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Abstract

Background and Aims: Among the more than fifty viruses that infect stone fruit trees and belong to the
Betaflexiviridae family, cherry virus A (Capillovirus) and prunus virus T (Tepovirus) are common members. In
this study, we provide codon usage analyses and composition of CVA and PrVT based on their full genome
nucleotide sequences. Codon usage patterns studies provide great information about host-pathogen co-evolution,
phylogenetic relations among specific species, and molecular evolution of genes.

Material and methods: Genome sequences of CVA and PrVT isolates available at GenBank including two
Iranian isolates from sweet cherry were used for nucleotide composition analysis using MEGAX soft-ware. The
nucleotide mixtures at the 3 codon position (A3s, C3s, T3s, G3s%, and GC3s), were determined using
CodonW 1.4.2 package (http://codonw.sourceforge.net). The RSCU values for the ORFs coding sequences were
determined to explore aspects of synonymous codon usage without the complex influence of amino acid
composition and coding sequence size of samples. The ENC value was determined using Codon W v1.4.2. ENC
analysis was used to quantify the absolute codon usage bias by evaluating the degree of codon usage bias
exhibited by the coding sequences, regardless of gene length and the number of amino acids.

Results: Our analysis indicates synonymous codon usage in CVA and PrVT possibly mirroring a dynamic
process of mutations from the viruses along with selection pressure to adjust their codon usage to various hosts,
and conditions. Furthermore, relative synonymous codon usage-RSCU, nucleotide composition, and an effective
number of codon-ENC-plots analysis results suggest that the selection pressure was greater than mutation
pressure.

Conclusions: This bioinformatics analysis expands our knowledge of the differences and common features in
codon usage patterns of betaflexiviruses with their various hosts.
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Introduction

O ver fifty viruses and virus-like agents
infecting stone fruit trees have been de-

termined and this list is continually being expa-
nding using high throughput sequencing (HTS)
(1-4). The Betaflexiviridae family (the order
Tymovirales) is one of the most diverse positi-
ve-strand RNA virus ensembles. Currently, this
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family is composed of 15 genera divided bet-
ween two subfamilies; members of the subfa-
mily Quinvirinae have a triple gene block (TG-
B) module that facilitates cell-to-cell move-
ment whereas viruses in the subfamily Tri-
virinae encode a 30K-like movement protein.
The plant host range of the Betaflexiviruses
members is very large and most of them infect
fruit trees such as apples, stone fruits, and gra-
pevines (5-9).

Cherry virus A (CVA) (Capillovirus genus), is
one of the most widespread betaflexiviruses
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affecting sweet cherry (P. avium) and sour che-
rry (P. ceracus) worldwide (10). This virus has
also been reported to a lesser extent from non-
cherry hosts including, apricot (P. armeniaca),
peach (P. persica) (11), cherry plum (P. cera-
sifera), flowering cherry (P. serrulata), Japan-
ese apricot (P. mume), and Japanese (Chinese)
plum (P. salicina) (1, 4, 12, 13). Nevertheless
of the high prevalence of CVA infection, no
natural vector has been reported, but it can be
readily transmitted from plant to plant through
vegetative propagation and grafting (1, 4, 12,
13).

While no clear specific symptoms have been
associated with CVA, studies have shown that
mixed infections with other viruses can lead to
more severe symptomss and affect rootstock/
scion compatibility (14, 15). The genome of
CVA is comprised of a positive single-stranded
RNA with 7,383 nucleotides (nt), except the
3’-terminal poly (A) tail. The genomic struc-
ture of CVA consisting of two overlapping
open reading frames (ORFs), is similar to Ap-
ple stem grooving virus (ASGV), the type
species of the Capillovirus genus. A large
polyprotein (266 kDa) including the RNA-de-
pendent RNA polymerase (RdRp) fused in-
frame to the coat protein (CP) and a 52 kDa
putative movement protein (MP) are encoded
by ORF1 and ORF2, respectively (9). A high
genomic diversity has been reported in the
CVA population, and the nucleotide identity of
the entire genome varies between 79 to 99%
(15). CVA isolates have been classified into
five molecular groups based on RdRp, how-
ever, six different molecular groups have been
reported according to the full genome sequ-
ences (15). At present CVA is grouped into se-
ven phylogenetic clusters (16).

In 2015, Marais et al. (7) proposed prunus
virus T (PrVT) species in the Tepovirus genus.
However, the biological information concer-
ning PrVT is still scarce, but molecular scree-
ning of prunus samples allowed the identifica-
tion of three hosts (P. domestica, P. avium, and
P. cerasifera) in Italy and Azerbaijan, with an
overall prevalence of 1%, and from (Pyrus co-
mmunis) in Kyrgyzstan (14). Since all reported
host plants of PrVT were simultaneously infec-
ted by apricot pseudo-chlorotic leaf spot virus-

APCLSV (Trichovirus), apple chlorotic leaf
spot virus-ACLSV (Trichovirus), CVA (Capi-
llovirus), prune dwarf virus-PDV (llarvirus),
or little cherry virus-LChV1 (Closteroviridae)
as well-known prunus-infecting viruses, there-
fore, symptoms clearly associated with PrvT
infection have not yet been described and it is
difficult to associate specific symptoms with
PrVT infection (7).

Using high-throughput sequencing, and 5°/3’
RACE, the full genome sequences of two beta-
flexiviruses, Cheery virus A-CVA (Capillovir-
us genus) and Prunus virus T-PrVT (Tepovirus
genus) isolates were determined in Iran. RT-
PCR tests indicates a high prevalence of infec-
tions with these viruses in the surveyed cherry
orchards and nurseries (17). Furthermore, in
this study, the diversity and population struc-
ture of CVA and PrVT, and the evolutionary
forces that shape these populations have been
considered. In this respect, we provide codon
usage analyses and composition of CVA and
PrVT based on their full genome nucleotide se-
quences. Codon usage patterns studies provide
valuable information about the host-pathogen
co-evolution, phylogenetic relationships, and
molecular evolution of genes (18-21).

Methods and Materials

Virus Sources

In this study, the nucleotide sequences of CVA
(n=114) and PrVT (n=5) isolates available at
the GenBank database including two previous-
ly sequenced Iranian isolates CVA-Qz5 (Acc.
No. PP736769) and PrvT-Qz5 (Acc. No.
PP736770) were used for nucleotide analyses.
Additionally, three aphid species were tested
for their ability to transmit CVA and PrVT.
CVA-Qz5 and PrVT-Qz5 isolates were main-
tained on young sweet cherry seedlings in gre-
enhouse conditions and used as virus sources
in aphid transmission tests. Clonal populations
of the aphids Aphis faba, Myzus persicae, and
M. cerasi, originally from Tehran, Iran, were
kept on turnip plants. These plants were hou-
sed in separate growth chambers at teperatures
ranging from 15 to 20 degrees Celsius with 16
hours of light and 8 hours of darkness cycles.
Aphids were starved for 3 hours before being
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allowed to acquire the viruses during periods
of 15 to 30 min. Aphids were then manually
transferred from source plants to young sweet
cherry seedlings using a paintbrush. Approxi-
mately 15 aphids were placed on each test pla-
nt to inoculate the plants. All aphids were
killed with Actara insecticide (Thiamethoxam
24% SC, Syngenta), and the plants were moni-
tored for 3 months to determine transmission
rates using the RT-PCR diagnostic method as
described previously (17).

Nucleotide Composition Analysis

Nucleotide composition analysis was conduct-
ed using MEGAX software (22). The overall
nucleotides occurrence frequency (A%, C%,
T/U%, and G%), the overall occurrence of nuc-
leotide frequency at the third position of
codons (A3%, C3%, U3%, and G3%), and the
overall occurrence of nucleotides frequencies
of G+C at different codon positions were deter-
mined. Codons AUG and UGG were excluded
from the analysis due to their lack of codon
usage bias. Termination codons (UAG, UGA,
UAA) were also excluded from the analysis, as
they do not encode any amino acid.

Codon Usage Bias and Relative Synonymous
Codon Usage

The nucleotide mixtures at the 3 codon posi-
tion (A3s, C3s, T3s, G3s%, and GC3s), were
determined using CodonW 1.4.2 package
(http://codonw.sourceforge.net). The compone-
nt parameters of the coding sequences were
calculated after the deletion of five non-bias
codons (AUG, UGG, UAA, UGA, and UAG).
In general, codon adaptation is estimated using
metrics derived from the relative synonymous
codon usage (RSCU), the ratios between the
observed usage frequency of a specific codon
in a gene and its expected one in the correspon-
dent synonymous family (23). The RSCU val-
ues for the ORFs coding sequences were deter-
mined to explore aspects of synonymous codon
usage without the complex influence of amino
acid composition and coding sequence size of
samples. The RSCU values >1.6 and <0.6, in-
dicate synonymous codon usage is overrepre-
sented or underrepresented, respectively.
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Furthermore, those groups of codons with RS-
CU=1, RSCU > 1, and RSCU < 1 are consi-
dered as having no bias, being more-abundant
and less-abundant, respectively (19, 24).

Effective Number of Codons (ENC), and ENC-
Plot

The ENC value was determined using Codon
W v1.4.2. ENC analysis was used to quantify
the absolute codon usage bias by evaluating the
degree of codon usage bias exhibited by the
coding sequences, regardless of gene length
and the number of amino acids. ENC values
range from 20 (a high codon usage bias using
only one of the possible synonymous codons
for the matching amino acid) to 61 (no bias
using all available synonymous codons equally
for the matching amino acid) (25). In addition,
the ENC-plot (ENC values versus GC3s val-
ues), which refers to the effect of mutational
pressure on codon usage bias, was analyzed for
each ORF of CVA and PrVT. Selection pre-
ssure is the main factor driving codon usage
bias, if points are below the standard curve or
else the influence of other factors such as mu-
tation can be considered.

Results

Nucleotide Composition

The compositional constraints' effect on codon
usage of CVA and PrVT was analyzed using
nucleotide composition. For the CVA polypro-
tein, according to different hosts, the nucleoti-
de composition bias was in order A>U > G >
C, with an average of 31.0 to 31.5%, 29.1 to
29.8%, 20.5 to 20.8%, and 18.3 to 18.8%, res-
pectively. However synonymous codons at the
third position followed the bias T3s > A3s >
G3s > C3s indicating an AU-biased composi-
tion (Figure 1a). According to different hosts
the nucleotide composition bias for the PrvT
CP gene was in order G > A > U > C, with an
average of 30.8%, 26.9, 23.5 and 18.8, res-
pectively. Synonymous codons at the third
position followed the bias G3s > T3s > A3s >
C3s (Figure 1b). The overall GC content was
higher than AU, suggesting a GC bias in the
CP gene. For the MP gene of PrVT, the nuc-
leotide composition bias was G > A > U > C
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similar to the CP gene, however, the synony-
mous codons at the third position followed the
bias T3s > G3s > A3s > C3s, with overall AU
bias (Figure 1c).

Patterns of Codon Usage in Polyprotein of
CVA and its Hosts

In order to realize the influence of selection
pressure on codon usage patterns, the preferred
codons with higher frequency were determin-
ed. Among the CVA coding sequence, 16 out
of 18 preferred codons were A/U-ending (A-
ending: 9; U-ending: 7), while exhibiting an
equal distribution of G/C-ending (C-ending: 1;
G-ending: 1) (Table 1), therefore A- and U-en-
ding codons are preferred in the CVA coding
sequence.
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The extreme over-presentation (RSCU > 1.6)
was found for three preferred codons with the
highest being AGA (2.80), whereas the remai-
ning preferred codons had 1.6 < RSCU values
> 1.02. Twelve optional synonymous codons
were underrepresented (RSCU < 0.6) (Table
1).

To understand the influence of selection press-
ure on codon usage patterns, the preferred cod-
ons with higher frequency were compared bet-
ween CVA, and all the hosts, as shown in
Table 2 and Figure 2. Twelve amino acids Leu,
lie, Val, Ser, Pro, His, GIn, Asn, Lys, Asp,
Glu, and Arg showed identical usage of prefer-
red codons (UUG, AUU, GUU, UCA, CCA,
CAU, CAA, AAU, AAA, GAU, GAA, and
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Fig. 1. Comparative analysis of nucleotide composition
patterns between CVA (a), PrVT-CP (b), PrVT-MP (c)

and its hosts.
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Table 1. The RSCU value of 59 codons encoding 18 amino

acids according to CVA, and PrVT coding sequences

Table 2. Preferred codons for each amino acid in the Polyprotein of
CVA and its hosts

Pourrrahim R et al

CVA PrvT § Hosts CVA
Codon | aa Full - Codon | aa P. P. P. P. P. Pol

genome Replicase MP cp armeniaca P.mume domestica | cerasifera | avium | ceracus proteyin
uuu Phe 1.20* 1.02 1.06 0.82 Uuu Phe 1.07 1.09 1.10 0.94 1.2 1.24 1.20
uuc 0.80 0.98 0.94 1.18 UucC 0.93 0.91 0.90 1.06 0.8 0.76 0.80
UUA 0.96 0.45 0.4 0.50 UUA 1.01 0.98 1.00 0.95 0.97 1.09 0.96
UuG 1.41 1.50 2.17 1.00 UUG 1.61 1.51 1.59 1.78 1.41 1.72 1.41
Ccuu 1.36 1.1 0.91 0.89 Ccuu 1.06 1.08 0.98 0.90 1.38 1.09 1.36
cuc | 091 0.99 076 0.89 cuc | " os2 0.79 0.78 098 | 089 | 071 | 001
CUA 0.56 0.61 0.40 0.39 CUA 0.60 0.65 0.56 0.67 0.54 0.52 0.56
CUG 0.81 1.35 1.36 2.33 CUG 0.86 0.98 1.08 0.72 0.8 0.87 0.81
AUU 1.53 1.18 1.31 0.50 AUU 1.39 1.35 1.44 1.44 1.53 1.36 1.53
AUC lie 1.01 1.07 0.93 0.83 AUC lie 0.89 0.91 0.82 0.88 1 0.91 1.01
AUA 0.46 0.75 0.77 167 AUA 0.72 0.74 0.75 0.68 0.47 0.74 0.46
GUU 1.53 1.39 1.70 1.18 GUU 1.50 1.59 1.53 1.40 1.53 1.29 1.53
GUC 0.89 0.86 0.91 0.41 GUC 0.94 0.92 0.94 1.03 0.88 1 0.89
GUA val 0.46 0.39 0.26 0.18 GUA val 0.52 0.41 0.33 0.49 0.46 0.39 0.46
GUG 1.12 1.37 1.13 2.23 GUG 1.05 1.08 1.20 1.08 1.13 1.32 1.12
UCu 1.40 1.20 1.91 0.70 UCu 1.09 1.05 0.96 1.13 14 1.28 1.4
ucc 0.78 0.85 1.00 1.13 ucc 0.76 0.71 0.60 0.68 0.79 0.72 0.78
UCA 1.73 1.51 1.13 1.48 UCA 2.02 2.15 2.25 2.00 1.73 1.81 1.73
uce | > 0.17 0.47 0.59 0.09 uce | > [ 022 023 | 022 021 | 047 | 019 | 017
AGU 1.09 1.11 0.67 1.13 AGU 1.16 1.16 1.21 0.96 1.09 1.15 1.09
AGC 0.83 0.86 0.70 1.47 AGC 0.76 0.71 0.77 1.02 0.82 0.85 0.83
CcCcu 1.26 1.11 0.94 1.16 CCU 1.07 1.03 1.38 111 1.27 1.20 1.26
CCC Pro 0.67 0.63 0.94 0,00 CCC Pro 0.44 0.43 0.39 0.38 0.66 0.4 0.67
CCA 1.81 1.68 1.72 1.29 CCA 2.30 241 2.06 2.28 1.8 2.22 1.81
CCG 0.25 0.58 0.39 155 CCG 0.19 0.13 0.17 0.23 0.26 0.18 0.25
ACU 1.35 1.05 1.26 0.86 ACU 1.53 1.36 1.65 1.73 1.34 1.43 1.35
ACC Thr 0.80 1.23 0.93 0.38 ACC Thr 0.84 0.99 0.78 0.69 0.81 0.83 0.80
ACA 1.56 1.24 1.21 2.10 ACA 1.32 1.32 1.24 1.22 1.56 1.57 1.56
ACG 0.29 0.48 0.60 0.67 ACG 0.31 0.33 0.33 0.37 0.28 0.17 0.29
GCU 1.45 1.49 2.07 1.72 GCU 1.69 1.66 1.52 1.74 1.45 1.65 1.45
GCC Ala 0.87 0.96 0.59 0.74 GCC Ala 0.84 0.88 1.09 0.87 0.85 0.66 0.87
GCA 1.47 1.26 0.93 0.93 GCA 1.28 1.28 1.09 1.16 1.50 1.49 1.47
GCG 0.21 0.29 0.41 0.6 GCG 0.20 0.19 0.30 0.23 0.2 0.20 0.21
UAU Tyr 1.11 0.96 1.25 1.33 UAU Tyr 1.09 1.25 1.05 0.99 1.11 1.11 1.11
UAC 0.89 1.04 0.75 0.67 UAC 0.91 0.75 0.95 1.01 0.89 0.89 0.89
CAU His 1.43 1.09 1.38 1.25 CAU His 1.42 1.41 1.47 1.44 1.43 1.41 1.43
CAC 0.57 0.91 0.62 0.75 CAC 0.58 0.59 0.53 0.56 0.57 0.59 0.57
CAA Gn 1.30 0.79 0.88 0.74 CAA Gin 1.20 1.23 1.15 1.19 1.29 1.32 1.30
CAG 0.70 1.21 1.12 1.26 CAG 0.80 0.78 0.85 0.81 0.71 0.68 0.70
AAU Asn 1.40 1.13 1.11 1.22 AAU Asn 1.38 1.35 1.31 1.43 1.39 1.41 1.40
AAC 0.60 0.87 0.89 0.78 AAC 0.62 0.65 0.69 0.57 0.61 0.59 0.60
AAA Lys 1.13 1.12 1.03 0.73 AAA Lys 1.06 1.07 1.09 1.08 1.14 1.22 1.13
AAG 0.87 0.88 0.97 1.27 AAG 0.94 0.93 0.91 0.92 0.86 0.78 0.87
GAU Asp 1.35 1.22 1.23 0.96 GAU Asp 1.33 1.28 1.41 1.31 1.35 1.28 1.35
GAC 0.65 0.78 0.77 1.04 GAC 0.67 0.72 0.59 0.69 0.65 0.72 0.65
GAA Glu 1.25 1.03 1.19 0.77 GAA Glu 1.10 1.06 111 111 1.25 111 1.25
GAG 0.75 0.97 0.81 1.23 GAG 0.90 0.94 0.89 0.89 0.75 0.89 0.75
UGU Cys 0.98 0.96 1.08 1.33 UGU Cys 1.14 1.13 1.14 1.06 0.98 1.02 0.98
UGC 1.02 1.04 0.92 0.67 UGC 0.86 0.87 0.86 0.94 1.02 0.98 1.02
CGU 0.22 0.20 0.50 1.75 CGU 0.17 0.17 0.25 0.18 0.21 0.18 0.22
CGC 0.30 0.11 0.29 0.33 CGC 0.24 0.29 0.19 0.18 0.31 0.30 0.3
CGA Arg 0.51 0.28 1.00 0.17 CGA Arg 0.4 0.52 0.25 0.30 0.51 0.42 0.51
CGG 0.27 0.28 0.79 0.50 CGG 0.17 0.06 0.19 0.18 0.27 0.18 0.27
AGA 2.80 2.62 1.54 0.83 AGA 2.99 2.97 3.31 2.68 2.83 2.79 2.80
AGG 1.90 251 1.89 2.42 AGG 2.03 1.98 1.81 2.47 1.87 2.14 1.90
GGU 1.09 1.08 0.84 1.13 GGU 1.37 1.40 1.32 1.44 1.07 1.37 1.09
GGC Gly 0.73 0.69 0.41 0.67 GGC Gly 0.79 0.72 0.83 0.69 0.74 0.85 0.73
GGA 1.46 1.12 1.68 0.56 GGA 1.05 1.09 1.12 1.19 1.45 1.16 1.46
GGG 0.73 1.11 1.07 1.64 GGG 0.79 0.79 0.73 0.69 0.74 0.62 0.73
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* The most frequently used codons are shown in bold.



https://journal.isv.org.ir/article-1-542-fa.html

[ Downloaded from journal.isv.org.ir on 2026-08-31 ]

Decoding of Codon Usage Patterns of Cherry virus A & Prunus virus T

1 ;\,/\ \V/\ JA\V f\ p

0
AR R AT R TR
SEFLLETELITLES

Y /\/\ A/ AN

FOLELPISLE08089¢

Ll

T T YT TTTIY
CECER TR FTET IS TILE LIS ESES 8¢

sl armeniaea v, mume  wwsP. domeflca P, cerasifera P qvim s, ceracus CVA

apricol chineseplam ~ common Plum

Fig. 2. Comparative analysis of relative synonymous
codon usage (RSCU) patterns between CVA and its
hosts

AGA) among hosts and CVA, indicating mut-
ual codon preference. However, differences in
the choice of preferred codons were found am-
ong the remaining six amino acids (Table 2,
Figure 2). Similarities and differences in pre-
ferred codons were also found among the CVA
and various hosts. For example, CVA and P. a-
vium for encoding the Ala, Cys, and Gly amino
acids are common in three preferred codons
CGA, UGC, and GGA, respectively. However,
other hosts used different preferred codons
GCU, UGC, and GGU for encoding these three
amino acids (Ala, Cys, and Gly), respectively.
This indicates that the synonymous codon usa-
ge of CVA is a mixture of the two types of co-
don usage "coincidence and antagonism".

Patterns of Codon Usage in MP and CP of
PrVT and its Hosts

The RSCU results of PrvVT MP, and CP coding
sequences are shown in Table 1. Among the Pr
VT-CP gene, 10 out of 18 preferred codons w-
ere G/C-ending (G-ending: 8; C-ending:2), and
the remaining 8 were A/U-ending (A-ending:
3; U-ending: 5) (Table 1). As indicated, G- and
U-ending codons were preferred in the PrvT-
CP coding sequence. Within these preferred
codons, 7 had an RSCU value > 1.6, i.e. (CUG,

cherry plum sweetchery  sour cherry

AUA, GUG, ACA, GCU, AGG, GGGQG) indica-
ting overrepresented codons, with the highest
being AGG (2.42), while the remaining 11 had
RSCU values >1.04 and <1.6, indicating
abundant codons. For the PrvVT CP gene out of
these 18 preferred codons, 31 codons had
RSCU values <1, i.e., less-abundant codons,
while 9 had RSCU >1, i.e., abundant codons.
One optional synonymous codon CCC (Pro
amino acid) was underrepresented (RSCU =
0.0) (Table 1). Among PrVT-MP gene, 15 out
of 18 preferred codons were A/U-ending (A-
ending: 4; U-ending: 11), and 3 were G-ending
(G-ending: 3). Extreme over-representation (R-
SCU > 1.6) was found for seven preferred
codons, whereas the remaining had RSCU
values >1.03 and < 1.6. No optional synony-
mous codon was under-represented (Table 2).
In addition, preferred codons encoding amino
acids with higher frequency for both PrvT MP
and CP genes, and its hosts have been listed.
For PrVT-MP 10 amino acid (Leu, Lie, Val,
Ser, Pro, Ala, Tyr, His, Asp, and Gly), showed
similar preferred codons (UUG, AUU, GUU,
UCU, CAA, GCU, UAU, CAU, GAU, and G-
GA) among three hosts, indicating evidence of
mutual codon preference, however, they used
different preferred codons for the other eight
amino acids (Phe, Thr, GIn, Asn, Lys, Glu, Cy-
s, and Arg) (Table 3, Figure 3). A high number
of similar preferred codons were detected for
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Table 3. Preferred codons for each amino acid in the MP and CP
genes of PrVT and its hosts

CcP MP
Codon | aa
P. P. P. P. P. P.
avium | domestica | communis | avium | domesticus | communis

UUU | Phe | 0.88 0.75 0.8 1.13 0.95 1.06
uuc | (A | 113 1.25 1.20 0.87 1.05 0.94
UUA 0.44 0.29 0.65 0.26 05 05
uuG 0.88 1.14 1.04 2.04 1.75 250
cuu Leu | 0.88 1.14 0.78 0.89 1.25 0.75
cuc (L | 073 0.86 1.04 1.28 0.25 0.50
CUA 0.29 0.57 0.39 0.38 0.00 0.63
CUG 2.78 2.00 2.09 1.15 2.25 1.13
AUU ] 0.86 0.60 0.00 1.38 1.58 1.11
AUC E'S 086 | 060 100 | 114 0.63 0.87
AUA 1.29 1.80 2.00 0.49 0.79 1.03
GUU 1.37 1.00 1.06 1.67 1.63 1.76
GUC | val | 032 0.50 0.47 0.78 0.88 1.06
GUA | (V) | 011 0.50 0.12 0.24 0.38 0.24
GUG 2.21 2.00 2.35 1.31 1.13 0.94
Ucu 0.41 1.38 0.67 1.89 2.00 1.89
ucc 1.03 0.46 1.56 1.08 0.93 0.94
UCA | Ser | 1.66 1.38 1.33 1.15 1.07 1.15
UCG (S) | 0.00 0.46 0.00 0.74 0.4 0.54
AGU 1.24 0.92 1.11 0.67 0.67 0.67
AGC 1.65 1.37 1.32 0.47 0.93 0.81
CCU 1.00 1.14 1.33 1.48 0.75 0.55
ccc pro |0:00 0.00 0.00 0.89 0.75 1.10
CCA 1.67 0.57 1.33 1.48 1.50 2.07
CCG 1.33 2.29 1.34 0.15 1.00 0.28
ACU 0.94 0.57 0.89 1.09 1.56 1.26
ACC Th 071 0.57 0.00 0.97 0.89 0.91
ACA 1.88 2.29 2.22 1.45 1.33 0.91
ACG 0.47 0.57 0.89 0.48 0.22 0.91
GCU 1.58 1.89 1.76 2.00 2.00 217
GCC Ala 061 0.84 0.82 0.70 0.73 0.43
GCA 1.33 1.05 0.47 0.90 0.73 1.04
GCG 0.48 0.21 0.94 0.40 0.55 0.35
UAU Tyr 1.33 1.33 1.33 1.20 1.20 1.33
UAC 0.67 0.67 0.67 0.80 0.80 0.67
CAU his |L71 0.67 1.01 1.60 1.33 1.20
CAC 0.29 1.33 1.00 0.40 0.67 0.80
CAA Gin |77 0.62 0.77 0.74 0.80 1.03
CAG 1.23 1.38 1.23 1.26 1.20 0.97
AAU A 123 1.33 1.14 1.20 0.55 1.28
AAC 0.77 0.67 0.86 0.80 1.45 0.72
AAA Lys 0.83 0.67 0.65 1.02 1.08 0.90
AAG 1.17 1.33 1.35 0.98 0.92 1.00
GAU Asp 1.05 0.91 0.91 1.23 1.24 1.22
GAC 0.95 1.09 1.09 0.77 0.76 0.78
GAA Glu |-067 1.10 0.71 1.25 0.87 1.28
GAG 1.33 0.90 1.29 0.75 1.13 0.72
uGuU Cys 1.33 2.00 1.00 1.29 1.11 0.86
UGC 0.67 0.00 0.90 0.71 0.89 1.14
CGU 1.80 1.60 1.78 0.45 0.60 051
CGC 0.20 0.40 0.44 0.36 0.40 0.17
CGA Arg 0.20 0.40 0.00 1.07 0.80 1.01
CGG 0.40 0.80 0.44 0.63 0.80 0.93
AGA 1.20 0.80 0.44 1.79 1.60 1.27
AGG 2.20 2.00 2.89 1.70 1.80 211
GGU 1.07 0.80 1.33 0.86 1.06 0.69
GGC Gly 0.67 1.07 0.48 0.43 0.35 0.41
GGA 0.40 0.53 0.73 1.66 1.41 1.86
GGG 1.87 1.60 1.45 1.05 1.18 1.03

* The most frequently used codons are shown in bold.
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fifteen amino acids among the PrVT-CP gene
and its hosts, except for Pro, and His (Table 3,
Figure 4). This analysis also indicates the phe-
nomena of "coincidence and antagonism™ for
the PrVVT genome.

The Effective Number of Codons (ENC), and
ENC-Plot

Low codon usage bias in coding sequences was
found for CVA-polyprotein, and both CP and
MP genes of PrVT, with average ENC values
of (49.71 + 0.414), (58.187+ 0.829), and
(56.102 £ 0.414), respectively. This represents
an approximately constant and conserved ge-
nomic composition. ENC-plot analysis was do-
ne to find the main factor influencing the co-
don usage bias for CVA-polyprotein (Figure
5a), PrVT-CP (Fig. 5b), and PrVT-MP (Figure
5¢). The dots from different phylogroups CVA
(Figure 5a), PrVT-CP (Fig. 5b), and PrvVT-MP
(Figure 5c) are below the standard curve, whi-
ch indicates that the selection pressure is the
main factor driving codon usage bias. SiD va-
lues (ranging from O to 1) were calculated to
measure the effect of the host codon usage bias
on the CVA-polyprotein and PrVT-CP gene.

Discussion

The CVA polyprotein revealed an over-repre-
sentation of A, followed by U, G, and C with
an overall A/U codon bias pattern in the nucle-
otide composition. For CVA polyprotein, acco-
rding to different hosts, the nucleotide compo-
sition bias was as follows: A > U > G > C,
however synonymous codons at the third posi-
tion followed the bias T3s > A3s > G3s > C3s,
indicating an AU-biased composition. Accor-
ding to different hosts the nucleotide composi-
tion bias for PrVT suggested AU and GC bia-
ses in MP and CP genes, respectively. This
indicates the role of mutation in codon usage
bias for both CVA and PrVT. The adaptation
of the common ancestor of new strains in terms
of proximity to the nucleotide composition of
the host(s) is a necessary evolutionary process,
and thus this nucleotide composition bias in
CVA and PrVT genomes can be interpreted
(26).
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In general, codon adaptation is estimated using
metrics derived from the RSCU, the ratios bet-
ween the observed usage frequency of a speci-
fic codon in a gene and its expected one in the
correspondent synonymous family. AU or GC-
rich genomes are more likely to correlate with
the RSCU patterns, particularly in viruses. For
example, an AU or GC rich virus genome pre-
fers codons ending with A/U or G/C, which
supports the impact of mutation pressure (23,
27-28).

The probability of synonymous codons of diff-
erent species being used is not always equal.
Some synonymous codons are used more fre-
quently, while some codons are used less fre-
quently (29). Analyzing the codon bias features
and variations of dissimilar species is fruitful
for understanding the genetic structure and
evolution bias of species (30, 31). Optimal
codon selection in obligate parasites, including
viruses, significantly depends on the transla-
tion machinery of their host cells, thus, the in-
terplay between the codon usage of the virus
and their hosts is expected to influence the
overall viral survival, fitness, eluding of the
host immune system and evolution (32). It can
also be concluded from this study that the sy-
nonymous codon usage of the aforementioned
viruses was a mixture of coincidence and anta-
gonism. This phenomenon was previously re-
ported for human infecting viruses, and to our
knowledge, there are very few studies of this
kind in plant viruses (33).

Also, for some of the amino acids, the prefer-
red codon in our studied viruses showed simi-
larity with their hosts. This scientific fact whi-
ch is called "mutual codon preference of host-
pathogens” indicates that a similar pattern of
codon usage among a virus and its host could
result in more effective protein synthesis by the
virus. Meanwhile, dissimilarity of codon prefe-
rence between any of the studied viruses and
hosts causes weak translation and protein syn-
thesis of the corresponding virus.

The low ENC values represent an approxima-
tely constant and conserved genome composi-
tion. The lower codon usage bias has already
been shown for some DNA and RNA plant
viruses (19, 21, 34-36 ). This is in favor of the
viruses because it reduces the competition bet-
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ween the virus and their hosts for the use of the
protein synthesis machine, and thus the replica-
tion efficiency in the host cell increases (37).
Furthermore, the RSCU, nucleotide composi-
tion, and ENC-plot analysis results indicate
that the selection pressure was greater than the
mutation pressure. According to the viral fea-
tures, the interplay between the codon usage of
the virus and that of its host is expected to af-
fect the overall viral survival, fitness, and evo-
lution. Our analysis indicates synonymous co-
don usage in CVA and PrVT possibly mirro-
ring a dynamic process of mutation from the
viruses along with selection pressure to adjust
thier codon usage to various hosts, and condi-
tions. Such bioinformatics analysis expands
our knowledge of differences and common fea-
tures in the codon usage patterns of betaflexi-
viruses with their various hosts.
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