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Abstract
During the 2019 winter wheat season, symptoms of severe chlorosis and stunting were observed on wheat in the irrigation 
production areas of South Africa. RNAtag-seq data were generated for seven samples from KwaZulu-Natal province and 
one from Limpopo. Analysis of assembled contigs indicated the presence of a putatively novel member of the genus Ten-
uivirus, tentatively named "wheat yellows virus" (WhYV). The genome is made up of four segments, which are 8952, 3451, 
2338, and 2045 nucleotides in length and code for a total of seven ORFs. Phylogenies of each segment (nucleotide) and the 
polymerase gene (amino acid), as well as amino acid sequence comparisons of each gene product, showed that WhYV is 
most closely related to rice stripe virus.

Wheat (Triticum aestivum L.) is one of the most important 
crops in the global production of cereal for both human and 
animal consumption. In South Africa, wheat is second only 
to maize as the country's most important grain crop [1]. The 
production of South African wheat under irrigation condi-
tions regularly comes under significant disease pressure, 
such as Fusarium head blight [2], various rust fungi [3], and 
the recently described wheat stripe mosaic virus [4].

The genus Tenuivirus (family Phenuiviridae) comprises 
several viruses of poaceous cereal crops [5]. Tenuiviruses 
are vectored by delphacid planthopper vectors in a circula-
tive-propagative manner with high virus-vector specificity 

[6]. There are currently nine accepted species [7]: Rice stripe 
tenuivirus, Echinochloa hoja blanca tenuivirus, European 
wheat striate mosaic tenuivirus, Iranian wheat stripe ten-
uivirus, Maize stripe tenuivirus, Melon tenuivirus, Rice 
grassy stunt tenuivirus, Rice hoja blanca tenuivirus, and 
Urochloa hoja blanca tenuivirus. Tenuiviruses has long been 
suspected to be present in wheat in Brazil and Europe, and 
recent high-throughput sequencing efforts have confirmed 
the presence of these viruses through the genomic charac-
terization of Brazilian wheat spike virus [8] and European 
wheat striate mosaic virus [9]. There are no previous records 
of tenuiviruses infecting wheat in South Africa.

During 2019, winter wheat in the irrigation areas of Kwa-
Zulu-Natal (KZN) and Limpopo provinces showed symp-
toms of stunting and leaf chlorosis (Supplementary Fig. 
S1). Total RNA from one sample from Limpopo (sample 
W23) and seven samples from KZN (samples W24-W30) 
was extracted from leaves, using a modified CTAB proto-
col [10]. An RNAtag-seq library was prepared according to 
Shishkin et al. [11] and sequenced using an Illumina HiSeq 
2500 sequencer (Illumina, San Diego, CA, USA) with 125-
bp paired-end reads at the Agricultural Research Council 
Biotechnology Platform, Pretoria, South Africa. Datasets 
were demultiplexed using Je [12]. Trimming for quality 
and adapter content was performed using CLC Genomics 
Workbench 9 (QIAGEN Bioinformatics, Aarhus, Denmark) 
with parameters set as follows: minimum read length of 20 
nt (nucleotides), quality limit of 0.05, and adapter trim-
ming with Illumina universal (5’-AGA TCG GAA GAG -3’) 
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and RNAtag-seq (5’-TAC ACG ACG CTC TTC CGA TCT 
NNNNNNNNT-3’) adapters. The numbers of reads associ-
ated with each dataset are listed in Supplementary Table S1. 
All raw trimmed datasets are available as a National Center 
for Biotechnology Information (NCBI) sequence read 
archive with the accession number PRJNA816710. De 
novo assembly of contigs was performed using metaSPAdes 
3.14.0 [13], and plant-virus-associated contigs were identi-
fied using BLASTn [14] with the viral refseq database.

All samples were associated with a putatively novel mem-
ber of the genus Tenuivirus with four genome segments. 
Given the leaf chlorosis observed in the sampled plants, 
the virus has been tentatively named "wheat yellows virus" 
(WhYV). In addition to WhYV, nearly complete sequences 
for all three genome segments of brome mosaic virus were 
assembled for samples W25 and W26 (data not shown). 
The average lengths for each genome segment of WhYV 
were 8,952, 3,451, 2,338, and 2,045 nt, respectively, with 
a total average genome length of 16,786 nt. The specific 
length, coverage, and NCBI GenBank number of the genome 
segments from each sample are listed in Supplementary 
Table S1. The gene organization of each segment was deter-
mined using NCBI ORF Finder [14], which together with the 
putative functions of each gene, is shown in Figure 1. The 
genome organization is typical of the genus Tenuivirus [15], 
particularly those tenuiviruses with four genome segments. 
Initial BLASTn analysis indicated that WhYV shared the 
greatest sequence similarity with rice stripe virus (RSV) in 
all genome segments. Nucleotide sequence identity values 
were determined using the “pairwise comparison” function 
in CLC Genomics Workbench 21 (QIAGEN Bioinformat-
ics, Aarhus, Denmark). The identity values for comparison 

of WhYV and RSV were 72%, 65.2%, 59.5%, and 62.7% 
for RNA 1, 2, 3, and 4, respectively. BLASTp analysis of 
each putative gene product of WhYV confirmed that the 
virus is most closely related to RSV. Average amino acid 
identity (AAI) values shared between cognate gene prod-
ucts of WhYV and RSV were determined using the AAI 
calculator in the enveomics collection [16] and are shown 
in Fig. 1. The current species demarcation thresholds are 
< 85% amino acid sequence identity shared between any 
cognate gene products and < 60% nt identity between cog-
nate intergenic regions [8]. For WhYV, the amino acid 
sequence identity values between the corresponding gene 
products are all below 85%, with the exception of NScv4 on 
RNA4, for which the value was just above the threshold, at 
85.9%. The nucleotide sequences of the intergenic regions 
of WhYV RNA 2, 3, and 4 are 47%, 50%, and 38% identical 
to those of the cognate regions of RSV, and these values are 
below the threshold of 60%.

The nucleotide sequences of each RNA segment and the 
amino acid sequence of the polymerase gene were aligned 
with the cognate sequences of other tenuiviruses using 
Clustal Omega [17], and these alignments were then used 
for to maximum-likelihood phylogenetic analysis, using the 
best-fit substitution model in MEGA X [18], which was the 
general time-reversible model [19] for segment 1 and the 
Kimura 3-parameter model [20] for the remaining three seg-
ments. The Le Gascuel substitution model [21] with empiri-
cal base frequencies was used to infer the L-gene phylog-
eny. All phylogenies were run with gamma distribution to 
account for among-site rate variation, as well as bootstrap-
ping with 1000 replicates, using the same model param-
eters to determine branch support. The L-gene phylogeny 

Fig. 1  (A) Genome segment lengths (in nucleotides [nt]), genes, gene 
locations, putative gene product sizes (in amino acids [aa]), product 
functions, and average amino acid sequence identity (AAI) shared 
between wheat yellows virus (WhYV) and the cognate gene prod-
ucts of rice stripe virus. a JQ927432 DaL08, b JQ927427 HuZ10, 
c AJ620313 DLi1, d DQ299173 TXQ3-04; e AF221830 BS; f 
JQ927417 KunM08. The WhYV genome derived from sample W26 
is shown here (ON156482-ON156485). MW, molecular weight; pI, 

isoelectric point; AAI, average amino acid identity. (B) Maps of the 
genome segments of WhYV. Each genome or genome segment is 
shown in the positive sense, and each open reading frame (ORF) is 
represented by a grey block with the direction of each ORF indicated. 
The putative functions of the gene products expressed by each ORF 
are shown. RdRp, RNA-dependent RNA polymerase; NS2, move-
ment protein; NSvc2, glycoprotein; NS3, non-structural protein; CP, 
nucleocapsid; SP, disease-specific protein; NSvc4, NSvc4 protein
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is shown in Fig. 2, and the nucleotide-sequence-based phy-
logenies of each gene segment are shown in Supplementary 
Figure S2.

To confirm the presence of WhYV in each sample, an 
RT-PCR assay was designed to target the coat protein (CP) 
gene, using the following oligonucleotide primers. WhYV-
CP-F, 5’-TCA CAC ACT AGA GCA AAG ATC ACA-3’; 
WhYV-CP-R: 5’-AGT ATT CTG GCT ATG ATG CTG 
CAA-3’. Reactions were performed in two steps, using 
M-MuLV reverse transcriptase and  OneTaq® 2X Master 
Mix (New England Biolabs, Ipswich, MA, USA). Bands of 
the expected size (950 bp) were generated for each sam-
ple, and amplicons from W24, W25, and W26 were used 
for unidirectional (forward) Sanger sequencing (Inqaba 

Biotechnical Industries, Pretoria South Africa). The result-
ing sequences were 100% identical to the cognate sequences 
of their respective contigs.

The sequences of the terminal nucleotides of WhYV 
genome segments were confirmed for both the viral (vRNA) 
and complementary RNA (vcRNA), using a 3’ RACE Sys-
tem for Rapid Amplification of cDNA Ends (Life Technolo-
gies, Carlsbad, CA, USA), according to the manufacturer's 
specifications. The following gene-specific primers were 
used: segment 1, vRNA (5’-ATC AAG TTG CAT GGA 
GTG GTC AAG-3’) and vcRNA (5’-TCA CAA AGC TCA 
GAG ACA CAG AGC-3’); segment 2, vRNA (5’-TGG ATG 
TAA GGG TAG TAC TGG ATT G-3’) and vcRNA (5’-CAA 
CAT TGT GTG ACA AGG GAA TCT C-3’); segment 3, 

Fig. 2  Maximum-likelihood phylogeny based on an amino acid 
sequence alignment of the L-gene product (RNA-dependent RNA 
polymerase) of wheat yellows virus (sequences from this study are 
indicated by black circles) and relevant members of the genus Ten-
uivirus. The phylogeny represents the tree with the highest log likeli-
hood and was generated in MEGA X using the Le Gascuel substitu-

tion model with empirical base frequencies, a proportion of invariant 
sites, and gamma distribution to account for among-site rate variation 
(n = 5). Bootstrapping was applied (1000 replicates), and the percent-
age of trees in which the associated taxa clustered together is shown 
next to the branches. Bootstrap percentages lower than 50 are not 
shown
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vRNA (5’-GCC AGT TCC TCT GAC ATA TCT CAT-3’) 
and vcRNA (5’-CTC CCA CTA ATA GGT GGC TTA TCT 
G-3’), segment 4, vRNA (5’-GAG CCT TGA CAG AGT 
AGT CCT GT-3’) and vcRNA (5’-TCT CTG CCT TGG 
CCA TCT TTA CGA-3’). Total RNA from sample W26 
was polyadenylated using E. coli poly(A) polymerase (New 
England Biolabs, Ipswich, MA, USA) prior to performing 
RACE. The RACE amplicons were sequenced by the Sanger 
method. The complete sequence of each genome segment 
confirmed the presence of inverted complementarity in the 
terminal nucleotides of each segment. This is typical of all 
segmented negative-stranded RNA viruses [15] and leads to 
the formation of panhandle structures that act as promoters 
for replication and transcription [5].

Complementarity was observed in the terminal 18 nucleo-
tides of segments 1, 3, and 4 and the terminal 17 nucleo-
tides of segment 2. The lengths of the complementary 
sequences is comparable with those of RSV [22], and the 
terminal sequences are completely conserved between RSV 
and WhYV in segments 2, 3, and 4 and have only two mis-
matches in segment 1. A mismatched cytosine residue was 
consistently observed in all segments at the 11th position, 
which has also been reported for RSV [22]. The terminal 10 
nucleotides are completely conserved among the 5’ ends of 
all segments and the 3’ends of segments 2, 3, and 4, with 
the sequence ACA CAA AGUC. Segment 1 has the sequence 
ACACA UAGUC at the 5’ end, with a single nucleotide mis-
match at position 6 (underlined). This mismatch has also 
been reported in RSV genomes has been suggested to be 
involved in replicative or transcriptional control [22].

Phylogenetic analysis indicated that WhYV clusters with 
other grass-infecting tenuiviruses, and most closely with 
RSV when comparing the polymerase genes and all four 
genome segments. This is corroborated by AAI values for 
each gene product, as well as the fact that RSV and WhYV 
each have four genome segments and sequence conservation 
in the terminal nucleotides. Despite this clear relationship 
between the two viruses, WhYV is distinct from RSV, based 
on current species demarcation thresholds, as well as the fact 
that WhYV infects a host other than rice. The high levels of 
sequence similarity among the eight viruses sequenced in 
this study hint at a recent introduction of the virus into the 
country, although many more populations need to be char-
acterized to confirm this. There is also very little data avail-
able regarding the distribution and diversity of delphacid 
leafhoppers in South Africa, and therefore, no connections 
can be made regarding a putative vector, although this will 
form part of ongoing research.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00705- 022- 05649-7.
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