinR” package.

Analysis of Relative Synonymous Codon Usage
(RSCU)
The RSCU analysis was performed to determine the
resemblance impact and study the feature of syn-
onymous codon usage between genes- C, E, prM, and
NS5of the KFD virus (Rahman andUr, 2017; Takaaki
and Tatsuo, 2018). The method is implemented
by assigning the numerical values to each codon of
the gene or genome and analyzing each codon bias
by comparing to the referencing standard random
expectations of the codon usages. Therefore, the
RSCU index is the division of the observed frequency
of codon usage by the probable frequency under the
hypothesis of equivalent synonymous codon usage
of amino acids (Behura and Severson, 2013). The
individual RSCU value was calculated using the sim-
ple formula:

RSCUij =
Xij[(

1

ni

)∑ni
j=1 (Xij)

]
In the above formula, Xijdenotes the number of the
jth codon for the ithamino acid, and synonymous
codons that codes for the ithamino acids are repre-
sented by n.

Parity rule 2 bias plot analysis

The Parity rule 2 (PR2) bias was determined by the
values of GC bias [G3/(G3+C3)] on the abscissa and
AT bias[A3/(A3+T3)] on the ordinate. The explo-
ration of this method helps to examine the mag-
nitude between mutational pressure and natural
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Figure 1: Graphical representation of overall nucleotide composition among genes- C, E, prM, NS5
of KFD virus. Error bars are indicative of standard deviation.

Table 1: Nucleotide composition of gens- C, E, prM, and NS5 of the KFD virus (in frequency)
Nucleotide com-
position

Genes of KFDV

Gene C Gene E Gene prM Gene NS5

T 18.77%± 0.30 20.42%± 0.26 21.30%± 0.19 19.42%± 0.22
C 24.80%± 0.20 24.09%± 0.24 20.09%± 0.38 23.09%± 0.20
A 25.25%± 0.35 25.61%± 0.08 26.44%± 0.41 25.17%± 0.12
G 31.16%± 0.40 29.86%± 0.07 32.14%± 0.25 32.30%± 0.13
T3 16.61%± 7.99 19.71%± 0.78 21.61%± 1.58 16.69%± 0.63
C3 22.85%± 1.68 27.53%± 0.66 22.44%± 1.68 30.51%± 054
A3 26.09%± 5.52 22.15%± 0.23 24.70%± 1.21 19.02%± 0.30
G3 34.44%± 4.08 30.59%± 0.20 31.22%± 1.87 33.76%± 0.40
GC 55.97%± 0.54 53.95%± 0.20 52.24%± 0.58 55.39%± 0.33
GC1 57.08%± 1.42 58.00%± 0.19 53.55%± 1.01 56.79%± 0.15
GC2 53.45%± 2.19 45.74%± 0.09 49.51%± 1.14 45.10%± 0.14
GC3 57.28%± 2.59 58.12%± 0.68 53.67%± 1.36 64.28%± 0.89
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Figure 2: Illustration of dinucleotide abundance frequency of genes- C, E, prM, and NS5 of KFD
virus. Red and black lines are shown as an indication of over and under-represented dinucleotide
frequencies, respectively.

selection (Tao and Yao, 2020). In the PR2 plot, 0.5
is the focal point of both coordinates, is the position
where G=C and A=T (Chen et al., 2014). Therefore,
points situated on the focal point is an indication of
unbiased and nonconformity between natural selec-
tion and mutation pressure (Pan et al., 2020).
Analysis of Effective Number of Codons (eNC)
An effective number of codons is aimed to measure
the distant between codon usage of a gene and stan-
dard expected synonymous codon usage. So, the
notch of codon usage bias is measurable by the size
of eNC values (Wu et al., 2020; Wang and Zhang,
2020). The range of the eNC values lies between
20 and 61. In which only one codon is used to
code for each amino acid is known as an extremely
biased gene, eNC value will be closer to 20. In con-

trast, the value of the unbiased gene will be 61. The
method also suggests that the more the extent of
codon favourable in a gene with, the lesser the ENC
value (Xu, 2017). Values between 35 to 55 are an
indication of slight bias in a gene (Wang and Zhang,
2020; Tao and Yao, 2020). The eNC values and eNC
plot was illustrated using the following formulas:

ENC = 2 +
9

F2

+
1

F3

+
5

F4

+
5

F6

In the formula, Fi (i = 2, 3, 4, 6) represents the aver-
age of Fi values for i fold amino acids, where Fi can
be calculated using the below formula:

Fi=

n
∑i

j=1(nj/n)
2 − 1

n− 1
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Figure 3: Overall RSCU frequency of gene C, gene E, prM, and NS5 of the KFDV. Over represented
codons (>1.6) are highlighted in yellow and under represented codons (<0.6) are in green.
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Figure 4: Representation of overall RSCU frequency of selected genes. A dotted red and black lines
are indicative of over and under representation, respectively.

Figure 5: Illustration of PR2 bias plot. The interception of the X and Y-axis is the origin (0.50), and
it is the place where nucleotide composition A=T, G=C of the DNA strand.

Where n represents the total of codons for particu-
lar amino acid, and nj represents the total observed
number of the jth codon for that amino acid (Wu
et al., 2020).

eNC plot was illustrated to determine the relation-
ship between an eNC and GC3 (GC nucleotide at 3rd

position). The plot quantiϐies the codon usage bias
of a gene, and it is the best method to estimate the
total synonymous codon usage. The following equa-
tion was used to plot the eNC plot,

ENCexpected = 2 + S +

(
29

S2 + (1− S)2

)

Where GC3 contents are represented by S. If the eNC
values pointed on the standard, it speciϐies that bias
is inϐluenced by the mutational pressure, whereas
values that are pointed below the curve indicates
the role of natural selection in shaping the codon
usage (Yao et al., 2020).

Neutrality plot analysis
The neutrality plot method was employed to iden-
tify the factors that affect the preference of codon
usage and to examine the amount of inϐluence of nat-
ural selection andmutational pressure in each gene,
gene C, gene E, gene prM, and gene NS5 of the KFD
virus. The neutrality plot demonstrates the linear
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Figure 6: Each coloured points in a plot represent the different genes of the KFDV, and the
illustration of a plot elucidates the relationship between the ENC value of a particular gene and its
GC3 content.

Figure 7: Graphical representation of neutrality of gene C, gene E, prM, and NS5. The Axis-X
represents the frequency of GC3, and Axis-Y represents the mean value of GC12 (mean of GC at
1stand 2nd position).

© International Journal of Research in Pharmaceutical Sciences 2035



Chandan Shivamallu et al., Int. J. Res. Pharm. Sci., 2021, 12(3), 2028-2046

Figure 8: Graphical representation of correspondence analysis, showing a greater contribution of
Axis-1 in shaping the codon usage pattern in genes- C, E, prM, and NS5 of the KFD virus.

Table 2: Relative dinucleotide abundance frequencies of genes - C, E, prM, and NS5
Dinucleotides Gene C Gene E Gene prM Gene NS5

AA 1.477 0.881 0.93 0.964
AC 0.591 1.298 1.037 0.989
AG 0.913 0.985 1.087 1.052
AT 1.035 0.831 0.923 0.974
CA 0.727 1.475 1.691 1.263
CC 1.237 1.044 0.885 1.092
CG 0.918 0.485 0.556 0.521
CT 1.203 1.09 0.898 1.331
GA 1.06 1.064 1.063 1.224
GC 1.071 0.809 0.928 0.812
GG 1.045 1.147 0.875 1.069
GT 0.774 0.929 1.19 0.817
TA 0.575 0.503 0.332 0.371
TC 1.143 0.859 1.182 1.215
TG 1.161 1.394 1.487 1.372
TT 1.065 1.207 0.909 0.947
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Table 3: Selected gene’s sequence of the KFDV with accession ID and year of isolation (YoI).
Gene C Gene E GeneprM GeneNS5

Accession
Number

YoI Accession
Number

YoI Accession
Number

YoI Accession
Number

YoI

JQ434075.1 2007 JQ434075.1 2007 MH013227.1 2016 MG720079.1 2012
MG720081.1 2013 KP315947.1 2014 MH013226.1 2016 MG720080.1 2012
MG720082.1 2013 KY779854.1 2012 MG934430.1 2017 MG720081.1 2013
MG720085.1 2013 KY779859.1 2012 MG720122.1 2016 MG720082.1 2013
MG720086.1 2013 KY779864.1 2015 MG720121.1 2017 MG720083.1 2012
MG720087.1 2013 KY779865.1 2015 MG720120.1 2016 MG720085.1 2013
MG720091.1 2016 KY779866.1 2013 MG720119.1 2016 MG720086.1 2013
MG720092.1 2016 KY779867.1 2015 MG720118.1 2016 MG720087.1 2013
MG720096.1 2016 MF186838.1 2016 MG720117.1 2017 MG720091.1 2016
MG720098.1 2006 MF186839.1 2016 MG720116.1 2017 MG720092.1 2016
MG720101.1 2016 MF186840.1 2016 MG720115.1 2016 MG720096.1 2016
MG720102.1 2017 MF186841.1 2016 MG720114.1 2017 MG720098.1 2006
MG720104.1 2016 MF186842.1 2016 MG720113.1 2017 MG720101.1 2016
MG720105.1 2016 MF186843.1 2016 MG720111.1 2016 MG720102.1 2017
MG720106.1 2016 MF186844.1 2016 MG720110.1 2014 MG720103.1 2012
MG720108.1 2012 MG720079.1 2012 MG720108.1 2012 MG720104.1 2016
MG720111.1 2016 MG720080.1 2012 MG720106.1 2016 MG720105.1 2016
MG720113.1 2017 MG720081.1 2013 MG720105.1 2016 MG720106.1 2016
MG720114.1 2017 MG720082.1 2013 MG720104.1 2016 MG720108.1 2012
MG720115.1 2016 MG720083.1 2012 MG720103.1 2012 MG720110.1 2014
MG720117.1 2017 MG720085.1 2013 MG720102.1 2017 MG720111.1 2016
MG720118.1 2016 MG720086.1 2013 MG720101.1 2016 MG720113.1 2017
MG720119.1 2016 MG720087.1 2013 MG720098.1 2006 MG720114.1 2017
MG720120.1 2016 MG720091.1 2016 MG720096.1 2016 MG720115.1 2016
MG720121.1 2017 MG720092.1 2016 MG720092.1 2016 MG720116.1 2017
MG720122.1 2016 MG720096.1 2016 MG720091.1 2016 MG720117.1 2017
MH013226.1 2016 MG720098.1 2006 MG720087.1 2013 MG720118.1 2016
MH013227.1 2016 MG720101.1 2016 MG720086.1 2013 MG720119.1 2016
– – MG720102.1 2017 MG720085.1 2013 MG720120.1 2016
– – MG720103.1 2012 MG720083.1 2012 MG720121.1 2017
– – MG720104.1 2016 MG720082.1 2013 MG720122.1 2016
– – MG720105.1 2016 MG720081.1 2013 MH013226.1 2016
– – MG720106.1 2016 MG720080.1 2012 MH013227.1 2016
– – MG720108.1 2012 MG720079.1 2012 – –
– – MG720110.1 2014 – – – –
– – MG720111.1 2016 – – – –
– – MG720113.1 2017 – – – –
– – MG720114.1 2017 – – – –
– – MG720115.1 2016 – – – –
– – MG720116.1 2017 – – – –
– – MG720117.1 2017 – – – –
– – MG720118.1 2016 – – – –
– – MG720119.1 2016 – – – –
– – MG720120.1 2016 – – – –
– – MG720121.1 2017 – – – –
– – MG720122.1 2016 – – – –
– – MH013226.1 2016 – – – –
– – MH013227.1 2016 – – – –
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Figure 9: Phylogenetic tree of each gene - C,E,prM, and NS5 of the KFD virus indicating the tMRCA
diverging age at the midpoint.

Table 4: Substitution rate and tMRCA ages of KFDV genes. The substitution rate was estimated
using the Datamonkey server.
Genes Substitution Rate

(subs/site/year)
tMRCA Ages

Mean 95% HPD (Highest Posterior
Density)

Mean 95% HPD

Low High Low High

Gene C 5.606E-4 1.5466E-4 1.0269E-3 74.07 23.81 144.25
Gene E 8.964E-4 5.8034E-4 1.2168E-3 34.52 23.25 47.65
Gene prM 5.655E-4 2.1754E-4 9.3808E-4 41.92 18.90 74.40
Gene NS5 2.678E-4 8.1067E-5 4.4463E-4 86.31 35.14 158.61

Table 5: List of a positively selected site among the selected genes of KFD virus
KFDV Genes Positively selected site Overall dN/dSrate ratio

Gene C 34 0.371
Gene E 123 0.273
Gene prM No Evidence 0.225
Gene NS5 826 0.064
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Figure 10: Overall dN/dS(ω) rate ratio of genes- C, E, prM, and NS5 of the KFD virus.

relationship between GC12 (Mean of GC1 and GC2 )
and GC3. To plot the scatter diagram, the GC3 val-
ues were plotted against GC12 on verticle and hor-
izontal axes, respectively. As a selection-mutation
equilibrium coefϐicient, a regression line was plot-
ted on the graph. Less than 0.5 regression coefϐi-
cient value indicates the inϐluence of natural selec-
tion, and greater than 0.5 indicates the major role of
mutational pressure (Deb et al., 2020).

Estimation of AverageAromaticity (AROMA) and
Hydrophobicity (GRAVY)

Apart from nucleotide compositions, ENC, RSCU,
and CAI, GRAVY (Grand Average Hydrophobicity),
and AROMO (Aromaticity) contributes to shap-
ing the codon usage. GRAVY is well known as
the sum of hydropathy values of entire amino
acids in a sequence, range between -2.0 & +2.0.
Hydrophobicity proteins will attain positive values,
whereas hydrophilic proteins will achieve negative
values (Khandia et al., 2019). The AROMO value is
the occurrenceof aromatic amino acids, i.e. Trp, Phe,
and Tyr, within an amino acid sequence (Khandia
et al., 2019).

Correspondence Analysis (COA)

The codon usage bias diverges from one gene to
another. Therefore, the correspondence analysis
was implemented based on the previous study by
Greenacer (Fabra et al., 2010; Yao et al., 2020) to

compute the relationship and variation among the
genes- C, E, prM, andNS5 (Xu, 2017). The implemen-
tation of COA was to understand the variation and
dissimilarities in codon usage. A plot was illustrated
using the values of 59 synonymous codons of RSCU
across two axes (axis-1, axis-2) (Deb et al., 2020).
The correspondence analysis was performed using
CodonW software and visualized in R programming
software.

Evolutionary characteristics Analysis
Sequence Data
Each nucleotide sequence of genes- C, E, prM
and NS5 were downloaded from the NCBI web-
site (National Center for Biotechnology Information
(nih.gov)). A total of 30, 48, 34, and 33 sequences of
genes- C, E, prM, andNS5ofHomosapiens,Monkeys,
andTicks from the regionof Indiaweredownloaded.

Sequence Alignment
The multiple sequence alignment and sequence
editing of a nucleotide sequence that codes for
genes- C, E, prM, and NS5 of the KFD virus were
individually aligned using the MEGA-X software by
incorporating the MUSCLE algorithm.

Homologous Recombination Detection
The Datamonkey web server, which provides an
algorithm GARD (Genetic Algorithm for Recombina-
tion Detection) to estimate the homologous recom-
bination, was used to determine the homologous
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recombination genes. There was no report of
genetic recombination regions found in any of the
genes.

Evolutionary Rate and Coalescent Analysis

The construction of phylogenetic analysis, a choice
of statistical best-ϐit models, is the fundamental cri-
teria. Therefore, a phylogenetic model was selected
based on the Akaike Information Criteria (AIC)
obtained from the jModelTest2 tool. Whereas, the
BEAUti interface of the BEAST software was used to
build the input analysis. The four molecular clock
models ( Relaxed Clock log-normal (RCLN), Relaxed
clock exponential (RCE), Strict clock, and Random
Local Clock (RLC)) were considered with Coales-
cent: Bayesian skyGrid and Coalescent: Extended
Bayesian skyline plot trees (Suresh, 2020). An algo-
rithm Markov Chain Monte Carlo (MCMC) in the
Bayesian Analysis by Sampling Tree was used to co-
assess the evolutionary rate and time to the most
recent common ancestor. The MCMC chains was
repeatedly changed until all the constraints had an
effective sample extent of >200. The BEAST gener-
ated log ϐiles were analyzed using the BEAST inte-
grated Tracer tool.

Determination of Selection Pressure or Positive
Selection

The positive selection pressure was employed using
the Datamonkey Adaptive Evolution (DAE) server to
eliminate the superϐluous sequence in a dataset of
evolutionary rate analysis. Determining the ratio of
non-synonymous (dN) to synonymous (dS) substi-
tution is an approach to estimate the selection pres-
sure.

The Fixed-Effects Likelihood was employed for the
evaluation of dN, dS, and dN/dS (ω) rate per site of
a coding alignment sequence. Also, the FEL strategy
expects that the determination of positive selection
for each site is consistent along thewhole phylogeny.

RESULTS

Codon usage analysis

Data collection and sequence editing

The CDS (coding sequence) of each gene i.e., gene C
(n=30), gene E (n=48), gene prM (n=34) and gene
NS5 (n=33) of the KFD virus were extracted from
the NCBI (National Center for Biotechnology Infor-
mation (nih.gov)) database.

Removal of stop codons, sequence editing, multi-
ple sequence alignment (using MUSCLE algorithm),
and estimation of nucleotide composition was per-
formed using MEGA-X software.

Analysis of Nucleotide Composition and Relative
Dinucleotide Abundance Frequency
The nucleotide composition such as A, T, G, C, and
nucleotide composition at 3rd position A3, T3, G3,
C3, also the G+C contents GC, GC1(GC content at
1st codon position), GC2 (GC content at 2nd codon
position), GC3 (GC content at 3rd codon position)
of genes - C, E, prM, NS5 were estimated to analyze
the contribution of nucleotide composition in codon
usage bias. The evaluated frequency of nucleotide
composition is given in Table 1 (Figure 1) and
detailed nucleotide compositions of all the genes are
listed in [supplementary Table 1].

Whereas, an estimation of relative abundance fre-
quency of 16 dinucleotides of selected genes- C, E,
prM, and NS5 of KFDV was calculated using R stu-
dio software. The dinucleotide that has a frequency
value>1.23 is knownasover represented, and<0.78
are underrepresented. The overall abundance fre-
quency f all four genes are listed in Table 2 (Fig-
ure 2).

1. Gene C: Among all the 16 dinucleotide bases,
two dinucleotide AA (1.477) and CC (1.237)
were overrepresented >1.23. And, AC (0.591),
GT (0.774), and TA (0.575) were observed as
underrepresented < 0.78.

2. Gene E: AC (1.298), CA (1.475), and TG
(1.394) are overrepresented, and CG (0.485),
TA (0.503) were underrepresented.

3. Gene prM: CA (1.691) and TG (1.487) are over-
represented, and CG (0.556), TA (0.332) seems
to be underrepresented.

4. Gene NS5: The dinucleotide CA (1.263), CT
(1.331), TG (1.372) were observed as overrep-
resented, and CG (0.521), TA (0.371) are under-
represented.

Analysis of Relative Synonymous Codon Usage
(RSCU)
In the present study, the relative synonymous codon
usage of each gene, gene C, gene E, prM, and NS5,
were determined and plotted using theR studio pro-
gramming software (Figure 3). The frequency value
of each synonymous codon is segregated based on
the RSCU range of 0.6 to 1.6. The values >1.6
are known as an over represented synonymous
codon, and < 0.6 are represented as underrepre-
sented synonymous codons. The determined over
and under-represented codons are highlighted yel-
low and green colour, respectively (Table 3). The
codons that achieve a signiϐicant frequency value
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>1.0 are known as high frequency or positively
biased codons. Whereas, the frequency < 1.0 is
termed as a lower frequency or negatively biased
codon.

1. Gene C: Among all the 59 codons, eight codons
(

2. Gene E: Seven codons (AAC, CAG, CCA

3. Gene prM: Nine codons (ACA, AGA, AGG, ATT,
CAA, CTC, CTG, GTG, TCA), and eight codons
(AAT, CAC, CGA, CGC, CGT, GGT, GTA, TGC)
was identiϐied as over and under-represented
codons, respectively. Also, 25 high-frequency
& 24 low-frequency codons were obtained.
7 codons were terminated with nucleotide A
among the 25high-frequency codons in the prM
gene.

4. Gene NS5: Five (AGG, ATC, CTC, CTG¸GTG),
and nine codons (AAT, ACT, ATA, CAA, CCT,
CGG, CGT, CTA, TCG) were over and under-
represented, respectively. Also, 28 high-
frequency & 30 low-frequency codons were
determined. Among the 28 high-frequency
codons, 13 codonswere dominantly terminated
with nucleotide C.

Analysis of natural selection and mutational
pressure on the codon usage bias

To analyze the inϐluencing factors of mutational
pressure and natural selection among the genes- C,
E, prM, and NS5 of the KFD virus, the estimation of
Parity Rule 2 (PR2), eNC, and Neutrality was exam-
ined and plotted by using R studio programming
software.

Analysis of Parity rule 2 – plot

The origin of the PR2 signiϐies the direction and
degree of bias. Parity rule 2 bias plot is compara-
tively informative when the PR biases are estimated
at the third position of AT and GC content. The
nucleotide composition of DNA is A=T, G=C, accord-
ing to Chargraff’s 2nd parity rule (PR2). So the ori-
gin is the place where there is no accumulation of
bias. The PR2 plot is constructed by plotting the
[G3/(G3+C3)] values on X-axis and [A3/(A3+T3)]
values on the Y-axis. In this study, the mean value
of[G3/(G3+C3)] and [A3/(A3+T3)] of each selected
genes of the KFD virus were as follow,

1. Gene C: The calculatedmean value of GC and AT
bias was 0.59 and 0.61, respectively. The domi-
nation of AT over the GC indicates

2. Gene E: Mean value of GC and AT bias was 0.52
and 0.52, respectively. Equal contribution of
both purines and pyrimidines.

3. Gene

4. Gene

In the present study, none of the genes has A=T, G=C
composition, specifying the bias among selected
genes. The NS5 and gene E shows a slightly less bias
compared togeneC, andprMsince thepoints of gene
C and prM were situated away from the origin (Fig-
ure 4). Therefore, the parity rule 2 plot speciϐies an
occurrence of bias at the third position of AT and GC
of all the selected genes, also suggests themajor role
of natural selection over the mutational pressure.

Analysis of Effective Number of Codons (eNC)
Theeffectivenumberof codonswas calculated for all
the selected genes of KFDV, and it is to evaluate the
pattern of extent codon usage in a particular gene
or genome. Whereas in this study, the eNC value
of genes- C, E, prM, and NS5 obtained was 45.52-
53.92 (SD ±2.64), 53.04-54.28 (SD ±0.33), 44.96-
54.85 (SD ±1.53), and 51.93-53.25 (SD ±0.30),
respectively (supplementary Table 1). eNC of all
the selected genes was plotted in a single frame to
illustrate and compare the selection and mutational
pressure (Figure 5). Each different colour point rep-
resents the different four genes. Points situating
right below and close to the standard curve speciϐies
a major role of natural selection and slight inϐluence
of GC3.

Analysis of Neutrality plot
The neutrality was analyzed and plotted by calcu-
lating the nucleotide composition of GC12 (mean
value of GC1 and GC2) against GC3 to determine
the prompting factors of natural selection andmuta-
tional pressure. Whereas as in the graph, the
slope of the regression line acts as an indicator or
expressed as the evolutionary rate of natural selec-
tion and mutational pressure. Also, the regression
coefϐicient against GC12 and GC3 is considered as
a natural-mutational equilibrium coefϐicient. In the
present study, a negative regression line and neg-
ative signiϐicant R-value were observed in gene C
with y= 0.876-0.564, R2 = 0.77, and 56.4% neutral-
ity that indicates mutational pressure over selec-
tional pressure. The negative regression line and
negative signiϐicant score between GC12 & GC3 of
gene E were observed as y=0.561-0.0721, R2= 0.17,
and 1.7% of neutrality that shows a mutational
pressure. whereas, in the prM and NS5 genes,
the positive regression line and positive signiϐicant
coefϐicient were observed with y=0.483+0.0599,
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R2=0.034 & 3.4% neutrality, and y= 0.478+0.049,
R2=0.13 &1.3% neutrality, respectively. Indicat-
ing natural selection over mutational pressure (Fig-
ure 6).

Estimation and correlation of Average Aromatic-
ity (AROMA) and Hydrophobicity (GRAVY)

To determine the correlation of hydrophobicity and
aromaticity between eNC and GC12 of the genes-
C, E, prM, and NS5 were evaluated [supplemen-
tary Table 2]. In gene C, a negative signiϐicant
valuewas observed between eNC-GRAVY and GC12-
GRAVY, -0.2429 and -0.2901, respectively, indicating
the inϐluence of hydrophobicity. Whereas, the non-
signiϐicant correlation of aromaticity between eNC
and GC12 signiϐies the absence of aromaticity effect
while shaping the codon bias pattern in gene C. The
non-signiϐicant correlation score of GRAVY between
eNC and GC12 0.0131 and 0.0349, respectively, sig-
niϐies the non-impact of hydrophobicity in gene E,
but a signiϐicant correlation of AROMAbetween eNC
and GC12 -0.0631 and -0.1144 was seemed to be
a contributing factor for shaping the codon usage
bias in gene E. Signiϐicant correlation -0.0154 and
-0.0171 of GRAVY were observed and shows the
impact of hydrophobicity, but the observed non-
signiϐicant correlation of AROMA between eNC and
GC12 were 0.1537 and -0.1621, respectively in gene
prM. Although in non-structural gene NS5, non-
signiϐicant correlation values of GRAVY between
eNC& GC12 and AROMA between eNC& GC12, i.e.,
0.1010&-0.1224 and 0.0631&0.0351, respectively,
were noticed as a non-contribution factor while
shaping the codon usage bias.

Correspondence analysis (COA)

The correspondence analysis was performed using
the R program software Figure 7 represents the COA
of each gene, in which each set of coloured points
are representative of different selected genes of
KFDV.In correspondence analysis (COA), 59 codons
(except Trp, stop codons, and Met) were illustrated
along 59 orthogonal axes in high-dimensional space.
In a COA plot, the RSCU value was plotted in the
high-dimensional space. Whereas, Axis-1 and Axis-
2 were considered as major contributors (these
axes are the two major dimensional coordinates).
In the analysis, axis-1 elucidated 54.3%, 85.8%,
49.9%, and 93.3% contribution, and axis-2 eluci-
dated 20.5%, 5.6%, 28.7%, and 4.1% contribution
for genes- C,E, prM,andNS5 of theKFDvirus, respec-
tively. Hence, axis-1 shows a higher usage for NS5
(93.3%) and comparatively slightly less for the rest
genes of the KFDV. Therefore, axis-1was more con-
templated while shaping the codon usage pattern.
Also, the contribution of Axis-1 is an indication of

greater codon usage variation among the gene C,
gene E, prM, and NS5 genes of the KFDV.

Evolutionary characteristics Analysis
Data collection and Sequence Editing
To analyze the evolutionary characteristics, the pro-
found nucleotide sequence of gene C, gene E, prM,
and NS5 of KFDV from the region of India were
downloaded from the NCBI database (https://www
.ncbi.nlm.nih.gov) (Table 4). The sequence of gene C
(n=29), geneE ((n=48), prM (n=34), andNS5 (n=33)
were aligned and edited using MEGA-X software.

Homologous Recombination Detection
A Genetic Algorithm for Recombination Detection
(GARD) was used to determine the homologous
recombination in the dataset of genes- C, E, prM,
and NS5 genes of the KFDV. However, none of the
gene’s found any recombination evidence. There-
fore, the dataset containing the FASTA sequence of
the selected genes was taken directly to analyze the
evolutionary rate.

Evolutionary Rate Analysis
Evolutionary rate analysis was employed to assess
the signiϐicant changes in evolutionary rate over the
period. In this study, the complete gene sequence of
genes- C, E, prM, andNS5 of the KFD viruswere used
to evaluate the time of Most Recent Common Ances-
tor (tMRCA) and substitution rate (s/s/y) using the
Bayesian-based coalescent method. As a prelimi-
nary criterion, the DNA substitution model selec-
tion was done using the jModelTest2 tool. Based on
the AIC (Akaike Information Criterion) score gener-
ated in the jModelTest2 tool, the best ϐit substitu-
tion models- GTR was observed as the best ϐit for
gene C, GTR+G for both gene E and NS5, and HKY for
the prM gene. The required parameters and priors,
MCMC chain length, clock rate was speciϐied using
the BEAUti tool to generate XML format. The tree
ϐiles (.trees) and logarithmic (.log) were obtained
from the XML ϐile after performing the execution
of the BEAST. The estimated evolutionary rate and
tMRCA are listed in Table 5.

To each dataset of the genes, the MCMC chain cycle
1-10million generationswere run to achieve promi-
nent concurrence of statistical parameters. The
95% HPD (Highest Posterior Density) interlude of
the divergence parameter for tMRCA was obtained
from the tmrca/tree height, and the substitution
rate was obtained from the mean rate/ clock rate.
The log ϐile generated from BEAST and the Tracer
tool was used to visualize the achieved statistical
scores.

The evolutionary rates for the genes- C,E, prM, and
NS5 from the KFD virus are 5.6 x10−4, 8.9 x10−4,
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5.6 x10−4, and 2.6 x10−4 respectively. The recorded
tMRCA ages as 74.07 years with 95% HPD (low-
est 23.81, highest 144.25), 34.52 years with 95%
HPD (lowest 23.25, highest 45.65), 41.92 years with
95% HDP (lowest 18.90, highest 74.40), and 86.31
years with 95% HPD (lowest 35.14, highest 158.61)
(Table 5). Analyzing the phylogenetic tree of gene -C,
E, prM, and NS5 of KFDV reveals the tMRCA ages as
1942, 1982, 1975, and 1931, respectively (Figure 8).

The evolutionary rate of gene NS5 (86) years (1931-
2017) was high compared to the genes- gene C (75),
gene E (35), and prM (42), respectively. This indi-
cates the gene NS5 was found to be the ϐirst synthe-
sized virulent gene.

Positive Selection Analysis

Selection pressure was analyzed from the Datamon-
key server using the FEL algorithm. The results dis-
covered that one site in genes- C, E, NS5 has under-
gone positive selection (ω < 1) i.e., sites34, 123,
826, respectively with overall dN/dS(ω) rate ratio of
0.371, 0.273, and 0.0640. Whereas, there was no
evidence of a positively selected site found in the
prM gene of the KFD virus.

DISCUSSION

The KFD virus that belongs to Flaviviridaehas
been one of the high zoonosis infectious dis-
eases. That was ϐirst reported in the Kyasanuru
forest at Shimoga among the monkeys (Kasabi,
2011). A tick called Haemaphysalisspinigerawas the
ϐirst observed major transmission vector when the
infection was transferred from monkey to human
(Author n.d.). Although there are 16 ticks were
found to have the capability of carrying the viru-
lent gene and the ability to transmit (Yadav, 2020).
The KFD virus contains a positive–sense and single-
strand RNA genome that is almost 11kb in length,
which encodes a single polyprotein amino acid.

In the present study, the three structural genes and
one non-structural gene, i.e., NS5, have been used
to examine the codon usage bias and evolutionary
rate among them. To determine mutational pres-
sure and natural selectionwith a site-speciϐic region
among the selected genes, the integration of two
different methodologies was employed. Based on
the literature survey, we found that there are spe-
ciϐic codon usage bias analyses have been employed
on the KFDV virus. Although, districtwide analy-
sis of evolutionary rate was observed in a previ-
ous study (Yadav, 2020; Mehla, 2009) by involv-
ing the PCR and NGS. The result of the previous
study emits lower genetic divergence among gen-
eral ϔlaviviruses (Yadav, 2020). Whereas, in the

present study, we have used the overall available
gene sequences from the NCBI database around
India.

The codon usage bias analytics was employed to
determine the pattern of codon bias. The evalu-
ated nucleotide composition of each gene revealed
that nucleotide G has been used most frequently in
all genes of the KFD virus. The frequent usage of
nucleotideG couldbe the genomic featureof theKFD
virus. Whereas, the dinucleotides AA-CC, AC-CA-TG,
CA-TG, and CA-CT-TG were observed to be the most
abundant dinucleotides in genes- C, E, prM, andNS5,
respectively. Indicating that each gene has different
abundant dinucleotides, and CA seems to be com-
mon in genes- E, prM, and NS5. Also, dinucleotides
AC-GT-TA, CG-TA, CG-TA, CG were reported as under-
represented in genes- C, E, prM, and NS5, respec-
tively. The relative synonymous codons (RSCU)that
ended with under-represented dinucleotides are do
not seem to be favourably preferred while shaping
the codon usage. Thus, observing the variations or
substitutions of odd preferring dinucleotides illus-
trates that dinucleotide and mononucleotide are
contributing factors in shaping the codon usage pat-
tern of the KFD virus.

The magnitude between mutational pressure and
natural selection was estimated for each gene- C,
E, prM, and NS5 of the KFD virus. A result of PR2
signiϐies that there was a noticeable and high bias
among the prM and C genes compared to E and NS5.
Since the NS5 and E genes were almost closer to the
origin, specifying that the base pairs A=T and G=C
nucleotide pattern. According to a previous study
about codon usage bias (Chen et al., 2014), genes
that situate on the origin of the PR2 plot deϐines that
no bias in the sequence. So, considering this feature
of the PR2 plot, we can conclude that the genes E
andNS5 has very slight bias compared to gene C and
prM.

The evaluated eNC values varied at the average of
49.17 (SD ±2.64), 53.70 (SD ±0.33), 52.85 (SD
±1.53), and 52.43 (SD ±0.30) among the genes- C,
E, prM, and NS5, respectively. Whereas the previ-
ous research states that, lower the eNC score deϐines
the high gene expression. Since, the eNC scores that
range between 35-55 indicates a moderate level of
bias among the sequences (Tao and Yao, 2020;Wang
andZhang, 2020). It is revealed that the eNCvalue of
each gene- C, E, prM, and NS5-was found to be mod-
erately biased.

To conϐirm the driving forces of the bias and the
extent of evolutionary forces, the analysis of neutral-
ity andplotwas employed. A less than0.5 regression
coefϐicient score is an indication of natural selec-
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tion whereas, greater than 0.5 is mutational pres-
sure. The methodology considers the regression
coefϐicient asmutational-natural coefϐicient equilib-
rium (Deb et al., 2020). The obtained results spec-
ify the mutational pressure taking the major role
among the genes- C and E, whereas genes- prM and
NS5 genes experiencing the natural selection. The
mutations in the viral genome arise from the errors
in the replication process. Also, a genetic variation
within the population can be considered as a rate of
mutation, and a highmutational rate is proportional
to the population size. This mutation evolution can
lead to a greater degree of genetic diversity (Deb
et al., 2020).

The inϐluencing physical properties of amino acid,
such as hydrophobicity and aromaticity, were esti-
mated, and correlation was evaluated for each gene
of the KFD virus. Previous research suggests that
hydrophobicity and aromaticity are indicative of
the consequence of natural selection and transla-
tional (Singh and Tyagi, 2017). Therefore, in the
present study, hydrophobicity is taking a positive
role among genes- C and prM, but the inϐluence
of aromaticity was only observed in gene E. Thus,
hydrophobicity and aromaticity are taking a positive
role while shaping the codon usage pattern among
the genes of the KFD virus.

The multivariate statistical method, correspon-
dence analysis, was used to determine the synony-
mous codon usage among selected genes of the KFD
virus. The obtained results indicate the ϐirst prin-
cipal axis among all the genes has a greater contri-
bution compared to axis 2. So, the correspondence
score directs that though the contribution of the ϐirst
axis high and signiϐicant variation, also the 2nd prin-
cipal axis has a slight appreciable inϐluence in the
synonymous codon usage of each gene of the KFD
virus.

Once the codon usage pattern is observed among
each gene- C, E, prM, and NS, the evolutionary anal-
ysis (tMRCA) of each gene was estimated using the
BEAST software. Based on previous ϐindings of
KFDV genes (Yadav, 2020), the best ϐit model for
each gene was determined by the jModelTest tool
based on the AIC scores of each gene. We observed
that the substitutional model GTR has the lowest
AIC scores for the gene C, GTR+G for the gene E and
NS5, whereasmodel HKY for the prM gene. And best
ϐit models were selected with clock type and prior
tree. A strict clock and random local clock were
used with coalescent: Bayesian sky grid and coa-
lescent: Extended Bayesian skyline plot prior trees.
The sky grid model is ϐlexible that allows multiple
loci, and the changes occur at theprespeciϐiedpoints

in real-time. Also, capture the complex population
dynamics. Among all the nonparametric coalescent-
basedmodels, the sky grid has awell-suited starting
point (Gill et al., 2016). Whereas, the skylinemethod
assists to extract information about past population
genetics in the nonparametric method. The coales-
cent skyline plot splits the time between the root of
the tree (tMRCA) and present into section, and eval-
uates a diverse, effective population for each section
(Skyline plots n.d.) (Heller et al., 2013).
The estimated evolutionary rate of the gene NS5
was noticed as the ϐirst evolved virulent gene among
the genes- C, E, and prM, which was almost 86
years [1931-2017]. While recognization of genetic
loci that undergoes adaptation is the major con-
cept of evolutionary biology. Several statistical
algorithms have been developed to quantify the
selection pressure (positive selection pressures)
that acts on protein-coding sites. Among these
statistical approaches, dN/dSis the most widely
used (Kryazhimskiy and Plotkin, 2008). This
method enumerates the selection pressure by com-
paring the rate of the substitution at a silent site (dS)
against the rate of substitution at non-silent sites
(dN). The strong positive selection is anticipated as
dN/dS<1 orω <1 (Kryazhimskiy andPlotkin, 2008).
Considering these features of positive selection, we
observed the single positive selection site among
genes- C, E, and NS5.

CONCLUSIONS

The integrated analysis of codon usage bias and evo-
lutionary rate analysis has proven that the genes-
C, E, prM, and NS5 possess a bias where muta-
tional andnatural selectionbothplayed amajor role.
Whereas the eNC value indicated themoderate bias,
and neutrality signiϐies the mutational pressure in
C and E gene. The correspondence analysis con-
cludes the major contribution of axis-1 in the syn-
onymous codon usage pattern. The observed evolu-
tionary and phylogenetic analysis testiϐied that gene
NS5 was the ϐirst virulent synthesized gene. Con-
sidering all these analyzed data, this study will aid
the future surveillance of KFDV and researchers to
understand the evolutionary characteristics of the
KFD virus.
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