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Summary. - Synonymous codon usage patterns (CUP) indicate a series of evolutionary changes that
influence viral survival rates and fitness. As viral coat protein (CP) genes evolve more rapidly, they pro-
vide a strong incentive to study the genetic diversity and evolutionary changes of viruses based on CP
genes. In this study, CP sequences were analyzed using different bioinformatic approaches. Nucleotide
composition and relative synonymous codon usage (RSCU) analysis indicates mutation bias and prefers
A/U ended codon. The Parity rule 2 (PR2) and the effective number of codon (ENC) plots showed the
dominant role of mutation in CUP of CP genes. Host relatedness in terms of codon usage was analyzed,
with codon adaptation index (CAI), and similarity index (SiD) calculations; indicating that during the
evolution of these viruses, sugar beet has a greater impact on the beet black scorch virus (BBSV) rather
than beet necrotic yellow vein virus (BNYVV). In addition, Polymyxa betae has a more profound effect on
shaping RSCU patterns of BNYVV. As P. betae and Olpidium brassica are the natural reservoir and host
for soil-borne viruses infecting sugar beet, it makes sense that the virus has evolved its genomic proper-
ties to a steady level to better adjust to its primary host's condition. The principal component (PCA) plot
indicated that BNYVV and beet soil-borne virus (BSBV) have originated from the Old World, whereas BBSV
separated into three diverged groups, what is in accordance with phylogenetic groups. This research is
the first study of codon usage analysis of beet soil-borne viruses and increases our knowledge about the
mechanisms that support codon usage and their evolution.
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adaptation

Introduction

Among the wide range of organisms that threaten the
productivity of beets (Beta vulgaris L.), soil-borne viruses
are economically considerable due to yield losses world-
wide (Henry, 1996; Whitney and Duffus, 1998; Biancardi
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Abbreviations: BBSV = beet black scorch virus; BNYVV = beet
necrotic yellow vein virus; BSBV = beet soil-borne virus; BVQ =
beet virus Q; CAI = codon adaptation index; CP = coat protein;
ENC = effective number of codons; PC = Parity rule 2; PCA =
principal component; RSCU = relative synonymous codon us-
age; SiD = similarity index

and Tamada, 2016). Rhizomania caused by beet necrotic
yellow vein virus (BNYVV; the genus Benyvirus; the Be-
nyviridae family) is one of the most destructive diseases
and constrains sugar beet production (up to 80%) with
widespread distribution in the beet cultivated areas of
the world (Biancardi and Tamada, 2016) since it was first
reported in Italy in 1950s (Canova, 1959). BNYVV was then
reported from Japan (1965) (Tamada and Baba, 1973),and in
Nei Menggu (Inner Mongolia) from Chinain 1978 (Gaoetal,,
1983). During the 1970s to 1980s BNYVV was reported from
European countries (Putz and Vuittenez, 1974; Hamdorf et
al, 1977; Kouyeas, 1979; Hill and Torrance, 1989; Suarezet al,,
1999; Borodynko et al., 2009). BNYVV spread from central
and southern Europe to northern and eastern Europe and
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the Middle East during afew decades (Asher,1993; Tamada,
1999; McGrannetal,,2009). Inthe United States, the disease
was first reported in Californiain 1983 (Duffus et al., 1984).
BNYVV has been reported from Iran in 1996 (Izadpanah
et al., 1996). Two soil-borne sugar beet pomoviruses, beet
soil-borne virus (BSBV) and beet virus Q (BVQ) (the genus
Pomovirus;the Virgaviridae family) (Adams et al., 2017) are
frequently detected in sugar beet samples infected with
BNYVV (Meunier et al., 2003; Borodynko et al., 2009). The
coat protein (CP) gene of these three viruses is located on
RNA2 (Adams et al., 2017) with a common vector “a soil-
borne protoctist, Polymyxa betae” (Cui1988; Tamada,2002).
Beetblack scorch virus (BBSV) from the genus Betanecrovi-
rus,isanother sugar beet infecting soil-borne virus. BBSV
belongs to the family Tombusviridae, has a chytrid vector
Olpidium brassica (Zhang et al., 1996) and it was reported
from China, some European countries, Iran, and the USA
(Zhang et al., 1996; Weiland et al., 2007; Koenig and Valiza-
deh, 2008; Farzadfar and Pourrahim, 2019).
Understanding the evolution of virus-host interactions
is important, due to rapid evolution through genetic re-
combination, mutation, the potential of adaption to new
or resistant hosts (Garcia-Arenal et al., 2001; Davino et al.,
2017), fast adaptation to the different environmental con-
ditions, and mostly lack of effective chemical compounds
(Elena et al., 2014). Identification of codon usage patterns
providesimportant information about the host-pathogen
co-evolution, molecular evolution of genes,and adaptation
of the virus to a specific host. Generally, composition-
biased selection pressure and/or mutation pressure for
accurate and efficient translation in various organisms are
themainreasons for thisbias. Any similarities in the codon
usage patternresult in some degrees of biological relation-
ship, environmental adaptation, and evolution. The recent
advancementsin sequencing technologies, allow studying
the codon usage behavior of viral diseases (Xu et al., 2008;
Liu et al, 2012; He et al., 2017; He et al., 2019; Gu et al., 2020).
Itis presumed that viral coat protein (CP) genes evolved
more rapidly than proteins involved in the replication and
expression of virus genomes (Callaway et al., 2001), thus
providing a strong incentive to study the diversity of vi-
ruses based on CP genes. The genetic variability and popu-
lation structure of beet soil-borne viruses have already

been studied (Chiba et al., 2011; Biancardi and Tamada,
2016). We determined CP sequences of new Iranianisolates
of BNYVV (n = 4), BBSV (n = 5),and BSBV (n = 6). Then the
genotyping profile based on the comparison of the nucleo-
tide sequences of the CP gene with otherisolates available
in GenBank was analyzed using different bioinformatic
approaches. Inaddition, the codon usage patterns,among
these viruses have been characterized. Understanding the
synonymous codon usage can provide significant insights
into the evolution, host adaptation, virus pathogenesis,
and survival. These analyses reveal novel information
about the evolutionary fitness of beet soil-borne viruses.

Materials and Methods

Viral isolates. Soil samples from 21 sugar beet fields of Ker-
manshah and Hamadan provinces in West Iran were collected
during years 2018-2019. Soil samples were assayed for BNYVV,
BSBV,BVQ,and BBSV in the greenhouse (Table 1). An autoclaved
potting soil was used as control. The susceptible sugar beet
cultivar (Jolge) was planted in the soil samples that were mixed
with equal parts of autoclaved sand. One month after planting,
the plants were removed (five plants for each soil sample) and
tip roots were used for enzyme-linked immunosorbent assay
(ELISA)(Clark and Adams, 1977) by specific antibodies to BNYVV
(Bioreba, Switzerland), BSBV (As-0576.1), BSBV/BVQ (As-0576.2)
(DSMZ, Germany), and for BBSV LOEWE (Sauerlach, Germany).
In summary, microtitre plates (Maxisorb, NUNC, Denmark) were
coated with the recommended titer of IgG in carbonate buffer.
Root tiptissues were ground in extraction buffer (1:5 wt/vol); then
added tothe plate wells and incubated overnight at 4°C. Absorb-
ance values were measured at 405 nm, using a BioTek microplate
reader 1 h after the addition of the p-nitrophenyl phosphate
substrate. Samples with OD405 values equal to or more than
three mean of the negative controls were considered positive.

Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNAs were extracted from ELISA positive samples of
infected sugar beet using RNeasy plant mini kit (QIAGEN, USA)
according tothe instructions of the kit manufacturer. Complete
CPgenes were amplified using specific primers designed in this
study (Table 2). Each cDNA synthesis reaction contained 4 pl
of 5x RT buffer (Sinaclon, Iran),1 ul (200 U) of M-MulLV reverse

Table 1. Occurrence of beet soil-borne viruses in soil samples collected from Kermanshah and Hamadan provinces

No. of fields/root samples tested

Number of infected sample® (%)®

County/Yare BNYVV BSBV BBSV
Kermanshah/2018 12/60 1412 (68.33) 26 (43.33) 12 (20.00)
Hamadan/2019 9/45 35 (77.70) 14 (31.11) 8(17.78)
Total 21/105 76 (72.38) 40 (38.05) 20 (19.05)

*Based on serological reactions (ELISA). "The percentage of viral infection.
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transcriptase (Sinaclon), 2 ul of 10 mM dNTPs mix, 0.5 ul (20 U)
ribonuclease inhibitor (Vivantis, Malaysia), 1 ul of each reverse
primer (10 pmol/ul), 7.5 pl nuclease-free water, and 5 ul of total
RNA extraction with final volume 20 pl. The microtubes were
incubated at 42°Cfor1hand at 70°C for 10 min to inactivate the
M-MulLV reverse transcriptase. PCR reactions were amplified in
50 pl final volume, containing 4 pl of cDNA product, 5 pl of 10x
PCR buffer (Sinaclon), 1 p of 50 mM MgCl,, 1 ul of 10 mM dNTP
mix,1ul (20 pmol) of each forward and reverse specific primers,
1ul (5 U) of Pfu DNA polymerase (Sinaclon). PCR program was
94°C for 2 min; 30 cycles of 94°C for 30 s, 58°C for the 30 s, and
72°C for 30 s, followed by 72°C for 10 min. PCR products were
evaluated by electrophoresis in a 1% agarose gel in TBE buffer
including ethidium bromide (final concentration 1 ug/ml). The
PCR products were isolated from agarose gel and afterwards pu-
rified using Wizard PCR DNA purification kit (Promega) accor-
ding to the manufacturer's recommendations. Purified DNA
fragments were cloned into plasmid pGEM-T (Promega) accor-
ding to the manufacturer's recommendations. PCR products
or cloned fragments were sequenced in both directions and
three replications using commercial service. Sequenced data
were assembled using BIOEDIT version 5.0.9 (Hall, 1999). The
sequence was analyzed using the BLAST tool in the National
Center for Biotechnology Information (NCBI).

Nucleotide composition analysis of coat protein. After dele-
ting five non-bias codons including AUG (start codon), UGG
(encoding Trp), and three termination codons UAA, UGA, and
UAG, the component parameters of the CP sequences were
calculated. The total percent nucleotide composition and the
overall GCand AU contents were estimated by MEGAX (Kumar
et al., 2018). The CodonW 1.4.2 package was used for assessing
the nucleotide mixtures at the 3" codon position (A3, C3, T3,
and G3%). The Emboss explorer (http://www.bioinformatics.
nl/emboss-explorer/) was used for calculating GC content at
the first, second, and third codon positions (GCls, GC2s, GC3s),
where the average of GC1 and GC2s is indicated by GCL,2s.

Analysis of relative synonymous codon usage (RSCU). The
relative synonymous codon usage (RSCU) values for all of the
CP coding sequences of BNVYY, BSBV, BVQ, and BBSV were
determined to find the aspects of synonymous codon usage
without the complicated effect of amino acid composition
and coding sequence size of CP gene samples according to the
previously described method (He et al., 2019). The RSCU values
were calculated as follows:

9ij
n;
X' 9y

RSCUU = X n;

where g;; corresponds to the synonymous codon usage value of
thei, codonforthej, aminoacid,andn,isthe number of synony-
mous codons that encode thej, aminoacid (Sharp and Li,1986a).

Considering that all codons for the particular amino acid
are used equally, RSCU values indicate the ratio between the

Table 2. Primers used in this study

. . Expected
Virus Primer DNA bands
BNYVV.CP-F 5'tatcaaatgttaaggcaatcgag 3' 621b

p

BNYVVCP-R 5'gagtgaaggtagatatatgacatgg 3'
BSBV CP-F 5'atggttgatccgeggtatg 3'

530 bp
BSBV CP-R 5' cacgtacgtccactttaacc 3'
BBSVCP-F  5'tagtatag(t/a)(c/t)aataaatggcac3' —
BBSV CP-R 5'cccacatcctggtgtggttaat 3' P
BVQ CP-F 5'gtctagaagtatggttgatccaag 3'

522 bp
BVQCP-R 5'caggacaattgattgctatgagec 3'

observed usage prevalence of one codon in a gene sample and
the expected usage frequency in the synonymous codon family.
When the RSCU value is 1.0, it means there is no codon usage
bias for that amino acid and the codons are chosen equally or
randomly ((Sharp and Li, 1986b). The synonymous codons with
RSCU values < 1.0 have negative codon usage bias and were
considered as weak or less-abundant codons, whereas, synony-
mous codons with RSCU values > 1.0 have positive codon usage
bias and were identified as abundant codons. In addition, the
synonymous codons with RSCU values > 1.6 and < 0.6 were indi-
cated as “overrepresented” and “underrepresented”’, respectively
(Wong et al., 2010).

The effective number of codons (ENC) and ENC-plot analysis.
ENCanalysis was used to quantify the absolute codon usage bias
by evaluating the degree of codon usage bias exhibited by the beet
soil-borne viruses CP genes, regardless of gene length and the
number of aminoacids. The calculation value of ENCis as follows:

5 3

9 1
ENC=2+—+—+—+—
tEtRTETE

where the average values for F, is referred to as Fj(k = 2, 3, &4,
6) and k-fold degenerate amino acids are indicated by k. F, is
calculated with the following formulae:

nS—1
k=

n—1

In this formula “n” is the overall incidences number of the
codon for that amino acid.

k
5=y
i=1

Where n, is the overall number of the i, codon for the mat-
ching amino acid.

ENC value ranged from 20 (a high codon usage bias using
only one of the possible synonymous codons for the matching
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amino acid) to 61 (no bias using all available synonymous
codons equally for the matching amino acid). Generally, the
lower ENC value reflects a highly expressed gene with a great
codon preference, whereas, those genes with low expression
have more rare codons and show higher ENC values (Sharp et
al.,, 1986; Comeron and Aguade, 1998; Wright, 1990). Using the
ENC values versus GC3s value plots (ENC-plot analyses), the
effect of mutational pressure on codon usage bias was analyzed.
When the points are located on the standard curve it shows that
mutation pressure is the only factor for driving the codon usage
bias. Otherwise, the effect of other factors like natural selection
must be considered. Using the following formula, the ENC value
was determined demonstrating the value of GC3s:

29

ENCexpectation = 2 + 5 + m

Principal component (PCA) and Parity rule 2 (PR2) analysis.
PCAis amultivariate statistical method that is used to explore
the relationship between variables and samples (Sharp et al.,
1986; Sueoka, 1999). PCA was used to analyze the major trends
in codon usage patterns among beet soil-borne viruses CP gene
sequences. Parity rule 2 (PR2) plot analysis shows the influence
of natural selection and mutation pressure on the codon usage
of each gene using A3/(A3+U3) plotted value versus G3/(G3+C3)
value. The center of the PR2 plotis 0.5 which indicates A=Uand
G=C (Sueoka, 1999). If there is no deviance between mutation
pressure and selection pressure, the points are placed in the
center of the plot.

Influence of overall host codon usage on beet soil-borne virus-
es. Theinfluence of the codon usage bias of the host (B. vulgaris)
and vector (P. betae) are measured by similarity index (SiD)
value (Zhou et al., 2013). The SiD was determined by:

59
i=1ab;

(Lt x 52 b7

SiD = 1—-R(A.B)
2

In this formula a, shows the RSCU value of 59 synonymous
codons of the beet soil-borne CP gene sequences, and b, shows
the RSCU value of the identical codons of the potential host.
The SiD values vary between 0.0 to 1.0 and the higher values
show that the host has a deeper effect on the usage of codons.

Codon adaptation index (CAI) analysis. CAl analysisis aquan-
titative method that foresees the expression level of a gene-
based onits coding sequence. CAl values for beet soil-borne CP
sequences were determined using the CAlcal SERVER (http://
genomes.urv.cat/CAIcal/RCDI/). The CAI values ranging from
0.0tol.0indicate the various degrees of adaptation to the host.
The high CAIvalue of a sequence shows its stronger adaptabil-

ity to the host, and sequences with higher CAls are considered
preferred over those with lower CAIs (Puigbo et al., 2008).

Results
Beet soil-borne virus isolates

Atotal of 105 beetroot tip samples were tested by DAS-
ELISA from which 76 (72.38%), 40 (38.05%),and 20 (19.05%)
samples were found positive for BNYVV, BSBV,and BBSV
viruses, respectively. The percentage of viral infection var-
ied among collection regions. The highest percent of beet
soil-borne viruses were found in Kermanshah province
with 68.33%, 43.33%, and 20.00%, for BNYVV, BSBV, and
BBSV, respectively. No positive samples were detected for
BVQ (Table1). After polymerase chain reaction (PCR), dif-
ferent expected amplicons with about 621,530,and 737 bps
were amplified for BNYVV, BSBV, and BBSV, respectively.
The obtained full-length CP sequences were deposited
in GenBank under Acc. Nos. 0K669130 to OK669134 for
BBSV, 0K669135 to 0K669138 for BNYVV, and OK669139
to OK669144 for BSBV.

Beet soil-borne viruses are enriched with A and
U nucleotides

The potential influence of nucleotide compositional
constraints on codon usage was analyzed for each beet
soil-borne virus population. It was found that the nucleo-
tides T(U), G, A, and C were the most abundant in the CP
coding sequences of BNVYY, BSBV, BBSV, and BVQ with
mean values of 28.92% + 1.24%, 27.00% + 1.01, 24.83% + 1.31,
and 19.24% + 1.87, respectively. The mean values of AU%
were 56.63 + 0.66 for BNYVV, followed by 54.42+ 0.53,53.85
+ 0.09, and 51.09+ 1.38 for BSBV, BVQ, and BBSV, respec-
tively. The analysis of nucleotide composition at third po-
sitions of synonymous codons indicated that GC3s values
ranged from 31.3to0 38.3 with an average of 35.45 + 1.96, 42.1
to 43.9 with an average of 42.85 + 0.92, 42.2 to 45.8 with an
average 45.62 + 0.30,and 42.1to 44.6 with an average 42.85
+ 3.91 for BNYVYV, BSBYV, BQV, and BBSV, respectively.

Substantial variation in codon usage of beet soil-borne
virus CP gene sequences

Total variation in codon usage was assessed by RSCU
analysis, which indicates that the beet soil-borne CP
coding sequences were AU-rich, and A/U ending codons
were favored in the CP genes. Ten out of 18 frequently used
codons were U-ended while 4,2,and 2 out of 18 were ended
withthe A, C,and G(Table 3). Irrespective of the soil-borne
viruses the RSCU values = 1.6 were detected for four of the
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optimal synonymous codons (UAA, GUU, ACU, and GCU),
with the highest preferred value for GCU codon (1.90). The
under-represented (RSCU < 0.6) and non-preferred codons
were mostly G/C-ended (Table 3). In addition, the variation
of the RSCU values of CP genes were computed for each
codon of beet soil-borne viruses and the results showed in
three main clusters of codons (Fig.1a-1d). The first cluster
included under-represented codons (RSCU < 1), which
contained A/U or G/C ending codons. The second cluster
consisted of A/U-ending codons with RSCU = 1. The last
group consisted of G/C ending codons with RSCU > 1. As
indicated for BNYVV (Fig. 1a), 31 out of 59 codons ending
with A/U or G/C, showed the RSCU < 1, whereas the over-
represented codons (RSCU > 1.6) ending with A/U, and

C were 12 and 1, respectively (Fig. 1a). Some differences
were indicated among A and B type populations (e.g.,
the two codons UAU and UAC for tyrosine amino acid).
The RSCU based on each BSBV isolate shows 30 out of 59
codons ending with A/U or G/C with RSCU < 1, and those
of them with RSCU > 1.6 are A/U ending codons (4 out of
59) with a higher RSCU value for the UUU codon, and G/C
ending codons (3 out of 59) (Fig. 1b). For the CP gene of BVQ
themost RSCU > 1.6 were detected among A/U and G end-
ing codons (7 and 4), respectively (Fig. 1c). The differences
in RSCU values for each BBSV isolate are indicated in
Figure 1d. As shown, most of the amino acids with RSCU
> 1.6 were ending with A/U in comparison to G/C ending
codons (Fig. 1d).

Table 3. The RSCU value of 59 codons encoding 18 amino acids according to beet soil-borne viruses coat protein genes

Codon | aa | BNYVV | BBSV BSBV BVQ All Codon | aa | BNYVV | BBSV BSBV BVQ All
uuu 191 111 174 1 144 GCU 2.22 2.41 1.53 145 1.90
uucC Phe 0.09 0.89 0.26 1 0.56 GCC 0.37 0.49 1.04 0.36 0.57
UUA 1.96 1.24 2.4 0.81 1.60 GCA Ala 0.92 0.98 113 1.25 1.07
UuG 147 0.25 1.07 1.86 116 GCG 0.5 0.13 0.3 0.94 0.47
Cuu 16 1.93 0.51 1.67 143 UAU 154 1.02 1 133 122
CuC ket 0 157 0.43 0 0.50 UAC o 0.46 0.98 1 0.67 0.78
CUA 0.65 0.49 0.57 0.52 0.56 CAU . 198 0 131 1.68 124
CUG 0.32 0.51 1.02 114 0.75 CAC s 0.02 0 0.69 0.32 0.26
AUU 149 1.43 136 171 150 CAA 1.59 110 0.79 1.65 1.28
AUC Iie 0 0.83 0.27 0.43 0.38 CAG Gin 0.41 0.90 121 0.35 0.72
AUA 151 0.74 1.36 0.86 112 AAU 1.85 125 114 1.2 136
GUU 147 176 2.41 16 181 AAC Asn 0.15 0.75 0.86 0.8 0.64
GUC 0.38 0.75 0.57 0 0.43 AAA 0.97 0.74 0.57 18 1.02
GUA val 0.37 0.36 0.34 0.8 0.47 AAG by 1.03 1.26 143 0.2 0.98
GUG 177 113 0.68 1.6 130 GAU 1.09 163 14 15 141
UCU 1.34 0.85 0.72 0 0.73 GAC Asp 0.91 0.37 0.6 0.5 0.60
ucc L14 156 2 0.72 1.36 GAA 1.21 0.24 1 1.06 0.88
UCA 0.9 0.81 0.05 0.36 0.53 GAG Gl 0.79 176 1 0.94 112
UCG Ser 12 0.08 0.59 1.81 0.92 UGU 2 0.72 0 0 0.68
AGU 141 0.68 133 1.81 131 UGC cvs 0 127 2 0 0.82
AGC 0.01 2.02 131 1.29 116 CGU 178 0.90 0.67 112 112
CCU 1.01 183 0 0 0.71 CGC 0 142 1.09 0.96 0.87
CCC 0.5 135 0 133 0.80 CGA 0.59 0.67 0.97 0.88 0.78
CCA Fro 199 0.67 0 1.33 1.00 CGG Are 1.2 0.64 0.8 0.8 0.86
CCG 0.5 0.15 4 133 1.50 AGA 18 0.60 14 112 1.23
ACU 2.08 137 2.26 0.7 1.60 AGG 0.62 1.76 1.07 112 114
ACC 0.95 1.06 0.43 1.08 0.88 GGU 2.05 138 13 119 148
ACA Thr 0.72 1.05 0.32 0 0.52 GGC 0.58 0.86 0.5 1.02 0.74
ACG 0.25 0.53 0.99 2.22 1.00 GGA Gly 1.03 108 144 0.89 111

GGG 0.34 0.68 0.76 0.89 0.67




314

FARZADFAR, S. et al.: ANALYSIS OF CODON USAGE BIAS IN CP GENE

EU785967.ZBScp.Poland
EU785966.JBScp.Poland
FJ971718.PL.Poland
EF545141.XJ.China
MH106715.Brazilian. Brazil
EF210553.China
AJ810288.UF331.USA
'MK731955.JKI.Germany
AJ810286.FP22.France
'AJ810287.GT13.Germany
MW582801.Ahlum.Germany
EU785965.WBScp.Poland
'EF545140.IM.China
'EF102881.Mongolia.China
EF210552.China
EF113300.China
FN386613.IR-Neyshabur.Iran
'MNO087412.TR1.Turkey
MNO087415.TR3. Turkey

OK669143 BBSV.IR9RK Iran

OK669140.BBSV.IR7FH.Iran

OK669144 BBSV.IR16FK Iran|
(OK669142.BBSV.IR19FK Iran|
OK669139.BBSV.IRSRH.Iran
OK669141 BBSV.IR6SFK Iran|
U64512.Ahlum

EU785970.ZQcp.Poland
EU785968.WQcp.Poland
EU785969.JQcp.Poland
AJB10290.GT16.Germany
AJ810289.FP71 France
NC_003511

AJ223597

/TR

[ | ]

é

00 10 20 30 40
Value

[T TS| TR E

00 1.0 20
Value

(d) BBSV

00 1.0 20 3.0
Value

EEEER R

RSCU value of each codon in the CP gene of each beet soil-borne virus isolates is shown (a) BNYVV, (b) BSBY, (c) BVQ, and (d) BBSV
Rowsindicated the 59 nondegenerate, non-stop codons. Overrepresented codons (RSCU > 1) are shown by blue cells and underrepresented
codons (RSCU < 1) by red cells. Codons were grouped into three main clusters by using RSCU values: underrepresented A/U-and G/C ending
codons (cluster I, grey bar), A/U ending codons (cluster II, orange bar), and G/C ending codons (cluster III, blue bar).
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Codon usage bias of the CP genes

To estimate the degree of codon usage bias within beet
soil-borne virus CP sequences, ENC values were calcu-
lated. Generally, ENC values differ from 20 (top bias) to
61 (no bias) (He et al., 2019) and the stronger codon usage
biasisindicated by asmaller ENC value. Low codon usage
biasin all CP coding sequences of beet soil-borne viruses
was found with ENC average value of 51.58 + 1.258; 52.06
+ 3.224; 59.27 + 0.621; and 60.14 + 1.249 for BNYVV, BBSV,
BVQ, and BSBYV, respectively.

Trends in codon usage variation

Based on PCA analysis there is an overlap between
strains of the different geographical isolation of BNYVV,
indicating a common ancestor (Fig. 2a). Among them,
the BNYVV isolates from East Asia were nearest to the
origin (Fig. 3). We assume that the origin of the graph
coincides with the ancestral (original) virus (Nasrullah
et al., 2015; Butt et al., 2016; Chen et al., 2017; Zhang et al.,
2019; Konishi 2020). In addition, three Chinese isolates

Har4, CBCECP-4 (biotype A),and KYCP-6 (biotype B), were
far from other BNYVV isolates (Fig. 2a), which may show
therecent emergence of these viruses due to evolutionary
founder effects/bottlenecks, or strong selection pressures
(for example, host adaptation). The same result was also
obtained after analysis of p25 gene sequences of BNYVV
using PCA, which indicates thatthe BNYVV possibly origi-
nated from East Asia (Fig. 4a). Among the East Asians, the
isolates from China were older than Japaneseisolates (Fig.
4b). Furthermore,among the Europeanisolates the French
isolates (MG839239, MG839240), and one Spanish isolate
(AY696173) were closer to the origin. This indicated that
theseisolates possibly are the oldest European BNYVViso-
lates (Fig. 4c),and confirmed previous studies that showed
that BNYVV spread from central and southern Europe to
northern and Eastern Europe during afew decades (Asher
1993; Tamada 1999; McGrann et al., 2009). The same result
was alsoinferred for BSBVisolates when the plotted axes
based on geographicallocations were drawn. This analysis
also indicated that the Chinese isolates are closer to the
origin than the others (Fig. 2b, Fig. 5). As indicated in Fig.
2¢,BBSVisolates are separated into three diverged groups.
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Principal component analysis (PCA) according to geographical locations in which viruses were isolated
(a) BNYVV; (b) BSBV; (c) BBSV. East Asia, West Asia, Europe, and the USA isolates are shown in blue, orange, gray, and yellow respectively.
For a BSBV isolate from Brazil (South America) the green color is used.
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Principal component analysis (PCA) according to geographical locations in which BNYVV was isolated
East Asia, West Asia, Europe, and USA isolates are shown in blue, orange, gray, and yellow colors respectively.

PR2 biasness analysis

The relation between A3 and U3 content and G3 and
C3 content was analyzed by PR2 plots to determine if the
biased codon choices were restricted to highly biased
CP genes of beet soil-borne viruses. There is no bias in
the selection or mutation pressure when the plot lies in
the center, with both coordinates at 0.5 (Sueoka, 1995).
The preference toward codon choices is confirmed by
the PR2 plot (Fig. 6). It was indicated that A and U were
used more frequently than Gand Cin the CP gene of beet
soil-borne viruses. The AU bias in CP genes using the PR2
plotdemonstrates the preference towards codon choices
shaped by natural selection and mutation pressure to
variable degrees.

Mutation pressure and natural selection, both play
roles in the CUB of beet soil-borne viruses CP genes

ENC-plot using CP gene sequences was performed to
find out if the patterns of codon usage have been affected
by selection pressure or mutation pressure. By ENC va-
lues against GC3s values the data show that BNYVV (Fig.

7a), BSBV (Fig. 7b), and BVQ (Fig. 7c) isolates clustered
near/on the expected curve, indicating that mutation
pressure is more dominant than selection pressure in
codon usage patterns of beet soil-borne virus isolates.
Using p25 gene sequences of BNYVV, which were obtained
from GenBank data, it was found that selection pressure
is more dominant than mutation pressure in the coding
usage bias of this gene (Fig. 8). In addition, BBSV isolates
from different geographical isolations fall slightly below
on the left side of the expected curve, indicating that
the natural selection pressure was more important than
mutation pressure in BBSV isolates (Fig. 7d).

Codon usage host adaptation

The CAI analysis was done for assessment of the
codon usage optimization and host adaptation of beet
soil-borne viruses. The average CAI values of the CP
coding sequences were 0.778, 0.777, and 0.734 for BBSV,
BNYVV, and BVQ, respectively. To understand how the
host's codon usage patterns affect the viral codon usage
patterns, SiD analysis was performed. The SiD value of
BBSV (0.171) was higher than BNYVV (0.123), BSBV (0.117),
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and BVQ (0.099) indicating that during beet soil-borne
virus evolution, sugar beet has a greater impact on the
BBSV. This result is in agreement with neutrality and
ENC analysis, which indicates that selection pressure on
BBSV was greater than on the BNYVV, BSBV, and BVQ. In
addition, similarity index analysis indicated the common
vector P. betae has a profound effect on shaping RSCU
patterns of BNYVV (0.209), followed by BSBV (0.158), and
BVQ (0.134).

Discussion

The objectives of this study were to better understand
the sequence diversity and genetic structure of soil-borne
viruses infecting sugar beet using different approaches. In
this respect, new Iranian CP sequences of BNYVV, BSBY,
and BBSVisolates were sequenced. Soil samples from West
Iran were collected because the sugar beet fields in these
areas suffer mostly from beet yield reduction caused by

(a) :

05

soil-borne viruses as indicated by ELISA tests. The high-
est incidence was found for BNYVV (72.4%), followed by
BSBV (38.0%), and BBSV (19.0%). No BVQ positive sample
were detected in this study. BNYVV hasthe highest impact,
but it can mostly be controlled by genetic resistance. The
effects of BSBV and BVQ are under evaluation, but it is
speculated that they play a minor role and so far, genetic
resistances as acontrol measure are not known (Biancardi
and Tamada, 2016). Phylogenetic analyses clustered the
new Iranian BNYVV isolates into main group A genotype
as it is dominant in the rest of the world. The higher fit-
ness or transmission efficiency by vector may be related to
the wide distribution and prevalence of genotype A than
genotype B.The overall low variability observed in BNYVV
and two pomovirus (BSBV and BVQ) isolates worldwide
suggests high genetic stability. This could be explained,
atleastin part, by the ecological bottleneck in which host
plants and vectors are continuously maintained. Genetic
bottlenecks are evolutionary events that reduce the ge-
netic variation of a population and may occur at different
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Principal component analysis (PCA) of BNYVV
(a) The principal component analysis (PCA) of the BNYVV p25 gene sequences according to geographical locations; (b) PCA analysis
according to East Asia isolates (in this plot Japanese isolates indicated by red color) (c) PCA analysis according to Europe isolates. East
Asia, West Asia, Europe, and South American isolates are shown in blue, orange, gray, and yellow colors respectively.
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points during the life cycle of plant RNA viruses. Genetic
bottlenecks experimentally have been demonstrated
in plant virus populations during systemic movement
within the plant and horizontal transmission from plant
to plant by vectors (Ali et al.,2006). Similarly, one may ex-
pectthat the transmission of BSBV by P. betae canimpose
abottleneck and reduce the genetic variation of the virus
population. The separation of Iranian BBSV isolates into
three groupsindicates that numerousindependent infec-
tions have happened, likely from isolated sources from the
unknown host(s) related together through the common
viral vector Olpidium. Since the viruliferous resting spores
of the vector in soils are the main factor to transfer and

spread the beet soil-borne viruses (Biancardi and Tamada
2016), the transmission of BBSV from unidentified hosts
to sugar beet fields may be considered as an important
factor for its evolution.

Identification of codon usage patterns provides impor-
tant information about the host-pathogen co-evolution,
such as adaptation of pathogens to hosts and molecular
evolution of genes (He et al., 2017). In comparison with
eukaryotic and prokaryotic organisms, the importance
of codon usage bias in the evolution of plant viruses is
less considered. It has previously been indicated that
codon usage bias, or preference for one type of codon
over another, can be significantly influenced by overall
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Principal component analysis (PCA) according to geographical locations in which BSBV was isolated
East Asia, West Asia, Europe, and South American isolates are shown in blue, orange, gray, and yellow colors respectively.
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genomic composition (Gu et al., 2020). The significant
role of nucleotide compositional constraints in shap-
ing the codon usage patterns in different DNA and RNA
virus genomes have been reported (Sharp and Li1986a,b;
Xu et al.,, 2008; Wong et al., 2010; Liu et al., 2012; He et al,,
2017, 2019; Gu et al., 2020). RSCU and Nucleotide compo-
sition analyses indicated that selection of the preferred
codons has been influenced by composition of A and U,
which considers the existence of mutation pressure. In
beet soil-borne CP sequences, RSCU analyses indicated
that the preferred codons have been mostly influenced
by compositional constraints (U and A) and within CP
genes, codon preferences differ (Fig. la-1d). The RSCU
values of less than 1 were most frequently seen in CGN/
NCG codons, showing a strong CpG deficiency or suppres-
sion (Fig. la-1d), which is indicative of selection pressure
acting onbeet soil-borne viruses in shaping codon usage.
Lower CpG sites are generally preserved in RNA viruses to
avoid stimulation of innate immune responses and also
to emulate the host's codon usage as an optimization to
the available tRNAs pool (Kumar et al., 2018). The other
dinucleotide commonly underrepresented in RNA virus
genomesis UpA (i.e. UUA, CUA, AUA, GUA, UAU, and UAC)
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beet soil-borne viruses CP gene sequences
The BNYVV, BSBV, BVQ, and BBSV are shown by blue, red,and green
dots, respectively.

(Beraetal.,, 2017). However, for CP genes of beet soil-borne
viruses, UpA frequency was not underrepresented, and
the reason is attributed to A nucleotide-rich CP gene.
Unbiased use of UpA indicates that selection pressure
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ENC-plot analysis of the beet soil-borne CP gene sequences with ENC curve drawn against GC3s
The standard curve was plotted using the codon usage bias (calculated by the GC3s composition only) indicated by blue points.(a) BNYVV,

(b) BSBV, (c) BVQ, (d) BBSV.
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ENC-plot analysis of the BNYVV p25 gene sequences with ENC
curve drawn against GC3s, according to geographical isolation
Astandard curve was plotted using the codon usage bias (calculated
by the GC3s composition only) indicated by blue points. East Asia,
West Asia, Europe,and American isolates are shown in blue, orange,

gray, and yellow colors, respectively.

leading to low UpA frequencies is not actively involved
inthe codon usage patterns of these viruses, rather, these
patternsare mainly governed by compositional constraint
(Kumar et al., 2018).

The low ENC values represent an approximately con-
stant and conserved CP composition. Natural selection
may be induced by weak or low codon usage bias when
the viruses want to adapt to the hosts (Barrett et al,,
2006; Shi et al.,, 2013; Zhang et al., 2013). As inferred for
beet soil-borne viruses in this study, the lower codon
usage bias has been previously reported for some plant
viruses including begomoviruses (Xu et al., 2008), Rice
stripe virus (He et al., 2017), Potato virus M (He et al.,
2019), Papaya ringspot virus (Chakraborty et al., 2015),
Citrus tristeza virus (Biswas et al., 2019). Among a virus
population with an RNA genome, subpopulations with
afasterreplication have more chance toincrease because
both the virus and host use a common resource for their
translational procedures. However, the RNA-dependent
RNA polymerase has no 3'-5' proof-reading property,
and the virus variants with a higher rate of replication
sometimes resulted in the introduction of detrimental
mutations and decreasing in population fitness. A lower
replication rate results in higher accuracy and fidel-
ity and subsequently increases the fitness of the virus
population. Therefore, low codon usage bias of RNA
viruses has a benefit for efficient replication in the host
by decreasing the competition between the host and
virus in utilizing the synthesis systems (Jenkins and
Holmes, 2003).

Tofind out thetrendsin codon usage variation among
coding CP sequences of beet soil-borne viruses, we plot-

ted principal axes according to geographical isolation for
eachvirus. Clustering of the majority of BNVYY and BSBV
isolates from East Asia near to origin may illustrate the
old dispersal area of these viruses (Fig. 2). PCA analysis
confirmed the previous proposal that BNYVV originally
evolved in East Asia and hasrecently become a pathogen
of cultivated sugar beet (Chiba et al., 2011). The same
results can be inferred for BSBV (Fig. 2b) indicating that
this pomovirus might diverge from a common ancestor
in some regions of East Asia. BBSV isolates separated
into three groups and perhaps independently evolved
inthree clusters after distribution on principal axes (Fig.
2¢). The grouping of diverse BBSV lineages that are sepa-
rated by thousands of miles within a single main group
(Iran-I, Chines, and USA isolates), as well as grouping of
closely related isolates into distinct clusters (Iran-I and
Iran-II), indicates an important role of the flexibility
and movability of BBSV's natural hosts (e.g. sugar beet
and chytrid vector). There was not enough data for PCA
analysis about BVQ.

Normally, the balance of selection and mutation
pressures plays an important role in the codon usage
patternsin eukaryotes and prokaryotes (Wu et al., 2007,
2015; Wang et al., 2016). The results of the PR2 and ENC
plots indicated that codon usage of beet soil-borne
viruses is influenced by natural selection and muta-
tion pressure to variable degrees. CAI and SiD analysis
reflected the interplay of codon usage between beet
soil-borne viruses, their host, and vector, which influ-
ence viral fitness, survival, and evolution. Compared
with sugar beet, P. betae has a greater effect on shaping
RSCU patterns, as concluded from the similarity index
analysis. As P. betae and O. brassica are considered as the
natural reservoir and host for beet soil-borne viruses,
it makes sense that the virus has evolved its genomic
propertiestoasteady level to better adapt toits primary
host's condition.

This study showed that overall codon usage patterns
within CP genes of sugar beet soil-borne viruses are
slightly biased. A low CUB of RNA viruses has an advan-
tage for efficient replication in the host cells by reducing
the competition between the virus and host in using the
synthesis machinery. The evolution of beet soil-borne vi-
ruses perhaps reflects adynamic process of mutation and
natural selection to adapt their codon usage to different
environments, hosts, and vectors. Since the viruliferous
resting vector spores are transferred via the soils, there-
fore the spread of them from unrecognized natural hosts
to sugar beet fields may have been a major factor in their
evolution. This research is the first study of codon usage
analysis of beet soil-borne viruses and increased our
knowledge about the mechanisms that support codon
usage and their evolution.
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