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Abstract

Since 1948, pale yellow wheat spike have been reported in southern Brazil. This symptom was associated with tenuiviruses
due to the observation of cytoplasmic inclusions constituted by a mass of filamentous particles (7—10 nm in diameter) with
indeterminate length, identical to those found in “leaf dip” preparations. Such symptoms are still seen in wheat crops; how-
ever, there is a lack of information regarding this pathosystem. Decades after the first report, the first sequences of wheat
white spike virus were characterized. Wheat plants with symptoms such as pale yellowing, chlorotic streaks, and leaf mosaic
were collected in Parana State, Southern Brazil. High-throughput sequencing was used to determine the nearly complete
nucleotide sequence of the viral genome. The genome is composed of five RNAs with a total size of 18,129 nucleotides,
with eight open reading frames (ORFs). The virus identified in this study can be included in a new species in the family
Phenuiviridae, genus Tenuivirus, and we have tentatively named this virus “wheat white spike virus”.

In 1948, the first symptoms of white spike virus in wheat
plants (Triticum aestivum L.) were reported in the Pelotas
region of Rio Grande do Sul state, Brazil [1]. Since the
1970s, the viral etiology of this disease was determined,
and its occurrence in other Brazilian states was demonstrated
[2—4] through the observation of symptomatic leaf tissues
by conventional and electron microscopy. In infected tissues,
intracellular inclusions with a fibrous and twisted appear-
ance were observed in the cytoplasm. These inclusions were
formed by a mass of filamentous particles of 7-10 nm in
diameter with indeterminate length, which is identical to
those found in “leaf dip” preparations and similar to those
in plants infected by viruses of the genus Tenuivirus [2, 5].

Symptoms observed in infected plants range from pale
yellowing to whitening in bands on the leaves, chlorotic
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streaks, and striated mosaic, which can cause plant death
before tillering. The spike of affected plants are partially
and/or entirely pale yellow in color, showing malforma-
tion on the edges, no grains, and sometimes an abnormal
downward twist. Due to the observed symptoms as well as
the viral particle morphology, the causal agent was named
“wheat white spike virus” by the researchers [2]. Although
it was later referred to as “Brazilian wheat spike virus”
(BWSpV) [6], it was more recently named “wheat white
spike virus” [7]. Viruses of the genus Tenuivirus are trans-
mitted by planthoppers in a persistent propagative manner.
In a study by Costa in 1973 [8], planthoppers of the species
Sogatella kolophon K. demonstrated the ability to transmit
the virus associated with white spike symptoms in wheat.
This virus has occurred with variable frequency in Brazil-
ian wheat regions and is generally limited to crop edges
and is mainly seen in experimental plots. However, larger
crop areas have been affected recently in Parané State, Bra-
zil. Despite this, there is little information regarding this
pathosystem.

In this study we sequenced the genome of the virus
causing wheat white spike disease using high-throughput
sequencing (HTS). In 2018, a sample comprising leaves and
stalks of symptomatic wheat plants of the cultivars TBIO
Sinuelo, TBIO Itaipu, and BRS Reponte was collected
in the municipality of Ponta Grossa, Parana State, Brazil
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Fig.1 (A) Typical virus symptoms in different wheat cultivars (7riti-
cum aestivum) (1, 2, and 3, wheat cultivars TBIO Sinuelo, TBIO
Itaipu, and BRS Reponte, respectively) collected in Ponta Grossa,
Parana State, Brazil (25°00'50"S; 50°09'07"W; 886 m altitude) and
symptom of white spike (4). (B) Schematic representation of the posi-
tions of open reading frames (ORFs) on the viral and viral-comple-
mentary sequences of RNA1, RNA2, RNA3, RNA4, and RNAS. The
ORFs are represented by black bars. The proteins encoded by each
ORF are shown as boxes, indicating the predicted molecular mass
of the protein. (C) Two-dimensional plot representing the percent-
age of nucleotide sequence identity in RNA1, RNA2, RNA3, RNA4,
and RNAS of wheat white spike virus (WWSV) to those members
of the genus Tenuivirus. Accession numbers are as follows: RNA1:
WWSV, MZ_703097; MeCSV, NC_040450; RGSV, NC_002323;
RHBYV, NC_036597; RSV, NC_003755; EWSMV, MN_160329;

(25°00'50"S; 50°09'07"W; 886 m altitude) (Fig. 1A). The
sample was stored in an ultrafreezer (—80°C) for subsequent
extraction of double-stranded RNA (dsRNA), as described
by Valverde et al. [9], with some modifications [10].

HTS sequencing reads were generated from a comple-
mentary DNA library (¢cDNA) using an Illumina HiSeq
X Ten platform with paired-end 150-bp sequencing. The
cDNA library quality was checked using FastQC software,
and low-quality reads and adapters were removed using
Trimmomatic [11].

For comparative analysis, the nucleotide (nt) sequences
of the tenuiviruses echinochloa hoja blanca virus (EHBV),
Iranian wheat stripe virus (IWSV), maize stripe virus
(MSpV), melon chlorotic spot virus (MeCSV), rice grassy
stunt virus (RGSV), rice hoja blanca virus (RHBV), uroch-
loa hoja blanca virus (UHBV), rice stripe virus (RSV), and
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RmSV, KR_094115; FSaV, MW_678790. RNA2: WWSYV,
MZ_703098; IWSV, NC_038748; MSpV, NC_038751; MeCSV,
NC_040451; RGSV, NC_002324; RHBV, NC_036598; RSV,

NC_003754; EWSMV, MN_160345; RmSV, KR_094116; FSaV,
MW_678791. RNA3: WWSV, MZ_703099; EHBV, NC_038934;
IWSV, NC_038750; MSpV, NC_038754; MeCSV, NC_040448;
RGSV, NC_002325; RHBV, NC_036602; RSV, NC_003776; UHBYV,
NC_038757; EWSMV, MN_160360; RmSV, KR_698381; FSaV,
MW_678792. RNA4: WWSV, MZ_703100; EHBV, NC_038935;
MSpV, NC_038752; MeCSV, NC_040454; RGSV, NC_002326;
RHBYV, NC_036599; RSV, NC_003753; UHBV, NC_038758; IWSV,
NC_038749; EWSMV, MN_160376; RmSV, KR_094117; FSaV,
MW678793. RNAS: WWSV, MZ_703101; EHBV, NC_038936;
MSpV, NC_038753; MeCSV, NC_040449; RGSV, NC_002327;
RmSV, KR_094118

European wheat striate mosaic virus (EWSMV) as well as
two tentative tenuiviruses, ramu stunt virus (RmSV) and
festuca stripe-associated virus (FSaV), were used. Coding
regions (ORFs) in the viral genome were identified using
OREF Finder (https://www.ncbi.nlm.nih.gov/orffinder/) and
compared using ClustalW, available in SDT version 1.2.
The alignments used for the phylogenetic analysis were
performed using the MUSCLE tool available in the MEGA
X program [12]. Phylogenetic trees were built by the maxi-
mum-likelihood method implemented in the MEGA X pro-
gram, using the Tamura 3-paramenter and gamma distribu-
tion (G) model, with 9,000 and 5,000 bootstrap replications
for RNA1 and other RNAs, respectively. Recombination
analysis was performed using Recombination Detection
Program version 5 (RDP5) [13]. Only recombination events
detected by at least three of the methods available in the
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program with a p-value less than 0.05 were considered reli-
able. For detailed information on the methods used, see Sup-
plementary Material. The sequences have been deposited in
the NCBI database with the accession numbers MZ703097
(RNAT1), MZ703098 (RNAZ2), MZ703099 (RNA3),
MZ703100 (RNA4), and MZ703101 (RNAS). The sequence
of the 5" and 3’ ends of the RNA1 and RNA3 segments were
determined using a Rapid Amplification of Complementary
DNA (cDNA) Ends (RACE) Kit (Invitrogen) according to
the manufacturer’s protocol, using the primers listed in Sup-
plementary Table S1. The other segments may have a few
more nucleotides, which is why we refer to the sequence as
nearly complete. Fifty-five million reads were generated for
the analyzed sample. After processing the reads, 39 contigs
were identified as viral sequences. From these contigs, the
nearly complete sequence corresponding to the viral genome
was assembled.

The viral genome has five segments of single-stranded
ribonucleic acid (RNA), which is characteristic of members
of the order Bunyavirales [14]. RNAs 1-5 have 8,984, 3,602,
2,217, 1,864, and 1,447 nt, respectively. The genome has
eight ORFs. Based on comparisons with other tenuiviruses,
RNAT and RNAS5 have negative polarity, while RNA2,
RNA3, and RNA4 are ambisense RNAs; that is, they encode
proteins on the viral (5'-3") and complementary (3'-5")
strands (Fig. 1B) [6].

Comparisons with members of the genus Tenuivirus
showed differences in sequence similarity among the RNA
segments. The RNA1 and RNA?2 sequences are 73.5% and
71.7% identical to those of RHBV. The RNA3 sequence is
71% identical to those of EHBV, IWSV, and RHBV. RNA4
and RNAS5 share 74.5% and 87% identity with IWSV and
EHBY, respectively (Fig. 1C). The non-coding intergenic
regions have nucleotide sequence identity values close to
60%, whereas the intergenic regions of RNA2, RNA3, and
RNA4 have 63%, 60%, and 57.8% identity to the correspond-
ing segments of MSpV, UHBYV, and IWSYV, respectively
(Supplementary Fig. S1).

RNATI encodes a 2,921-amino-acid (aa) protein with a
possible replicase function. The protein contains the RNA-
dependent RNA polymerase (RdRP) domain and has a pre-
dicted molecular mass of 336 kDa. Comparative analysis
revealed that this protein shares 82% and 80% amino acid
sequence identity with the RARPs of FSaV and RHBYV,
respectively. RHBV was described in 1983, infecting rice
in Colombia; and FSaV was described in 2021, infecting
festuca in Germany [15-17]. The putative proteins encoded
by RNA2 share 74% and 71% identity with the viral proteins
pv2 of IWSV and pc2, encoded in the complementary sense
of FSaV, respectively. The pv2 and pc2 proteins exhibit
homology to glycoprotein precursors that interact with the
endoplasmic reticulum [18]. RNA3 encodes two proteins,
one with 80% identity to the NS3 protein of IWSV, which
acts as a silencing suppressor in RHBV and RSV [19, 20],
and one with 74% identity to the NSvc3 of RHBV, which,
in the case of RSV, is involved in the virus-insect interac-
tions [21]. RNA4 encodes a protein with 78% identity to the
virus-encoded NS4 protein of IWSV and 80% identity to
the viral complementary-strand-encoded pc4 protein. The
NS4 protein is known to be involved in viral movement in
plants [19, 20]. The pc4 protein is multifunctional and has
been implicated in cell-to-cell movement, long-distance
movement, and induction of leaf necrosis [22]. The protein
encoded by RNAS5 shares 84% identity with a hydrophilic
protein encoded on the complementary-sense strand of
EHBV RNAS, which could play a role in cell stability, rep-
lication, and movement, as suggested by De Miranda et al.
[23] (Supplementary Fig. S2 and Table 1).

Phylogenetic analysis corroborated the sequence compari-
son data, in which RNA1-5 of the viral isolate characterized
in this study showed close relationships to RHBV, IWSV,
and EHBV (Supplementary Fig. S3). Intriguingly, based on
the sequences of RNA1-5, the Brazilian isolates character-
ized in this study grouped with different viruses, depend-
ing on the RNA segment analyzed, suggesting that the
novel virus characterized in this study has RNA segments

Table 1 Genetic organization of wheat white spike virus (WWSV) and similarity of its proteins to those of other viruses

RNA size (nt) OREF position Number Size (kDa)  blastp, tblastx or tblastn results
of amino
acids
RNAI 8984 ORFI 8826-61 2921 336 82% identity to (RdRp) (FSaV) (QWQ49838)
RNA2 3602 ORF2 82-693 203 23 74% identity to protein pv2 (IWSV) (movement protein (YP_009507892.1)
ORF3 3464-2235 409 46 71% identity to protein pc2 (FSaV) (QWQ49840)
RNA3 2217 ORF4 736-6725 199 23 80% identity to protein NS3 (putative silencing suppressor)
(IWSV) (YP_009507896.1)
ORF5 2102-1155 315 35 74% identity to protein NSvc3 (nucleoprotein) (RHBV) (YP_009449448.1)
RNA4 1864 ORF6 67-591 174 20 78% identity to protein NS4 (IWSV) (YP_009507894.1)
ORF7 1830-982 282 32 80% identity to protein pc4 IWSV) (YP_009507895.1)
RNAS5 1447 ORF8 1321-278 347 40 84% identity to hydrophilic protein (EHBV) (YP_009508264.1)
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of different origins, indicating a reassortment event. Reas-
sortment is a shared feature of all segmented RNA viruses
[24]. In addition, recombination analysis using the complete
RNAs sequences detected a total of seven events involv-
ing members of the genus Tenuivirus. There is no evidence
of recombination with the novel virus characterized in this
study. WWSYV was identified as a minor parent of EWSMV
and RmSV (Supplementary Table S2). These results sug-
gest that reassortment and recombination are both important
mechanisms by which variability is introduced in members
of the genus Tenuivirus.

The close relationship between RHBV and EHBV is con-
sistent with their close geographic proximity, since RHBV
and EHBYV have been reported in Colombia and Costa Rica,
infecting rice and Echinochloa colona, respectively [15, 23].
On the other hand, IWSYV shares the same host with the
novel virus characterized in this study. In addition, WWSV
shows a close relationship to FSaV, both of which infect
plants of the family Poaceae. Determination of a larger
number of sequences of these viruses from different regions
would provide precise information regarding their relation-
ships and origins.

Genomic RNAs of members of the genus Tenuivirus
range in size from about 9.0 kb to 1.3 kb. Altogether, these
RNAs yield a total genome size of about 18—19 kb [25].
Viruses of the genus Tenuivirus have genomes with four or
more segments; however, some members of the genus have
not had all of their segments sequenced, such as UHBYV,
which has only two known sequences. The RNA1 of mem-
bers of this genus is the largest segment, and it has only one
coding region; however, for RNA2, RNA3, and RNA4, two
coding regions have been described, except in MeCSV and
RmSV, which have only one coding region each for both
RNA4 and RNAS [6, 26] (Supplementary Table S3). The
virus characterized in this study has a genomic organization
similar to that of members of the genus Tenuivirus, show-
ing the most sequence similarity and closer phylogenetic
relationships to members of this genus, which are associated
with plants of the family Poaceae.

The current criteria for demarcating species in the genus
are vector specificity, different ability to infect key plant spe-
cies, different sizes and/or numbers of RNA segments, <85%
aa sequence identity between any corresponding gene prod-
ucts, and <60% nt sequence identity between corresponding
non-coding intergenic regions [6, 26]. Based on its genomic
organization and comparative sequence analysis, the virus
described in this study is most similar to RHBV, IWSV,
FSaV, and EHBV; however, it has distinct molecular char-
acteristics that would allow it to be considered a member of
a new species in the genus Tenuivirus, and we propose the
name “wheat white spike virus” in acknowledgement of the
first published work referring to the disease caused by this
virus in Brazil. To the best of our knowledge, this is the first
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report of the genome sequence of this virus, which is the first
tenuivirus molecularly characterized in Brazil. The molecu-
lar data presented in this study are vital for the development
of diagnostic tools and studies on the biology of the virus.
More studies are needed to identify its vector and to estimate
its prevalence and potential agronomic impact on wheat and
other members of the family Poaceae in Brazil.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00705-022-05361-6.
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