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and pea (Pisum sativum) were examined. The first batch (#1) 
contained leaves from thirteen white clover plants, three of 
which had leaf mosaic symptoms (isolates Q4974, Q6013, 
Q6142), and the remainder were asymptomatic (Q6300). 
The second batch (#2) contained leaves from four white 
clover plants, three of which had leaf mosaic symptoms 
(Q4847, Q4920, Q4938) and the final (Q4915), leaf rugos-
ity. The last batch (#3) of leaves from five pea plants all 
had vein chlorosis and flecking symptoms (Q6356, Q6287, 
Q6279, Q6318, Q6320).

Total nucleic acids were extracted from the lyophilised 
tissue samples using the Trizol Plus RNA Purification Sys-
tem (Invitrogen cat. no. 12183555), diluted in nuclease-free 
water and stored at − 80 °C until use. HTS was outsourced to 
the Australian Genome Research Facility (AGRF). Library 
preparation was done with the Illumina TruSeq® Stranded 
Total RNA Library Preparation Kit with Ribo-ZeroTM Plant 
(Illumina, San Diego CA, USA) with 500 ng of input RNA 
followed by sequencing of 150 bp pair-ended reads using a 
300 cycle kit on an Illumina NovaSeq X sequencer. About 
36–44 million reads were obtained per sample. Initial de 
novo contig assembly was conducted with CLC Workbench 
V12.0 using automatic bubble and word size and a 600-nt 
contig cut-off. The de novo assembly was repeated with 1% 
randomly sampled reads to yield longer contigs. Subsequent 
analysis was done using Geneious Prime version 2023.2.1 
(Biomatters Ltd., Auckland). The contigs were annotated by 
doing a BLASTN search of a custom plant viral sequence 

Norfolk Island is an isolated, sub-tropical island and is 
an external non-self-governing Australian territory. It is 
located in the Western Pacific Ocean, roughly 1400 km east 
of the Australian mainland, with New Caledonia 800 km to 
the north and New Zealand 700 km to the south. The island 
is largely self-sufficient in fresh fruit and vegetable produc-
tion. General quarantine surveys, covering plant and animal 
pathogens, invertebrates and introduced plants, were con-
ducted in 2012–2014 (Maynard et al. 2018). During these 
surveys, a wide range of cultivated and non-cultivated 
plants were sampled to test for the presence of plant viruses 
and archived for later analysis.

The leaf samples were initially desiccated over silica gel, 
and then for longer term storage they were lyophilised and 
stored under vacuum at − 20 °C in the Queensland Depart-
ment of Primary Industries Plant Virus Collection. Two 
individual French bean (Phaseolus vulgaris) plants from 
the same planting (isolates Q6302 and Q6303) displaying 
strong interveinal chlorosis of the lower leaves (Fig. 1) were 
selected for high throughput sequencing (HTS). Addition-
ally, batch samples of white clover plants (Trifolium repens) 
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Abstract
A novel species in the genus Closterovirus, family Closteroviridae, has been identified by high throughput sequencing in 
legume samples collected during plant pathogen surveys on Norfolk Island in 2014. The complete genome sequence of 
16,815 nucleotides was obtained from a French bean (Phaseolus vulgaris) plant with symptoms of interveinal chlorosis 
in the older leaves. Complete or near complete coding sequences for the 10 open reading frames were also obtained from 
a second French bean plant, and batch samples of white clover (Trifolium repens) and pea (Pisum sativum). All isolates 
shared 99.7–99.9% nucleotide identity, indicating they are members of the same virus species.
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database. A contig from isolate Q6302 had a significant 
match to beet yellows virus (genus Closterovirus) sequence 
accession AF190581.1, with 62.3% pairwise nucleotide (nt) 
identity across ~ 3 kbp of aligned sequence. The sequence 

reads were then re-mapped to the contig using Geneious 
with the following parameter settings: disallow gaps, mis-
match per read: 10%, minimum overlap: 25, and disallow 
word number filtering. The average read depth was 19,300, 
but for the 2 kbp of sequence at the 3ʹ end of the contig, the 
average read depth was 46,500. Other samples with contigs 
matching closteroviruses were mapped against the contig 
from sample Q6302.

To obtain the complete genome sequence of the exem-
plar virus isolate from French bean (Q6302), 5ʹ and 3ʹ rapid 
amplification of cDNA ends (RACE) was performed. For 5ʹ 
RACE, first strand cDNA was generated using Superscript 
III reverse transcriptase (cat. no. 18080093, ThermoFisher 
Scientific) and virus-specific oligo primer M96 (5ʹ  A G A G A 
G C T A C G C T C A T A A C C 3ʹ). The cDNA was then purified 
using a Monarch DNA cleanup kit (cat. no. T1030L, New 
England Biolabs) and C-tailed using terminal transferase 
(cat. no. M0315S, New England Biolabs). Amplification 
of the tailed cDNA products was performed using Phusion 
High-Fidelity DNA polymerase (cat. no. M0530S, New 
England Biolabs) in a PCR containing the foward primer 
Tag1(G)7HN (5ʹ  C C A C G C G T A T C G A T G T C G A C(G)7HN 
3ʹ) and the virus-specific reverse primer M97 (5ʹ  A T C T T C 
C A A G G A T G T G T C G G 3ʹ). A second PCR using the Tag1 
primer (5ʹ  C C A C G C G T A T C G A T G T C G A C 3ʹ) and the 
nested virus specific primer M98 (5ʹ  G A T G G C G T C C A T A 
C T T C T C 3ʹ) produced 5ʹ RACE amplicons that were gel-
extracted and cloned into the the PCR 2.1 vector (cat. no. 
K202020, Invitrogen), enabling sequencing using M13F 
and M13R primers.

For 3ʹ RACE, total RNA was first labelled using either 
E. coli Poly(A) or Poly(U) Polymerase to introduce 3ʹ A 
and U tails, respectively. First strand cDNA was then gen-
erated using Superscript III reverse transcriptase and prim-
ers Tag1-oligo(dT) (5ʹ  C C A C G C G T A T C G A T G T C G A 
C(T)40VN 3ʹ) or Tag1-oligo(dA) (5ʹ  C C A C G C G T A T C G A T 
G T C G A C(A)40BN 3ʹ). Amplification and sequence analysis 
of tailed cDNA products was esentially performed as per 
5ʹ RACE with initial PCR using the virus-specific forward 
primer M99 (5ʹ  T C G A C T C G C G A C A T C T G C 3ʹ), with 

ORF Nucleotide position Amino acids size (kDa) Translation frame Predicted function
a

1 A 166–8,007 2613 294.65 1 PRO/MTR/HEL

1B 8,060–9, 394 444 51.47 2 RdRp

2 9,484–10,485 333 37.76 1 no matches

3 10,482–10,676 64 7.41 3 movement protein?

4 10,677–12,479 600 65.47 3 HSP70

5 12,385–14,067 560 64.89 1 HSP90

6 14,039–14,737 232 26.62 2 minor CP

7 14,800–15,420 206 22.48 1 major CP

8 15,329–15,994 221 25.23 2 no matches

9 16,042–16,626 194 22.90 1 RNA silencing suppressor?

Table 1 Position, size and pre-
dicted functions of putative ORFs 
in closterovirus isolate Q6302

a PRO, protease; MTR, meth-
yltransferase; HEL, helicase; 
RdRp, RNA-dependent RNA 
polymerase; HSP70, heat shock 
protein 70 analogue; HSP90, 
heatshock protein 90 analogue; 
CP, coat protein

 

Fig. 1 Symptoms of lower leaf chlorosis in French bean (Phaseolus 
vulgaris) in plants infected with closterovirus isolates Q6302 (A) and 
Q6303 (B)

 

1 3

132



The complete genome sequence of a novel legume closterovirus from Norfolk Island

subsequent nested PCR using virus-specific primer M101 
(5ʹ  C G T T A C A G A G T A A C G A G A C G 3ʹ).

From French bean isolate Q6302, a contig of 16,841 nt 
was initially obtained. After 3ʹ and 5ʹ RACE, the genome 
length was corrected to 16,815 nt. The viral genome con-
tained ten putative ORFs, determined by alignments with 
recognised closteroviruses (Table 1), and a 189-nt 3ʹ 
untranslated region (UTR) and a 165-nt 5ʹ UTR (Fig. 2). 
The genome organization resembles that of citrus tristeza 
virus (Folimonova 2020), with a potential movement 

protein (ORF 2, p38) following ORF 1B (RNA-dependent 
RNA polymerase; RdRp).

ORF 1 A contains an N-terminal papain-like endopep-
tidase domain (aa 552–635), an RNA methyltransferase 
domain (aa 693–1024) and at the C-terminal end a viral 
(Superfamily 1) RNA helicase (aa 2237–2498). The recently 
recognised “Zemlya region” (Gushchin et al. 2017), thought 
to be involved in the formation of closterovirus replication 
platforms, is also present in the central region of the protein 
(aa 1353–1454). ORF 1B encodes an RNA dependent RNA 
polymerase, ORF 3 a putative movement protein, ORF 4 an 

Fig. 3 Maximum-likelihood phy-
logenetic tree showing the rela-
tionships between closterovirus 
isolate Q6302 and members of 
the genus Closterovirus based on 
amino acid sequence alignment 
of the HSP70 region. Grape-
vine leafroll-associated virus 3 
(genus Ampelovirus) is used as 
an outgroup. Values at the nodes 
denote consensus bootstrap sup-
port with values less than 50% 
collapsed into polytomies. Tip 
labels include RefSeq numbers 
or GenBank accessions, followed 
by virus names. The scale bar 
represents numbers of amino acid 
substitutions per position in the 
alignment

 

Fig. 2 Predicted genome organization of closterovirus isolate Q6302

 

1 3

133



J. E. Thomas et al.

protein (aa) and across the complete genome (nt) (data not 
shown) with a similar pattern of clustering in each case. 
The aa sequences of all gene products differ from those of 
other recognised closteroviruses by more than 25%, thus 
satisfying the current ICTV species demarcation guidelines 
(Fuchs et al. 2020). All new sequences have been depos-
ited in GenBank under accessions PQ661949 (batch #3), 
PQ661950 (batch #2), PQ661951 (batch #1), PQ661952 
(isolate Q6302) and PQ661953 (isolate Q6303).

The presence of pea seedborne mosaic virus in pea, and 
white clover mosaic virus and clover yellow mosaic virus 
in white clover (J. E. Thomas et al., unpublished results) 
precludes identifying symptoms caused by the closterovi-
rus in these hosts. Furthermore, individual plants in these 
leaf batches were not tested to determine which plants were 
infected. However, both French bean plants displayed the 
same symptoms of interveinal chlorosis in the lower leaves. 
No additional viruses were detected in Q6302 and only 
phaseolus vulgaris alphaendornavirus 1, not known to cause 
symptoms (Mrkvová et al. 2023), was additionally detected 
in Q6303. Thus, we propose the common name ‘bean yel-
lows virus’ for members of this novel closterovirus species. 
This appears to be the first record of this closterovirus any-
where in the world, and our results suggest it may be wide-
spread in legumes on Norfolk Island. We hypothesize that 
the virus has been introduced onto the island since Euro-
pean settlement, and it will likely be present elsewhere in 
the world.
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HSP70 homologue and ORF 5 an HSP90 homologue. ORFs 
6 and 7 encode the minor and major coat proteins, respec-
tively, and ORF 9 a putative suppressor of RNA silencing. 
The possible functions of the proteins encoded by ORFs 2 
and 8 are not known. Interestingly, ORFs IA, 1B, 3, 5 and 6 
have TTG start codons, uncommon in Eukaryota (Touriol et 
al. 2003) and in contrast to all other published closterovirus 
reference isolate coding sequences.

A phylogenetic analysis was performed in Geneious 
Prime version 2024.0.3 (Biomatters Ltd., Auckland) using 
the conserved HSP70 protein, a distinguishing taxonomic 
feature of the Closteroviridae (Agranovsky 2016). The 
sequences were aligned using MUSCLE and a maximum 
likelihood (ML) tree generated using the RA×ML Geneious 
Plugin version 8, selecting the GAMMA JTT model of pro-
tein evolution, rapid bootstrapping of 1,000 replicates, and 
starting with a complete random tree topology. The ML 
bootstrapping trees were then used to generate a consensus 
tree, as illustrated in Fig. 3. Closterovirus isolate Q6302 
formed a well-supported clade with grapevine leafroll-asso-
ciated virus 2 and grapevine rootstock stem lesion associ-
ated virus as sister taxa.

French bean isolate Q6303 and leaf batches #1 and #2 
from white clover also contained contigs > 16,800 nt, which 
contained all ten putative ORFs that were identified in 
Q6302. The contig obtained from pea was truncated at the 
3ʹ end on the genome and was 16,216-nt long, lacking part 
of ORF 9 and the 3ʹ UTR. These complete or near com-
plete coding sequences had 98.8–99.8% nt identity to the 
genome sequence from isolate Q6302. The novel clostero-
virus was distinct from other reported closteroviruses across 
all putative protein products (Table 2). It was phylogeneti-
cally distinct in the HSP70 homologue (Fig. 3), in the coat 

Table 2 Nearest BLASTP matches for putative protein products of clo-
sterovirus isolate Q6302
Protein Nearest GenBank match % amino 

acid 
identity

Virus GenBank 
accession

1 A Grapevine leafroll associ-
ated virus − 2

ON645912.1 35.2

1B Beet yellows virus ON738345.1 66.3
2 No matches - -
3 No matches - -
4 S Beet yellows virus ON738341.1 54.4
4 L Beet yellows virus MT815988.1 54.3
5 Soybean leaf crinkle mottle 

virus
LC601607.1 43.1

6 Grapevine leafroll associ-
ated virus − 2

MW715829.1 41.1

7 Grapevine leafroll associ-
ated virus − 2

MT899927.1 36.3

8 No matches - -
9 No matches - -
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