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Abstract
Wheat streak mosaic virus is one of the most widespread viruses in cereal crops, causing severe losses,
dramatically affecting worldwide wheat production. Currently, four distinct clades of WSMV have been
grouped and named: A (Mexico), B (Europe, Asia, Russia), C (Iran), and D (United States, Argentina, Brazil,
Australia, Canada, Turkey). Each of these groups is based on genome-wide variability, emphasizing the
CP. Previously reported Turkish wheat isolates of WSMV clustered within both clades D and B. However,
the placement of the Turkish WMSV into clade B is only based on a partial genome sequence. Here, we
used high throughput sequencing to assemble the complete genome sequence of WSMV type B isolate
collected from wheat found in the European part of Turkey. Excluding the poly(A) tail, the genome of
isolate S34Edirne (Genbank no. MZ405098) consists of 9,360 nucleotides and contains a single large
open reading frame encoding a polyprotein of 3,033 amino acids. The characteristic lack of a GAG
(Gly2761) codon within the CP of the polyprotein is typical for the clade B, WSMV-ΔE isolates, which are
widely found throughout the European continent. However, two American isolates were recently placed in
this group. Sequence comparisons revealed that WSMV Turkish wheat isolate is the most closely related
to Czech isolate, with highly similar nucleotide and amino acid identities at 98.83-99.13%, respectively.
The result of this study indicates that the WSMV full-length genome of S34Edirne isolate should be
placed into clade B of the European WSMV-ΔE isolates.

Introduction
Wheat streak mosaic virus (WSMV) is a species of the Tritimovirus genus in the family Potyviridae
causing importantly wheat yield losses. The virus is transmitted effectively by the eriophyid mite Aceria
tosichella Keifer (Acarina: Eriophyidae) from wheat to wheat (Brakke 1958; Slykhuis 1955; Seifers et al.
1997). WSMV infects many plants in the Poaceae family, including all varieties of wheat (Triticum
aestivum L.), oat (Avena sativa L.), barley (Hordeum vulgare L.), maize (Zea mays L.), rye (Secale cereale
L.), pearl millet (Pennisetum glaucum L.), sorghum (Sorghum bicolor L. Moench), however,
dicotyledonous plants are largely unaffected WSMV (McNeil et al. 1996; Seifers et al. 1996; Sigh and
Kundu 2017; Hadi et al. 2011). The seed transmission rate has been reported as 0.5 to 1.5%, while
experimentally infected wheat cultivars transmit at 0.4%, and very low levels in commercial wheat were
with a maximum of 0.22% (Jones et al. 2005; Lanoiselet et al. 2008). Wheat streak disease was identi�ed
for the �rst time in the USA in 1929 as a yellow mosaic (McKinney 1937). Later, it was reported in various
states of the USA and Canada (Hunger 2010) as well as in Argentina, Brazil, and Australia (Dwyer et al.
2007; Stenger and French, 2009; Truol et al. 2004). In Europe, the virus was �rst reported in 1961 in
Romania and later in France, Hungary, Russia, Slovakia, Austria, the Czech Republic, Italy, Poland, and
Germany (Pop 1961; Gaborjanyi and Nagy 1988; Kudela et al. 2008; Gadiou et al. 2009; Trzmiel and
Szydło 2012; Leichtfried 2013; Glinushkin et al. 2013; Schubert et al. 2015). Additionally, WSMV was �rst
identi�ed in wheat, oats, and some grasses in the western part of Turkey by Bremer (1971). WSMV was
subsequently reported in various regions of Turkey (İlbağı et al. 2003; Akbaş et al. 2005lıc et al. 2012).
The genome size of the newly isolated WSMV is approximately 9.3–9.4 kb long and has a single open
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reading frame which is translated into a large polyprotein. This polyprotein is comprised of 10 mature
proteins: P1, HC-Pro, P3, 6K1, CI, 6K2, NIa-Pro, NIa-VPg, and CP. The 5' terminus has a VPg, and the 3'
terminus has a poly (A) tail (Stenger et al. 1998; Choi et al. 2002). Previously phylogenetic analyses
showed that WSMV isolates were grouped into four distinct clades (Rabenstein et al. 2022; Stenger et al.
2002). Accordingly, Clade A represents the El Batan 3 isolate from Mexico, which is the most divergent
genome across all clades (Sánchez-Sánchez et al. 2002; Choi et al. 2001). Clade B includes WSMV
isolates from Europe and Russia, called WSMV-ΔE isolates, characterized by an identical 3-nucleotide
deletion resulting in the lack of Gly2761 in the CP (Gadio et al. 2009). Remarkably, some WSMV isolates
from the USA were also reported to contain a deletion of GAG at nucleotide positions 8412 to 8414 as
being in clade B (Redila et al. 2021). Clade C represents a WSMV isolate from Iran (Rabenstein et al.
2002). Clade D contains isolates from North and South America, Australia, and Turkey (Stenger et al.
2002; Rabenstein et al. 2002; Stenger and French 2009; Robinson and Murray 2013). The complete
genome sequences of European isolates in clade B showed differences in the putative protein P1/HC-Pro
cleavage site (Choi et al. 2002; Schubert et al. 2015). The P1/HCPro cleavage site for clade A isolate has
an HGLRWY/GDS motif, clade B isolates contain the HGLRWY/ C(G) EP (S), and clade D isolates from
America and Asia have an HGL(F)RWY/GDQ motif (Schubert et al. 2015). WSMV isolates from various
countries worldwide showed that genetic diversity in European populations of WSMV has apparently
received less interest (Rabenstein et al. 2002; Gardio et al. 2009). Nevertheless, phylogenetic analysis of
the CP cistrons of American isolates are closely related; however, they are distinct from the El Batán 3
sequence (Choi et al. 2001). More polymorphic sites, parsimony informative sites, and increased diversity
were observed by Robinson and Murray (2013) in European isolates (Clade I) and American, Australian,
and American Paci�c Northwest isolates (Clade II), suggesting the more recent establishment of the virus
in the latter. Based on phylogenetic analysis of the nucleotide sequence of the CP region, American and
Australian isolates share sequence similarities to those of the American Paci�c Northwest (APNW)
(Dwyer et al. 2007; Stenger and French 2009). On the other hand, a partial sequence from Turkey
clustered into clade B (Gadiou et al., 2009); however, there is no information on the complete genome
sequence of WSMV from Turkey into clade B.

This study aimed to investigate the viral pathogens in cereals, including wheat and grasses collected
from Turkey, using high throughput sequencing. Here, we report the complete and partial nucleotide
sequences into clade B associated with WSMV, clustering with other European, Russian, and Asian
isolates and some of the newly included three American isolates.

Material and Methods

Plant sampling
A total of 32 plants, including wheat (16), grasses including Phalaris aquatica L. (8), Echinochloa crus-
galli L. (2), Sorghum halepense L. (2), Lolium perenne L. (1), Avena fatua L. (2) and volunteer wheat (1)
leaf samples were collected individually to each sample from the wheat �elds and border of the cereal
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�elds in the Trakya region of Turkey. Wheat and grass samples exhibited yellowing, dwar�ng, and streak
mosaic symptoms; however, L. perenne and E. crus-galli grass samples were asymptomatic. Collected
leaf samples were frozen in liquid nitrogen and stored at − 80 ◦C in a deep freezer until used.

RNA Extraction, Library Preparation and HTS
For HTS analysis, total RNA was extracted individually from symptomatic and asymptomatic each leaf
sample using either a Direct-Zol Miniprep kit (Zymo Research, Irvine, CA, USA), and RNeasy Plant Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. RNA was treated with Turbo
DNAse (Thermo Fisher Scienti�c, Waltham, MA, USA). After resuspending the extracted total RNA, the
quality and quantity were checked with a Qubit 3.0 �uorometer and a NanoDrop 2000. Strand-speci�c
cDNA libraries were prepared from ribosomal depleted RNA using the NEBNext Ultra II Directional RNA
Library Prep kit (New England Biolabs, Ipswich, MA, USA). The quality of the cDNA library was also
checked at 2100 Bioanalyzer System-High Sensitivity DNA Assay (Agilent, Santa Clara, CA, USA).
Subsequently, 32 cDNA libraries were run on an Illumina HiSeq 3000 (Illumina Inc., San Diego, CA, USA) at
the Iowa State University in DNA Facility.

Determination of the Full-Length Genome Sequence by
Bioinformatic Analysis
The raw reads were trimmed for adapters and sorted by sample, and the quality of sequences was
analyzed with Cutadapt. Reads were assembled with Spades (Bankevich et al. 2012) using default
parameters with the RNA �ag. Following, the reads were mapped back to the assemblies using Hisat2
(Kim et al. 2017), converted to bam with Samtools (Li et al. 2009), and read counts were processed using
feature counts from the Subread package (Liao et al. 2009). Annotation of assembled contigs was
performed using NCBI Blast 2.11.0+ (Altschul et al. 1990) to the current ViralDb (last updated February
2021) within a threshold of identity at 50% with an e-value of 10− 5. Each potential ORF was translated
and input into BLASTp to NCBI nr to determine putative functions. Phylogenetic trees were constructed
using 23 whole-genome sequences of WSMV isolates were retrieved from NCBI, as shown in Table 1. The
phylogenetic analysis was inferred using the neighbor-joining method in Mega 7, applying the Tamura-nei
model and 1000 bootstrap replicates (Kumar et al. 1993). Pairwise alignments of the nucleotide and
deduced amino acid sequences were done using Bioedit 7.2 (version 7.2.5;
https://bioedit.software.informer.com/7.2, Hall 1999).

RT-PCR test and Sanger Sequencing
Total RNA from the wheat leaf sample was isolated using a Qiagen plant mini kit (Qiagen, Hilden,
Germany) in order to con�rm HTS data. The concentrations of the isolated RNA were determined using
Nanodrop (2000). cDNA was obtained using a High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scienti�c, Waltham, USA) and used to amplify viral sequence the primers designed from
assembled contigs. RT-PCR test was performed using DreamTaq DNA polymerase Mastermix (Thermo
Fisher Scienti�c, Waltham, MA, USA) according to the manufacturer’s recommendations. The
thermocycling conditions were as follows: initial denaturation step of 95 ◦C for 3 min; 35 cycles of 95 ◦C
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for 30 s, 52 ◦C for 60 s, and 72 ◦C for 30 s; and a �nal extension step of 72 ◦C for 5 min. After conducting
RT-PCR, the ampli�cation product was visualized by gel electrophoresis using 1.5% agarose gels under
UV light. Sanger sequencing was performed at Refgen Biotechnology company, Ankara, Turkey.

RESULTS
A total RNA library was individually constructed from each samples and sequenced using an Illumina
platform to identify the potential pathogenic agents in cereal and grass samples collected from cereal-
growing �elds in Trakya, Turkey. Sequencing yielded a total of 4.612 million paired-end reads at 150
nucleotides each. These reads were assembled into 55 contigs with Spades and showed a high identity
to wheat streak mosaic virus with a range of 88.3–100% identity and extremely low e-values at or below
1e− 54. Of the 4.6 million reads, 6,379 reads were aligned back to the genome, achieving coverage of 102x.
The scaffolded genome of the S34Edirne wheat isolate (Genbank acc.no. MZ405098.1) is 9,360 nt long,
excluding the polyA tail at the 3' end. A partial sequence from a wheat isolate (Genbank acc.no.
ON364116.1) has been also obtained which is 3348 nt long. The amplicon of WSMV (434 bp) obtained
by RT-PCR test was identical to the sequence assembled from HTS. Thus, the complete genome of
S34Edirne wheat isolate encodes a single polyprotein of 3,033 amino acid residues and has a typical
genome organization of the Potyviridae family. This single polyprotein produces ten mature proteins
containing P1 (352 aa, 40.19 kDa), HC-Pro (384 aa, 44.29 kDa), P3 (278 aa, 32.12 kDa), 6K1 (51 aa, 6
kDa), CI (644 aa, 72.48 kDa), 6K2 (51aa, 5.88 kDa), NIa-VPg (197aa, 23.16 kDa), NIa-Pro (229aa, 25.73
kDa), NIb (499aa, 56.95 kDa), CP (348aa, 36.52 kDa). The 5' UTR of S34Edirne is 130 nt, while the 3' UTR
is 130 nt long. The poly-A tail contains in the S34Edirne genome a long tail at 20 nt. The protein sequence
contains a conserved 'GYCYM' pentapeptide motif beginning at amino acid position 623 within the
carboxy-terminal third of HC-Pro as occurred in WSMV polyprotein sequences, as well as a tyrosine
residue at position 1882 of the peptide sequence results in the motif ‘YGFDP’. The genome of S34Edirne
includes a codon deletion (GAG) in the CP region of the polyprotein as other European/Asian isolates and
two American isolates recently included into clade B showed having three nucleotide deletions at
positions 8,412 to 8,414. This gap corresponding to one amino acid deletion within the CP region of
polyprotein is identical in other European isolates. The CP gene of the S34Edirne isolate contains the
motif HGLRWY/CEP in the putative protein P1/helper-component proteinase (HCPro) protease cleavage
site as other European isolates from Germany, Ukraine, Poland, the Czech Republic, and two American
isolates; however, one isolate Marmagne from France differs in one amino acid as shown HGLRWY/CES.
In contrast, the American and Asian isolates contain the motif HGL(F)RWY/GDQ, though the El-Batan
isolate from Mexico has a signi�cantly different motif from WSMV sequences (Fig. 1).

The complete and partial nucleotide sequences of WSMV Turkish wheat isolates S34Edirne and S34-
Edirne were analyzed and compared with 27 complete nucleotide sequences of WSMV isolates available
from the EMBL-EBI and GenBank databases, as exhibited in Table 1. The phylogenetic tree constructed
from these sequences reveals three clustered clades A, B, and D (Fig. 2). The Turkish wheat isolates
clustered with European, Asian, and three American isolates within clade B and placed the most closely
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with DSMZ PV-0356 isolate from Ukraine in the same branch. The isolates from the USA, Australia,
Argentina, Turkey, and Iran were placed into clade D. Moreover, the El-Batan isolate clustered in clade A as
it is quite different from the other isolates of WSMV. However, none of the WSMV isolates clustered into
clade C based on the complete and partial nucleotide sequences of WSMV (Fig. 2).

Sequence comparison with S34Edirne revealed that the highest level of nucleotide identity was 98.84%
for the Czech isolate, while the lowest nucleotide identity was 79.14% for El Batan 3 isolate from Mexico.
Amino acid multiple sequence alignments of WSMV isolates revealed that the highest level of identity
was 99.13% with isolate Czech isolate from the Czech Republic. In comparison, the lowest level of
identity was 88.81%, with El Batan 3 isolate from Mexico.

Using all available WSMV complete genome sequences, we were able to associate the two Turkish wheat
isolates within clade B WSMV genotypes. The S34Edirne and S34_Edirne isolates are from the Edirne
province, located at the border of Greece and Bulgaria. Moreover, the Turkei isolate was taken from
Tekirdağ, located in Trakya, the European part of Turkey. Thus, two isolates from Trakya were placed into
clade B with other European WSMV isolates. While it is possible that seed or wheat curl mites could
transmit these isolates. Because Edirne’s cereal �elds are fairly close to cereal �elds at the border of two
countries; thus, the virus might be spreading both via wheat curl mites by the wind, or by contaminated
seeds during seed import between countries even if WSMV transmit at the lowel level by seed. Thus, this
could happen either by natural distribution through its viruliferous vector wheat curl mites or by
disseminating the virus-infected seed materials. On the other hand, Turkey1 and Turkey 2 isolates are
included in clade D and are from central Turkey. These two WSMV isolates are well close to American
WSMV isolates. It might be possible to materialize during the exchange of the past century germplasm
between countries (Fig. 3). Obtained these results point out that two different WSMV genotypes are
coexisting in Turkey. Further research on WSMV isolates may enable researchers to better de�ne the
genetic diversity across divergent WSMV genotypes.

DISCUSSION
The complete nucleotide sequence of the S34Edirne isolate and a partial sequence of the S34_Edirne
isolate were assembled and annotated in the present study. The local WSMV strain in Trakya was placed
into clade B using a partial sequence (isolate Turkei). In a previous study, it was revealed that the
complete genome for isolate Turkey1 and a partial CP sequence of Turkey2 isolate clustered into clade D
by having a high sequence identity with WSMV American isolates and lacked indels relative to Sidney 81
and Type isolates (Rabenstein et al. 2002; Gadiou et al. 2009). This study shows the �rst complete
genome of WSMV took place in a European isolate in clade B between Turkish isolates so far identi�ed.
Turkish strains WSMV were �rst identi�ed in 1971 in wheat, oats, and some grasses in western Turkey
(Bremer 1971). Subsequent studies showed that the presence of WSMV in wheat-growing �elds in
opposite regions of Turkey (İlbağı et al. 2003; Akbaş et al. 2005lıc et al. 2012). Gadiou et al. (2009)
suggested that the Turkei isolate, derived from the Trakya region of Turkey, had clustered within clade B.
Subsequently, this might be indicates two distinct WSMV genotypes may coexist in Turkey. However, our
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results reveal that the WSMV sequences of two isolates resides in clade B with European and Asian
isolates. Nevertheless, Turkey 1 and Turkey 2 isolates remain in clade D with American isolates as
pointed out in previous study. All the results associated with WSMV so far show that WSMV could be
transmitted through seed into the country, or by wheat curl mites to the neighboring cereal �elds at the
border of the country. Moreover, it might be also possible another reason spreading by exchange breeding
materials. All means of the WSMV spreading globally should be investigated in detailed further studies.
Thus, the genome variability could cause problem in resistance breeding in order to develop the
resistance cultivars to virus. The genome of S34Edirne contains a three-nucleotide deletion (GAG)
resulting in one amino acid deletion (Gly2761) within CP gene region of the polyprotein, a characteristic
common to all European WSMV isolates (Gadiou et al. 2009). Recently, three isolates (NE01_19, KM19
and R020) from the USA were determined to contain three nucleotide deletions in the CP gene, which is
typical in the European isolates (Redila et al. 2021). Altogether, this evidence indicates that transmission
of these strains is likely via human-assisted movement from Europe to the USA, despite the fact that
WSMV is transmitted by seed at very low levels (0.5–1.5%) (Jones et al. 2007; Lanoiselet et al. 2008).
However, WSMV is also transmitted by the eriophyid mite Aceria tosichella Keifer (Acarina: Eriophyidae)
between wheat plants at short and medium distances (Brakke 1958; Seifers et al. 1997). Thus, the mites
could spread to short distances by wind but to long distances spread could be performing by assisted by
�ying insects (Slykhuis 1955; Gibson and Painter 1957). As a matter of fact, Rabenstein et al. (2002)
reported that the hard red winter wheat (Triticum aestivum L.) in South Dakota, Nebraska, and Kansas
was due to the introduction of ‘Turkey wheat’, which had been extensively exchanged between the Great
Plains and Black Sea regions. Heun et al. (1997) indicated the earliest cultivated wheat forms were
domesticated feral grasses, with genetic relationships placing their origination in the Karacadağ
Mountain in the south-eastern part of Turkey. Thus, further studies could identify other strains of WSMV
in the Turkey, as it is the origin of domesticated wheat. Apart from this, Asian isolates from Iran also
contain the divergent strains of WSMV in clades C and D (Stenger and French 2009; Robinson and
Murray 2013; Rabenstein et al. 2002; Gadiou et al. 2009; Schubert et al. 2015; Sigh et al. 2018; Redila et
al. 2021). Thus far, studies of WSMV show that isolates are separated into four distinct clades (A-D) by
nucleotide sequence comparisons. Clade A is from Mexico which contains El Batan isolate; clade B is
from Europe and Russia; clade C is from Iran; and clade D, which contains some the North American
isolates and two Turkish isolates (Stenger et al. 2002; Rabenstein et al. 2002). The Mexican isolate El-
Batan3 clustered in clade A is the most divergent isolate from the North American strains and has 79%
nucleotide sequence identity to Sidney 81 and Type (Sánchez-Sánchez et al. 2002; Choi et al. 2001).
Recently Sigh and Kundu (2017) identi�ed and clustered subclade B1 in some grass isolates into clade B.
Similarly, four subclades: D1, D2, D3, D4 within clade D isolates from American origin were clustered by
French and Stenger (2002). The genome of S34Edirne has 9360 nt excluding at poly-A tail at 3´terminus;
however, the poly-A tail in the S34Edirne genome contains a long tail at 20 nt differentially than other
WSMV isolates. Nevertheless, WSMV RNA encodes a single polyprotein of 3,033 amino acid residues and
has a genome organization typical for a member of the family Potyviridae (Stenger et al. 1998; Choi et al.
2000; Sigh et al. 2018). Stenger et al. (1998) indicated that a conserved  pentapeptide motif
and  motif at amino acid 1882 in WSMV polyproteins. In addition, our study presents that the

GYCYM

YGFDP
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genome of S34Edirne isolate contains two motifs as other WSMV isolates. The phylogenetic tree
indicates that S34Edirne and S34_Edirne isolates cluster to clade B, while only three clades were
identi�ed here, lacking a representative of clade C as reported by Schubert et al. (2015). ). Sequence
comparisons showed that the isolates of S34Edirne had homology at the nucleotide and amino acid
identity level of 98.84–99.13% with Czech isolate within clade B. Similarly, Gadiou et al. (2009) stated
that WSMV-ΔE isolates share 97.5–99.0% nucleotide identity with the completely sequenced Czech WSM
isolate and was identical at the amino acid sequence level. Mishchenko et al. (2019) also reported the
isolate Ukraine-Mal-18 has a high level of the sequence identity (93.5%-95.9% nt and 93.6–95.0% aa) with
the clade B isolates. As reported, type B isolates shared a high similarity of ~ 92% (nt) and 94% (aa) to
type B1 isolates and of ~ 90% (nt) and 95% (aa) to type D isolates.

Because of the recent effects of global climate change, human-assisted movement of WMSV worldwide
or exchange of breeding materials could be a cause for the new WSMV genotypes, though genetic
divergence may have occurred locally. Thus, all studies of WSMV show that much of the divergence
among WSMV strains could be explained by genetic drift (Choi et al. 2001). Our results con�rm the
coexistence of two distinct WSMV genotypes in Turkey. The isolates S34Edirne and S34_Edirne of this
study clustered to clade B with European and Asian isolates. In contrast, in the former study, two isolates
(Turkey 1 and Turkey 2) from Turkey clustered to clade D, and have high nucleotide sequence identities
with American isolates. Further studies will be needed to determine the existence other WSMV genotypes
in Turkey and the world. In addition, the prevailing control strategies should be modi�ed to better identify
how WSMV is transmitted, especially focused on seed transmission to prevent spreading globally.
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Figure 1

Putative protease cleavage sites in WSMV isolates within clades A, B, and D. The P1/HCPro cleavage site
of European isolates differ from other American/Asian WSMV isolates, and Mexican isolate El-Batan3 is
the most divergent isolate among the WSMV isolates
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Figure 2

Phylogenetic tree constructed using the neighbor-joining method with nucleotide sequences of 27 wheat
streak mosaic virus (WSMV) isolates. 1000 bootstrap replicates were performed and rooted to the
genome of oat necrotic mottle virus (ONMV)
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Figure 3

Four provinces in Turkey where WSMV isolates were procured (S34Edirne, S34-Edirne, Turkei, Turkey 1,
Turkey 2 isolates)


