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Abstract Cotton blue disease is the most important virus
disease of cotton in the southern part of America. The
complete nucleotide sequence of the ssSRNA genome of
the cotton blue disease-associated virus was determined
for the first time. It comprised 5,866 nucleotides, and the
deduced genomic organization resembled that of members
of the genus Polerovirus. Sequence homology comparison
and phylogenetic analysis confirm that this virus (previous
proposed name cotton leafroll dwarf virus) is a member of
a new species within the genus Polerovirus.

The poleroviruses are an important genus of plant viruses
that can infect a wide range of hosts, causing important
losses in agriculture. The genera Polerovirus, Luteovirus,
and Enamovirus constitute the family Luteoviridae [6]. All
members of this family contain single-stranded positive-
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sense RNA genomes and are phloem-limited viruses that
are transmitted by aphids in a persistent, circulative and
non-propagative manner [13].

Cotton blue disease is an important disease present in
cotton crops in America, Africa and Asia [4], transmitted
by the aphid vector Aphis gossypii Glover [3]. Cotton
plants affected by this disease show a stunting phenotype,
characterized by shortening of internodes, leaf rolling, vein
yellowing and intensive green color of the foliage [3]. In
Argentina, the disease was first described after an outbreak
affecting cotton occurred during the crop season 1982/83 in
the province of Misiones [2]. Nowadays, it is still an
important disease and is the object of a specific regulation
for commercial transgenic cotton release in Argentina
because most cultivars are susceptible. Lenardon [12]
performed serological tests of infected plants from north-
eastern Argentina to identify the causal agent of this dis-
ease and suggested a putative relationship to barley yellow
dwarf virus serotypes RPV and PAV, two members of the
family Luteoviridae. Recently, Corr€a et al. [S] described
the sequence analysis of the capsid protein and the partial
RdRp (1,405 nt) of a Brazilian isolate, revealing sequence
homology to a new virus probably belonging to the genus
Polerovirus, and the name cotton leafroll dwarf virus was
proposed. We report here, for the first time, the complete
sequence of the cotton blue disease-associated virus
(Argentinean isolate), confirming that it should be classi-
fied in the genus Polerovirus, as a member of a new
species.

A virus isolate was obtained from a susceptible cotton
cultivar (Gossypium hirsutum cultivar Banda 56) showing
typical blue disease symptoms, collected from a field
plantation in the Province of Chaco, located in the most
important cotton-producing area of Argentina. A colony of
A. gossypii was obtained from a healthy field plantation of
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Fig. 1 a Healthy G. hirsutum cv. Banda 56 plants (uninoculated)
(left) compared to aphid-inoculated plants of the same age with
typical symptoms of blue disease (right) b CLRDV genome
organization. Rectangles indicate the predicted ORFs. Protein prod-
ucts are represented by a thin line and arrows. Positions are marked at
the extremities, and predicted sizes of the proteins are listed below the
indicated protein regions. The predicted heptanucleotide frameshift is
marked with an asterisk, and the “leaky” stop codon with a diamond.

cotton and reared on susceptible G. hirsutum cv. Banda 56
in breeding chambers under controlled conditions for four
generations to obtain a non-viruliferous population (heal-
thy laboratory-reared insects). Non-viruliferous A. gossypii
were transferred to the infected cotton plants and main-
tained for 2 days for virus acquisition under greenhouse
conditions. Subsequently, two aphids were placed on
healthy young G. hirsutum cv. Banda 56 plants for an
inoculation period of 24 h, and symptom development was
scored 20 days after inoculation. The virus was transmitted
successfully, and typical blue disease symptoms were
observed (stunting phenotype, leaf rolling, vein yellowing
and intensive green color of the foliage) (Fig. la). Total
RNA was isolated from symptomatic leaves using an
RNeasy Mini Kit (Qiagen). Synthesis of cDNA from 3 pg
of total RNA was carried out using SuperScript III reverse
transcriptase and random primers (Invitrogen). The first
viral sequence was amplified by PCR using the cDNA
obtained by random-primed synthesis as a template and
degenerate primers designed after comparing homologous
conserved sequences of related viruses. The oligonucleo-
tides used were primers 10 (5CTCCCCMAGTTY
TACYWC3, nt 2,025-2,042) and 13 (PLR:5TCTGA
WARASWCGGCCCGAASGTGA3Z', nt 3,896-3,872 [5]).
The PCR reaction was carried out with a denaturation step
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The gray arrows indicate the primers used for PCR ¢ Detection of
CLRDV RNA by northern blot using the capsid probe. RNA was
extracted from aphid-infected G. hirsutum cv. Banda 56 plants (lanes
I and 2) and from a healthy plant (lane 3). The arrow marks the
position of genomic RNA, and the asterisk marks the position of
subgenomic RNA. A molecular weight marker (in kbp) is shown to
the right. Ribosomal RNAs were stained with ethidium bromide
(bottom)

at 94°C for 3 min followed by 40 cycles of 1 min at 94°C,
1 min at 52°C, and 2 min at 72°C, with a final extension at
72°C for 10 min. The 1,871-bp fragment amplified corre-
sponded to parts of the polerovirus ORF2 and ORF3.
Subsequent amplifications were performed with similar
PCR cycling profiles but using specific primers designed
based on the newly obtained viral sequences on one side
and a degenerate primer on the other side. Thus, two
fragments, of 2,210 bp and 1,065 bp, were amplified using
primers 12 (5’ACTGATTGCTCCGGTTTCGACTGG3'
nt 2,832-2,855) and 16 (5’GTTTTRARRTCTTTTCCTT
GA3' nt 5,042-5,022), and primers 17 (5GCTGCACG
CGCAGTGGAAGTG3' nt 4,729-4,749) and 18 (5TGCC
TATCCTTTCGGAGTCGTTCC3' nt 5,794-5,771), respec-
tively, completing the ORF3 and ORF5 sequences. Finally,
two regions, of 1,312 bp and 1,314 bp, were obtained
using primers 6 (5’CAYGCHGGYTATGCMASWTG3'
nt 934-953) and 9 (5TTGAATTACACGCTCCCTCT3’
nt 2,246-2,227), and primers 4 (5TRSATSTGCCCBCHC
GMVGA3' nt 412-431) and 7 (5GGACTTGCCTTGTT
TGGGCT3' nt 1,726-1,707), respectively, which com-
prised part of ORFO and ORF1 and completed the ORF2
sequence. Each base pair position in the genome was
sequenced from two independent amplicons. In all cases,
two to four clones from each amplicon were analyzed to
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determine the consensus sequence. Amplification was
performed using Platinum Pfx DNA Polymerase (Invitro-
gen), and the amplified products were purified using a
QIAEX® II Gel Extraction Kit (Qiagen), cloned into
pGEM-T Easy Vector (Life Technologies) and sequenced
using an ABI 3,730 XL automated sequencer. To obtain
and analyze the 5’ and 3’ termini of the CLRDV genome,
Rapid Amplification of cDNA Ends (RACE) was per-
formed [8] employing kits from Invitrogen. For 3’ RACE,
the RNA was denatured and 3’ termini were polyadeny-
lated using 5 U of polyA polymerase before performing
first-strand synthesis and amplification. For 3’ RACE,
the specific CLRDV oligonucleotides were primer 19
(5’AACCAACACGATCAATTTCA3' nt 5,363-5,382) and
nested primer 20 (5’AGAAGCCGTTCCAGTTGGGG3' nt
5,536-5,555). For 5’ RACE, the specific CLRDV internal
antisense oligonucleotides were primer 2 (5’CCGCGA
GTGCAGAGATACTC3' nt 519-500) and nested-specific
primer 3 (5CGACCAAAGAGCGAATAGCA3' nt 480-
461). The overall sequencing strategy is shown in Fig. 1b.
The complete nucleotide sequence was assembled and
analyzed using the software NTI Suite 8.0 (InforMax Inc.).
For northern blot analysis, 10 pg of total RNA isolated
from healthy and symptomatic leaves at 30 days postin-
fection was resolved by denaturing 1% agarose-gel elec-
trophoresis, transferred onto a Hybond N* membrane, and
finally hybridized with a radiolabelled capsid fragment to
use as a probe employing the Prime-a-Gene Labeling
System (Promega) in the presence of [a->>P] dCTP.
Phylogenetic analysis was done using PHYLIP software
package version 3.5¢ [7].

The CLRDV genome was 5,866 nucleotides long and
had six predicted major open reading frames (ORFs) that
were similar to those found in other viruses belonging to
the genus Polerovirus [13]. The features of the sequences
and the sizes of the ORFs are shown in Fig. 1b. The
sequence was predicted to contain a non-coding sequence
of 70 nucleotides at the 5’ end, 149 nucleotides at the 3’
end, and 187 nucleotides between the two main blocks of
coding sequences (5" block and 3’ block). The CLRDV
intergenic region resembles those of other members of the
genus Polerovirus, which are around 200 nt long, con-
trasting with the central non-coding regions of members of
the genera Luteovirus and Enamovirus, which are about
100 nt long. The 5’ terminal sequence of CLRDV has an
ACAAAA sequence, which is the same as what has been
reported for other poleroviruses. The 5 block consisted
of three ORFs. ORFO encodes a putative protein (PO,
29.8 kDa) that is particularly characteristic of members of
the genus Polerovirus, coding for the silencing suppressor
protein [15]. The second ORF, ORF1, was predicted to be
expressed by leaky scanning, yielding a P1 protein of
70.1 kDa. ORF2 was predicted to begin at nt 1,706 and to

end at nt 3,442, and it might be expressed when ribosomes
undergo a-1 frameshift from ORF1 to ORF2 to produce a
fusion protein (119 kDa). By comparison with other
members of the genus, the frameshift site in CLRDV was
predicted to be at the heptanucleotide GGGAAAC at
position 1,700-1,706. This sequence was followed six
bases downstream by an inferred structured region, known
as an RNA pseudoknot, which is suspected to be essential
for the frameshift [9, 10]. The putative P2 polypeptide
contained the motif GXXXTXXXNX,s5 40GDD near the
C-terminus, which is conserved in all well-known RNA-
dependent RNA polymerases [13, 14]. It has been sug-
gested for similar viruses that P1 and the fusion protein
P1-P2 provide the genome-replication components [13].
The 3’ block consisted of three ORFs that, in all well-
known poleroviruses, are expressed by translation of a
subgenomic RNA. ORF3 encodes the putative coat protein
P3 (CP, 22.3 kDa). ORF4 was embedded within the ORF3
gene segment but in a different reading frame and codes for
a putative cell-to-cell movement protein (P4, 20 kDa) by a
leaky scanning mechanism. ORF5 immediately follows the
ORF3 stop codon and is probably translated by in-frame
readthrough of this stop codon. The resulting 77.1-kDa
fusion protein, P3-P5, is generally referred to as the
readthrough domain (RTD) protein. At the 5’ end of ORF5,
there is a C-rich domain, followed by a region of approx-
imately 200 amino acid residues with considerable
sequence conservation, which commonly exists in mem-
bers of the family Luteoviridae. This typical proline-rich
sequence encoding 7—13 proline residues and the conserved
region were found in CLRDV P5 and was located just
downstream of the CP stop codon. The presence of this
region has been shown to be necessary for the transmission
of poleroviruses by their aphid vectors and for efficient
accumulation of related viruses in whole plants [1, 18].

Northern blot analysis was performed using infected and
healthy plants. Two bands were observed in the RNA
extracts of infected plants, corresponding to virus genomic
and subgenomic RNAs (Fig. 1c).

Selected comparison between different regions of the
CLRDV-ARG genome and other viruses in the family
Luteoviridae are shown in Table 1. In all regions of the
genome, CLRDV-ARG was most closely related to mem-
bers of the genus Polerovirus. When the deduced amino
acid sequence of the CP gene was analyzed, identities of 99
and 94%, were observed with CLRDV-PV1 (a Brazilian
isolate) and with chickpea stunt disease associated
virus (CpSDaV; an unclassified member of the family
Luteoviridae), respectively. Similarly, when the complete
CLRDV-ARG RdRp sequence (P1-P2) was analyzed,
significant identities with members of the genus Polerovi-
rus were also found (ranging between 45 and 52%) while
identities with members of the genera Luteovirus and
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Table 1 Amino acid sequence v, PO (261 aa) Pl (643 aa) PI1-P2 (1,073 aa) P3 (201 aa) P4 (174 aa) PS5 (694 aa)

identity between the (%) (%) (%) (%) (%) (%)

Argentinean isolate of CLRDV

and some members of the CLRDV-PVI ND ND 98° 99 97 98

family Luteoviridae (virus

abbreviations and sequences CpSDaV ND ND ND 94 89 ND

used for comparison are listed in TuYV 30 36 52 80 64 48

the legend of Fig. 2) BWYV 27 35 48 78 64 47
BMYV 29 33 49 77 64 47
BCV-2a 27 ND 45 77 63 46
MABYV 25 33 48 75 58 56
CpCSV NI 32 48 74 54 53
CABYV 26 35 50 64 56 62
PLRV NI 33 48 65 49 43
BYDV-PAV  ND 31 25 64 50 39
CYDV-RPV NI 31 46 62 47 44
CTRLV NI 33 51 57 40 41

ND No data available

i YLV ND 36 4 45

NI No identity detected S¢ o 39 33

PEMV ND NI 35 31 ND 41

? Only 634 aa available

Enamovirus were much lower (Table 1). We also found a
98% identity with the partial RdRp sequence from
CLRDV-PV1 (from which only a 634-amino-acid-long
sequence is available). PO and P1 were the least conserved
proteins, ranging in their identity between 25 and 35%
compared to other members of the genus Polerovirus.
Phylogenetic trees were constructed by the neighbor-join-
ing method [16]. Bootstrap analysis (n 100) of the data
indicated that the branches were well supported. Phyloge-
netic analysis of the coat protein, the RdRp protein and the
complete genome sequence confirmed the relationships
among the viruses and placed CLRDV-ARG in the Pole-
rovirus branch of the trees (Fig. 2). The topology of the CP
tree and the RdRp tree showed that CLRDV-ARG was very
closely related to CLRDV-PV1 (the Brazilian isolate) and
to CpSDaV in the CP tree.

The coat protein is conserved in poleroviruses and
recapitulates Polerovirus phylogeny [13]. Based on the
criteria established by the International Committee on
Taxonomy of Viruses [6], members of different species in
the family Luteoviridae are expected to have CP amino
acid sequence identities below 80%, and their entire gen-
omes are expected to be less than 85% identical. The
CLRDV-ARG CP sequence obtained displays 99% identity
to CLRDV-PV1 (Brazilian isolate), showing that both
viruses could just be geographic variants of the same
species, most probably because there are no major geo-
graphic barriers between the cotton-producing regions of
southeastern Brazil and northeastern Argentina. We also
found 94% identity with CpSDaV, suggesting that both
viruses could be strains of the same species, although their
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economically important hosts are not phylogenetically
related (Malvaceae versus Favaceae).

There are some viruses, such as BWYV and BMY'V, that
share strong sequence identity in their 3’ part of the genome
but have little similarity in the 5’ region. Comparative
analysis of complete genome sequences showed that BMYV
is a recombinant between two poleroviruses, and for this
reason, it is not considered a strain of BWYV [11]. Our
results showed that the CLRDV-ARG PO and P1 proteins
were the least conserved when compared to those other
polerovirus, in contrast to P3, which was the most conserved
of the deduced amino acid sequences. Unfortunately, the PO
and P1 protein sequences from the most closely related
isolates, CLRDV-PV1 and CpSDaV, are not publically
available yet; therefore, it is not possible to confirm that
these three viruses are indeed strains of the same virus. In a
recent study of the genetic diversity of CLRDV in Brazil, the
authors found three divergent isolates in association with
plants showing atypical blue disease symptoms. Upon
analysis of the partial RdARp sequence (the 92 C-terminal
amino acids of the viral protein), they established that the
three recombinant isolates shared almost 70% sequence
identity with the CLRDV-PV1 RdRp, whereas the identity
for the CPs ranged between 97 and 100%. The authors
propose that recombination events possibly occurred
between CLRDV-PV1 and a still unidentified member of the
genus Polerovirus [17]. In accordance with this, we found
73% sequence identity of RARp sequence between CLRDV-
ARG and these three Brazilian isolates. Thus, further studies
on virus diversity are necessary to complete the character-
ization of cotton blue disease in Argentina.
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Fig. 2 Phylogenetic trees based on the codon-aligned nucleotide
sequences of a the RNA-dependent RNA polymerase, b the coat
protein, and ¢ the complete genome sequence of members of the family
Luteoviridae. Distance trees were constructed using the neighbor-
joining method. The scale bar shows the number of nucleotide
substitutions in the aligned sequence. Figures below the lines indicate
the frequency of the cluster after bootstrap analysis (100 replicates;
shown only when >60%). Virus abbreviations and GenBank accession
numbers are as follows: barley yellow dwarf virus-PAV (BYDV-PAV,
D85783), barley yellow dwarf virus-SGV (BYDV-SGV, U06865),
barley yellow dwarf virus-PAS (BYDV-PAS, AF218798), barley
yellow dwarf virus-GAV (BYDV-GAV, AY220739), barley yellow
dwarf virus-MAV (BYDV-MAYV, D11028), bean leafroll virus (BLRV,
AF441393), beet chlorosis virus-2a (BChV-2a, AF352024), beet mild
yellowing virus (BMYV, x83,110), beet western yellows virus

In summary, we report for the first time the complete
genomic sequence of the cotton blue disease-associated
virus, an economically important disease of cotton in South
America and other parts of the world, and clearly place it
within the genus Polerovirus.
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