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ABSTRACT

An outbreak of a new disease occurred in cotton (Gossypium hirsutum)
fields in northwest Argentina starting in the 2009-10 growing season and is
still spreading steadily. The characteristic symptoms of the disease included
slight leaf rolling and a bushy phenotype in the upper part of the plant. In this
study, we determined the complete nucleotide sequences of two independent
virus genomes isolated from cotton blue disease (CBD)-resistant and
-susceptible cotton varieties. This virus genome comprised 5,866 nucleotides
with an organization similar to that of the genus Polerovirus and was closely
related to cotton leafroll dwart virus, with protein identity ranging from 88 to

98%. The virus was subsequently transmitted to a CBD-resistant cotton
variety using Aphis gossypii and symptoms were successfully reproduced.
To study the persistence of the virus, we analyzed symptomatic plants from
CBD-resistant varieties from different cotton-growing fields between 2013
and 2015 and showed the presence of the same virus strain. In addition, a
constructed full-length infectious cDNA clone from the virus caused disease
symptoms in systemic leaves of CBD-resistant cotton plants. Altogether, the
new leafroll disease in CBD-resistant cotton plants is caused by an atypical
cotton leafroll dwarf virus.

Cotton (Gossypium spp.) is the most important fiber crop worldwide
and sustains one of the world’s largest industries (textiles), and also
serves as a source of feed, foodstuff, oil, and biofuel production
(Sunilkumar et al. 2006). Cotton is an important crop for northwest
Argentina, where the average planted area for the last 5 years has
been approximately 600,000 ha. Cotton blue disease (CBD) affects
cotton crops in Africa, Asia, and South America (Cauquil 1977),
and is transmitted by the aphid vector Aphis gossypii Glover
(Cauquil and Vaissayre 1971). Cotton leafroll dwarf virus (CLRDV;
family Luteoviridae, genus Polerovirus) is the causal agent of CBD
(Corréa et al. 2005; Distéfano et al. 2010). Cotton plants affected by
this disease show a stunted phenotype, with shortening of internodes,
leaf rolling, vein yellowing, and intensive green color of the foliage
(Cauquil and Vaissayre 1971). The disease is controlled with cotton
varieties derived from African cotton germplasm resistant to CBD
and with insecticides that can effectively control cotton aphids and,
consequently, CBD (Fang et al. 2010). These insecticides, however,
are expensive and potentially harmful to the environment, and do not
provide season-long protection (Fang et al. 2010). Currently, 99% of
the varieties sown in Argentina are resistant to CBD. This resistance,
in some Gossypium hirsutum cultivars, is conditioned by one dominant
gene called RghvI (resistance to Gossypium hirsutum virus I) (Junior
et al. 2008).

The complete genomic sequence of an Argentinian isolate of
CLRDV has been recently obtained (Distéfano et al. 2010). The
CLRDV genome consists of a monopartite, single-stranded, positive-
sense RNA of 5,866 kb, and contains seven open reading frames
(ORF) in two blocks separated by a noncoding sequence. The 5’
block comprises three ORF—ORFO0, ORF1, and ORF2—which are
expressed by translation of genomic RNA (gRNA). In poleroviruses,
ORFO encodes the PO protein that functions as a suppressor of RNA

Corresponding author: A. J. Distéfano; E-mail address: distefano.ana@inta.gob.ar

*The e-Xtra logo stands for “electronic extra” and indicates that one supplementary
table and two supplementary figures are published online.

© 2017 The American Phytopathological Society

silencing; ORF1 and -2, which overlap one another, encode the
replication-related proteins P1 and P1-P2. The 3’ block consists of
four ORF—ORF3, ORF3a, ORF4, and ORF5—which are translated
from subgenomic RNA (sgRNA). ORF3 encodes the major coat
protein (P3); the product of ORF4, P4, is thought to be a movement
protein; ORFS is translated by in-frame readthrough of the P3 stop
codon; and P3-P5 is involved in aphid transmission and virus
accumulation in plants (Brault et al. 1995; Bruyere et al. 1997;
Domier2012). The small ORF3a was recently described and encodes
the P3a protein, which is required for long-distance movement of the
virus in the plant (Smirnova et al. 2015). The most variable genomic
region within the genus Polerovirus is ORFO0. Recently, CLRDV PO
protein was characterized as a suppressor of RNA silencing (Delfosse
et al. 2014). In accordance, Cascardo et al. (2015) reported similar
results for PO proteins from Brazilian CLRDV isolates, which
showed variable degrees of suppression activity.

New polerovirus species have been recently described in several
crop plants such as barley, cotton, cucurbits, and maize (Chen et al.
2016; Ellis et al. 2013; Knierim et al. 2014; Zhao et al. 2016). The
molecular species demarcation threshold within the genus Pole-
rovirus is amino acid sequence identity of any gene product less
than 90% (Domier 2012).

In the 2009-10 growing season, an outbreak of a new disease
occurred in two cotton-growing regions in the province of Chaco,
probably because of a virus infection. The symptoms associated with
the disease included slight leaf rolling and, sometimes, crumpled
leaves. In general, the disease appeared in the field at the end of the
cotton growing season. The plants, which probably were infected
later in development, displayed normal morphology in the lower
part of the plant but a bushy phenotype in the upper part, with
deformations of the apical leaves (Fig. 1A). The plants also presented
a reduction in the amount of fiber and seed inside the bolls, with a
significant decrease in fiber quality and poor defoliation, which
affects harvesting. The disease was associated with the presence of
the cotton aphid vector (A. gossypii) and affected cotton varieties that
are resistant (‘NuOpal’, ‘Deltapine 402°, and ‘Guazuncho II’) or
susceptible (‘NC33B’) to CBD. Since the 2010 growing season, the
new disease spread to all cotton-planting areas in the northwest of
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Argentina, with a high proportion of affected plants (nearly 20%
incidence), thus showing that it constitutes a new threat to cotton
agriculture.

Infectious full-length cDNA clones have been obtained for several
species of the family Luteoviridae and, recently, we successfully
developed a full-length infectious cDNA clone from CLRDV, which
was able to efficiently infect G. hirsutum and Nicotiana benthamiana
via Agrobacterium tumefaciens (Delfosse et al. 2013; Franco-Lara
etal. 1999; Lee etal. 2005; Leiser et al. 1992; Prufer et al. 1995; Veidt
etal. 1992; Yoon etal. 2011). The use of full-length infectious clones,
coupled with site-directed mutagenesis, facilitates reverse genetic
studies to assay viral gene expression and their functions, virus
replication, and virus-host interactions, which will be helpful in
better understanding new pathosystems (Delfosse et al. 2013).

In this study, we report the complete genomic sequence of two
independent virus isolates from G. hirsutum CBD-resistant and
CBD-susceptible cultivars associated with the new disease. The
results of this study show that this virus should be classified in the
genus Polerovirus as an atypical strain of CLRDV (CLRDV-at).
Additionally, we successfully developed a full-length infectious

cDNA clone from CLRDV-at, which was able to efficiently infect
CBD-resistant G. hirsutum plants.

MATERIALS AND METHODS

Nucleic acid extraction and ¢cDNA synthesis. Total DNA
was isolated from symptomatic leaves as described by Dellaporta et al.
(1983) and total RNA extraction was performed using a PureLink
RNA Mini Kit (Thermo Fisher Scientific, Waltham, MA). Reverse
transcription was done with 3 ug of total RNA using SuperScript I1I
reverse transcription and random primers (Thermo Fisher Scientific)
following the manufacturer’s recommended conditions.

Virus source, cloning, and sequencing. Two virus isolates
were obtained from two cotton cultivars with disease symptoms; the
viruses were called CLRDV-at M3 and M5 and came from NuOpal
(CBDresistant) and NC33B (CBD susceptible), respectively. These
cultivars were from a crop field located in Sdenz Pefia, department
Comandante Fernandez, in the province of Chaco, Argentina. The
general polerovirus primers PLF and PLR (primers 8 and 9,
respectively) were used to amplify parts of ORF2 and ORF3
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Fig. 1. Symptoms, genome organization, and an infectious clone of an atypical strain of cotton leafroll dwarf virus (CLRDV-at). A, Symptoms associated with the
new disease. A bushy phenotype, leaf rolling, and crumple symptoms of Gossypium hirsutum (variety NuOpal) leaves in the field. B, CLRDV-at genome
organization. The rectangles correspond to the predicted open reading frames (ORF). Protein products are represented by a thin line, positions are marked at the
ends, and the predicted sizes of the proteins are listed above the indicated protein regions. C, Construction of the full-length cDNA of CLRDV-at. Fragments A, B,
C, and D were amplified by polymerase chain reaction using the primers indicated with arrows and joined with restriction sites BamHI, Pstl, Sacl, Spel, and Xhol.
Bold lines correspond to CLRDV-at cDNA sequences and thin lines (not to scale) to the vector-flanking sequences. 35S corresponds to the Cauliflower mosaic
virus promoter. 35S/CLRDV-at was cloned into pBinl9 vector in the Sall restriction site, generating pBin19-35S/CLRDV-at.
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(a fragment of 1,065 bp). The primer sequences are listed in
Supplementary Table S1. The polymerase chain reaction (PCR) was
carried out with a denaturation step at 94°C for 4 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. Subsequent amplifications were
performed with similar PCR cycling profiles. ORFO, ORF1, and the
missing part of the ORF2 sequence were obtained in three
fragments using primers 2 and 3 (fragment of 339 bp), primers 4
and 5 (fragment of 1,129 bp), and primers 6 and 7 (fragment of
818 bp), respectively. Finally, the ORF3 and ORF5 complete
sequences were amplified in three fragments using primers 10 and
11 (fragment of 565 bp), primers 12 and 13 (fragment of 834 bp),
and primers 14 and 15 (fragment of 829 bp), respectively. To
complete the sequence of the 3’ and 5’ ends of the CLRDV-at
genome, rapid amplification of cDNA ends (RACE) was performed
employing kits from Thermo Fisher Scientific and following the
manufacturer’s instructions. For 5' RACE, the CLRDV-at specific
internal antisense oligonucleotide was primer 1 and, for 3" RACE, the
CLRDV-at specific oligonucleotide was primer 16.

Two independent PCR with Platinum Pfx DNA polymerase
(Thermo Fisher Scientific) were performed and two clones from
each amplicon were sequenced in order to confirm the sequence.
The PCR products were purified using QIAEX II Gel Extraction Kit
(Qiagen, Valencia, CA), cloned into pGEM-T Easy vector (Promega
Corp., Madison, WI) and sequenced with an ABI 3500 XL automated
sequencer. The complete nucleotide sequence was assembled and
analyzed with the software Vector NTI Advance 11.0 (Thermo Fisher
Scientific). The complete nucleotide sequences were submitted to
GenBank under accession numbers KF359946 (M3 isolate) and
KF359947 (M5 isolate).

The presence of viruses from the family Geminiviridae and the
genus [larvirus were analyzed using GeV and GeC, universal
geminivirus primers for dicotiledoneus (Briddon and Markham
1994), and ILAR 2F5 and ILAR 2R, universal ilarvirus primers
(Untiveros et al. 2010). The presence of viruses from the family
Potyviridae was analyzed using a universal primer (Sprimer) to detect
the 3’-terminal genome region, as described by Chen et al. (2001).

The CBD-resistant plants with atypical disease symptoms were
randomly collected from foci of infected plants present in different
fieldsin 2013 (M10/13 isolate, Sdenz Pefia and M12/13 and M13/13
isolates, Gancedo), 2014 (M5/14 and M14/14, Saenz Pefia), and
2015 (M13/15 isolate, Sdenz Pefia and M8/15 isolate, la Chiquita).
RNA was purified and reverse-transcription (RT)-PCR of ORFO0
was performed using POup and POlow primers (amplified fragment
of 786 bp). ORFO0 was directly sequenced or cloned in pGEM-T Easy
vector and sequenced. The nucleotide sequences were submitted
to GenBank under accession numbers KU934226 (M10/13 isolate),
KU934227 (M12/13 isolate), KU934228 (M13/13 isolate), KU934229
(M14/14 isolate), KU934230 (M15/14 isolate), KU934233 (M8/15
isolate), and KU934234 (M9/15 isolate).

Sequence and phylogenetic analysis. Nucleotide and amino
acid sequences of the newly isolated viruses were compared with
GenBank databases using the BLAST programs (Altschul et al.
1990). The sequences of selected viruses were aligned using ClustalX
(Thompson et al. 1997) and distance trees were constructed using
MEGAG6 (Tamura et al. 2013). A maximum-likelihood method based
on the JTT matrix-based model was used and the statistical validity of
the clusters obtained was verified with a bootstrap value calculated on
1,000 trials. The following sequences from viruses belonging to the
Luteoviridae family were used in the phylogenetic analyses: from
Luteovirus genus: Barley yellow dwarf virus-GAV (BYDV-GAV,
AY220739), BYDV-MAV (D11028), and BYDV-PAS (AF218798);
from Polerovirus genus: Beet chlorosis virus isolate-2a (AF352024),
Beet mild yellowing virus (KC121026), Beet western yellows virus
(AF473561), Carrot red leaf virus strain UK-1 (AY695933), Cereal
yellow dwarf virus isolate 010 (EF521830), Chickpea chlorotic stunt
virus isolate Et-fb-am1 (AY956384), CLRDV-at M3 (KF359946),
CLRDV-at M5 (KF359947), CLRDV-Acr3 (KF906260), CLRDV-

ARG (GU167940), CLRDV-Br (HQ827780), CLRDV-IMA2
(FK906261), Cucurbit aphid-borne yellows virus (X76931), Melon
aphid-borne yellows virus (EU000534), Potato leafroll virus (PLRV,
NCO001747), Sugarcane yellow leaf virus (AY236971), Tobacco
vein-distorting virus (EF529624), and Turnip yellow virus (TuYV,
X13063); from Enamovirus genus: Pea enation mosaic virus-1
(NC003629); and from unassigned genus: Cotton bunchy top virus
(CBTV, JF803842).

Aphid transmission tests. An A. gossypii colony was obtained
from a CBD-resistant cotton plant with symptoms of the new
disease from a field located in Sdenz Pefia (growing season 2014).
The viruliferous aphids were removed with a brush and transferred
to 10 healthy 3-week-old stage NuOpal cotton seedlings with one
expanded leaf. Ten aphids per plant were placed on the true leaf for
an inoculation feeding period of 15 days. The plants were placed
into separate aphid-proof cages under controlled conditions (22°C
with a 16-h photoperiod). Finally, the aphids were eliminated by
spraying the plants with the insecticide imidacloprid. The same
experimental transmission was achieved using laboratory-reared
nonviruliferous A. gossypii. The development of the symptoms
was scored 3 to 4 weeks postinoculation and virus detection was
performed in systemic leaves 6 weeks postinoculation by RT-PCR
using POup and POlow primers (see above). The nucleotide sequences
were submitted to GenBank under accession numbers KU934231
(Mtr2/14 isolate) and KU934232 (Mtr10/14 isolate).

Synthesis of full-length CLRDV-at ¢cDNA transcription
vector. Total RNA from infected plant tissue with CLRDV-at
isolate M3 was used as a template for the synthesis of cDNA, as
described above. PCR amplifications were performed with specific
primers using FideliTaq (Affymetrix, Santa Clara, CA). The final
construct containing the full-length CLRDV-at cDNA under the
control of the Cauliflower mosaic virus 35S promoter (hereafter
referred to as 35S promoter) was prepared similarly to that
described by Delfosse et al. (2013). Briefly, to construct this
vector, we followed a PCR megaprimer approach. A first amplicon
containing the 35S promoter sequence (401 bp) with the first 11
CLRDV-at nucleotides was produced with oligonucleotides IC1
and IC2 as primers. The nonviral Sall restriction site was
incorporated into the oligonucleotide IC1 to allow the cloning step.
The second amplicon corresponded to the 5" CLRDV-at sequence
(nucleotides 1 to 519) flanked with the last 6 nucleotides of the 35S
promoter and was amplified with oligonucleotides IC3 and IC4.
The two purified PCR fragments were mixed in equal amounts and
used as templates to obtain PCR fragment A (Fig. 1C) using primers
IC1 and IC4. PCR amplicons were synthesized using primers IC5
and IC6 (fragment of 4,019 bp), IC7 and IC8 (fragment of 1,813 bp),
and IC9 and IC10 (fragment of 331 bp) to produce fragments
B, C, and D, respectively. BamHI and Sall restriction sites were
incorporated into the oligonucleotide IC10 to allow the cloning step
and, finally, 15 adenine residues (poly(A) tail) were added at the
3’ end of the cDNA to increase the stability of the transcript. No
transcription termination signal was added in the construction to
minimize the nonviral residue. Then, the amplicons were cloned
into pGEM-T vector (Promega Corp.) and sequenced. Digestion of
pGEM-A, -B, -C, and -D with Pst1, Sacl, Xhol, and BamHI enzymes
was done to produce the pPGEM-ABCD fragment, which contains
the full-length copy of CLRDV-at cDNA under the control of the
35S promoter (35S/CLRDV-at). The pGEMT-35S/CLRDV-at was
completely sequenced using an ABI 3500 XL automated sequencer.
For the agroinfection experiments, the 35S/CLRDV-at fragment
was digested with Sall endonuclease and subcloned into the Sall site
of the binary vector pBinl9 to produce pBin19-35S/CLRDV-at
(Fig. 1C). Cotton seedlings at approximately the 2-week-old stage
with two fully expanded cotyledons were inoculated with
A. tumefaciens LBA 4404 carrying the binary vector pBin19-35S/
CLRDV-at, as described by Delfosse et al. (2013).

Detection of viral RNA. For RT-PCR analysis, RNA was
treated with DNasel (Thermo Fisher Scientific) and cDNA was

Vol. 107, No. 3, 2017 371



synthesized as described above. For detection of the viral capsid,
Platinum Taq Polymerase (Thermo Fisher Scientific) and specific CPup
and CPLow primers were used. Primers specific for G. hirsutum ubiquitin
mRNA (GhUbiUp and GhUbiLow) were used to ensure that the lack of
viral detection was not due to a failure in the cDNA reaction (Artico
et al. 2010). A total of 10 pg of RNA from healthy and symptomatic
leaves (PCR positive) was fractionated on a denaturing 1% agarose
gel and transferred onto a Hybond N+ membrane (GE Healthcare,
Little Chalfont, UK). The probe was produced with CPup and CPlow
primers and radiolabeled with [0i-32P] dCTP with the Prime-a-Gene
Labeling System kit (Promega Corp.).

RESULTS

Genome sequencing of two virus isolates. Samples were
obtained from symptomatic leaves (with leaf rolling and bushy
phenotypes) (Fig. 1A) from CBD-resistant (isolate M3) and CBD-
susceptible (isolate M5) cotton varieties collected in the province of
Chaco, the most important cotton-producing area of Argentina. In
order to identify the etiological agent, the samples were screened by
RT-PCR with the polerovirus primers PLF and PLR (Corréa et al.
2005), universal geminivirus primers GeV and GeC (Briddon and
Markham 1994), ilarvirus primers ILAR 2F5 and ILAR 2R9
(Untiveros et al. 2010), and a universal potyvirus primer (Chen et al.
2001). The two samples were positive only for the presence of a
polerovirus. The 1,065-kb fragment of the virus genome was sequenced,
which included part of ORF2-RNA-dependent RNA polymerase
(RdRp), the intergenic region, and part of ORF3-coat protein (CP) and
ORF4-movement protein (MP) genes (Fig. 1B). The sequence identities
of the deduced amino acid sequences for partial RdRp, CP, and MP
ranged from 95.4 to 98.5% for isolate M3 and 97.7 to 98.5% for isolate
MS5 to CLRDV-ARG (Argentinian isolate), a recently sequenced and
characterized polerovirus (Distéfano et al. 2010). Subsequently, the
complete nucleotide sequence of virus isolates M3 and M5 was obtained.

TABLE 1. Percent amino acid sequence identity between cotton leafroll dwarf
virus (CLRDV)-ARG and CLRDV-at isolates M3 and M5

CLRDV-ARG CLRDV-at M3 CLRDV-at M5
PO 88.2 87.0
P1 93.6 93.8
P1-P2 95.6 96.0
P3 98.0 98.0
P3a 100.0 100.0
P4 95.4 97.1
P3-P5 96.6 96.4
A CLRDV-Acr3
CLRDV-Acr3 55| CLROVAMAZ
CLRDV-IMA2 CLRDV-Br
100 ((::IZF;%\J\'}F;\[RG 100] CLRDV-ARG
CLRDV-at-M3 CLRDV-at-M3
CLRDV-at-M5
84— BMYV CLRDV-at-M5
BWYV
Tuyv :
100 atrlzhvza 001
CpCSV Polerovirus
CBTV
CAbYV
99 MABYV
CYDV-RPV
PLRV
TVDV
CIRLV-UK1
ScYLV
m BYDV-PAS .
7 BYDV-MAV Luteovirus
100 BYDV-GAV
PEMV-1 | Enamovirus

02

CLRDV-at genome structure, phylogeny, and persistence. The
viral genome was 5,866 nucleotides long for both isolates M3 and
MS5, with six predicted ORF typical for Polerovirus genus members
(Mayo and Ziegler-Graff 1996). Both isolates had the recently
described a novel short ORF, termed ORF3a, that is positioned
upstream of ORF3 and whose translation initiates at a non-AUG
codon (Smirnova et al. 2015). The features of the sequences and the
sizes of the ORF are shown in Figure 1B.

For individual OREF, the isolates M3 and M5 have a high level of
identity in their nucleotide (98 to 100%; for example, 98% in P1P2
and 100% in P3a) and amino acid (98.1 to100%; for example,
98.1% in PO) sequences. This finding indicates that the strains
isolated from both cotton varieties correspond to the same virus
species. The comparison between the seven putative encoded
proteins of M3 and M5 isolates and the encoded protein from
CLRDV-ARG displayed significant divergence in PO protein
(88.2% in M3 and 87% in M5) while keeping a high identity in
the other proteins (93 to 100%) (Table 1). This result reveals that
CLRDV-at is very closely related to CLRDV-ARG. We also
compared isolate M3 with two cotton poleroviruses: CLRDV-Acr3,
a new CLRDV genotype present in Brazil which was recently
sequenced (da Silva et al. 2015), and CBTV, a recombinant virus
present in Australia that was partially sequenced (Ellis et al. 2013).
When PO, P3, and P4 proteins from the M3 isolate were analyzed, a
high identity of 95, 99, and 97%, respectively, was observed with the
corresponding CLRDV-Acr3 proteins. On the other hand, P2, P3, and
P4 proteins from M3 isolate showed identity of 92.1, 68, and 54%,
respectively, with the corresponding CBTV proteins. In contrast,
comparison of M3 isolate with noncotton polerovirus sequences
revealed a lower identity for PO protein (26 to 29%) and somewhat
lower for P3 protein (60 to 80%).

According to the criteria established by the International Committee
on Taxonomy of Viruses (ICTV) (Domier 2012), the M3 and M5
isolates could be proposed as members of a new species within the
genus Polerovirus, because differences greater than 10% were
observed in the PO amino acid sequences with regard to CLRDV-
ARG. However, because the amino acid sequence differences in the
other gene products were less than 10%, we propose that the two
isolates represent an atypical strain of CLRDV (CLRDV-at). The
phylogenetic analysis between CLRDV-at M3 and M5 isolates and
members of the family Luteoviridae, based on PO and CP amino
acid sequences, is displayed in Figure 2. The topology of CP and PO
trees showed that CLRDV-at isolates share a cluster with CLRDV
isolates, as expected by their high sequence identities. Nevertheless,
CLRDV-at M3 and M5 form a branch separated from the Brazilian
isolates of CLRDV-IMAZ2, -Acr3, and -BR and CLRDV-ARG in the

o5~ CLRDV-at-M3
CLRDV-at-M3 4| L CLRDV-atMs
CLRDV-at-M5
CLRDV-MA2 CLRDV-IMA2
CLRDV-Acr3 100 Bl cinDvacs
CLRDV-Br

CLRDV-Arg CLRDV-Br
BChVZa %2l cLRDV-Arg
oo
CpCsv
CtRLV-UK1
CYDV-RPV
55 PLRV

Fig. 2. Phylogeny of an atypical strain of cotton leafroll dwarf virus (CLRDV-at). Phylogenetic trees constructed using the maximum likelihood method based on
A, the predicted sequence of the P3 (coat protein) with a zoom in of the boxed cluster and B, the PO coding region with a zoom in of the boxed cluster. Numbers in
the nodes correspond to bootstrap values from 1,000 replicates. Virus abbreviations and sequences used are listed in Materials and Methods.
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CP protein tree (Fig. 2A). The same topology was observed when an
MP phylogenetic tree was constructed (data not shown). Finally, the
phylogenetic tree of the PO protein showed that CLRDV-at M3 and
M5 form a group with CLRDV-IMA1 and -Acr3, and separated
from CLRDV-BR and -ARG (Fig. 2B).

To study the persistence of CLRDV-at, we analyzed symptomatic
plants from CBD-resistant cotton varieties from different fields in
Chaco from 2013 to 2015. We amplified ORFO, which codes for the
PO protein, the most variable protein in poleroviruses. The amino acid
sequence alignments between position 24 and 174 of PO protein from
field isolates, which contained the polerovirus-conserved F-Box-like
motif (68-LPxxL/Ix(;0,P-84), were performed (Supplementary Fig.
S1). Interestingly, CLRDV-ARG and -BR have an isoleucine (I) at
position 72, while CLRDV-at M3 and M5 and isolates from 2013 to
2015 had a valine (V), as previously described for CLRDV-Acr3 and
-IMA2 (da Silva et al. 2015). On the other hand, a comparison of field
isolates with CLRDV-at M3 and M5 isolates revealed a high identity
for PO protein (from 98.7 to 99.6% at the nucleotide level and 98 to
99% at the amino acid level). Furthermore, almost all the amino acid
changes in CLRDV-at M3 and M5 with respect to CLRDV-ARG
were conserved in field isolates collected from 2013 to 2015.

Aphid transmission analysis. We evaluated the ability of
CLRDV-at to be transmitted by Aphis gossypii. The aphids were
transferred to healthy young G. hirsutum NuOpal and 2 of 10 plants
(Mtr2/14 and Mtr10/14) developed leaf rolling 4 to 5 weeks
postinoculation (Fig. 3A and B). The ORFO was amplified in both
plants by RT-PCR, sequenced, and analyzed. PO from Mtr2/14 and
Mtr10/14 revealed a high identity with CLRDV-at M3 and M5 (99%
at the nucleotide level and from 98 to 99% at the amino acid level)
and that almost all the positions that changed in CLRDV-at M3 and
MS with respect to CLRDV-ARG were conserved.

Non-viruliferous aphid

pBin19-35S/CLRDV-at

Construction of a full-length cDNA clone of CLRDV-at
and agroinfection of cotton plants. To demonstrate that the
new cotton disease is produced by CLRDV-at, we constructed a full-
length cDNA clone. The overall strategy employed for the construction
of the CLRDV-at infectious clone was similar to that for CLRDV
(Delfosse et al. 2013) and is outlined in Figure 1C. The 35S/CLRDV-at
containing the full-length copy of CLRDV-at cDNA was then
successfully cloned into the pBin19 vector (Fig. 1C).

‘We tested the ability of pBin19-35S/CLRDV-at to infect G. hirsutum
NC33B, a cotton variety susceptible to both CLRDV and CLRDV-at,
and NuOpal, a variety resistant to CLRDV but susceptible to CLRDV-
at. Cotyledons of both varieties were agroinoculated with Agro-
bacterium tumefaciens carrying the binary vector pBin19-35S/
CLRBV. After 6 weeks, symptoms such as slight leaf rolling began
to appear in G. hirsutum NC33B (Fig. 3C) and NuOpal systemic
leaves (Supplementary Fig. S2A). Also, small leaves emerged in the
lateral buds of symptomatic plants but not in uninfected plants, and
no dwarfing phenotype was apparent in infected plants (Fig. 3C). In
contrast, G. hirsutum NuOpal infected with pBin19-35S/CLRDV
remained uninfected (data not shown) and G. hirsutum NC33B
developed typical CBD symptoms such as pronounced leaf rolling,
intensive dark-green color of the foliage, vein yellowing in the
systemic leaves, shortening of internodes, and stunted phenotype
(Fig. 3C). After 6 weeks of inoculation, 38% of G. hirsutum NuOpal
and 37% of G. hirsutum NC33B inoculated with pBin19-35S/
CLRDV-at contained viral RNA at their systemic leaves (Fig. 4A,
lanes 6 to 10), which was demonstrated by RT-PCR. Viral gRNA
and sgRNA were detected by Northern blot hybridization of total
RNA extracted from systemic leaves of pBin19-35S/CLRDV-at-
infected plants that displayed symptoms (Fig. 4B, lanes 4 to 6) but
not in the control plants (inoculated with pBin19; Fig. 4B, lane 1).

Viruliferous aphid

Viruliferous aphid

pBin19-35S/CLRDV

Fig. 3. Aphid transmission and agroinfection of an atypical strain of cotton leafroll dwarf virus (CLRDV-at). A, Gossypium hirsutum NuOpal plant inoculated with
nonviruliferous aphids (left) and with viruliferous aphid collected from a symptomatic plants (right) 3 weeks postinoculation. B, Symptoms of G. hirsutum
(NuOpal) leaf infected with viruliferous aphids (lower) and nonviruliferous aphids (upper). C, G. hirsutum NC33B plant inoculated with control pBin19 (left),
pBin19-35S/CLRDV-at (middle), and pBin19-35S/CLRDV (right) 6 weeks postinoculation.
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DISCUSSION

Poleroviruses represent an important threat to agriculture
worldwide because they are transmitted by aphids and can infect a
wide range of plants. In the last decade, new cotton poleroviruses
besides CLRDV have been described in Australia and Brazil; in
particular, CBTV and Brazilian isolates PL.3, CV2, and PO1, which
were all recombinants between CLRDYV and an unidentified virus
from the family Luteoviridae (Ellis et al. 2013; Silva et al. 2008).
Here, we describe a new cotton disease in Argentina caused by
CLRDV-at. Sequence information and phylogenetic analysis showed
that CLRDV-at was closely related to CLRDV-ARG, although the
symptoms produced by these two viruses in cotton plants are quite
different. The ICTV virus species demarcation criteria for the genus
Polerovirus states that differences in amino acid sequence identity of
any gene product greater than 10% is considered a new species
(Domier 2012). CLRDV-at PO protein has less than 90% identity with
CLRDV-ARG PO protein and, therefore, CLRDV-at might represent
a new species within the genus Polerovirus. However, because the
other proteins share a high identity in amino acid sequence (more than
94%) and for consistency with recent publication on new pole-
roviruses (da Silva et al. 2015; Knierim et al. 2014), we consider this
isolate to be a new strain of CLRDV. The new disease was observed
on the field at the end of the cotton growth cycle, at flowering and
fruiting stage (bolls development); the plants had normal morphology
in the lower part but a bushy phenotype in the upper part, with slight
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Fig. 4. Detection of an atypical strain of cotton leafroll dwarf virus (CLRDV-
at). A, Agarose gel of reverse-transcription polymerase chain reaction (PCR)
products produced using primers specific for open reading frame ORF3 (capsid
protein) (upper panel). Gossypium hirsutum NC33B inoculated with pBin19 (lane 3),
pBin19-35S/CLRDV (lane 4), or pBin19-35S/CLRDV-at (lanes 6 and 7) and
NuOpal inoculated with pBin19-35S/CLRDV (lane 5) or pBin19-35S/CLRDV-at
(lanes 8, 9, and 10) 6 weeks after infection. G. hirsutum NuOpal CLRDV-at M3
(lanel1) was used as a positive control. Lanes 1 and 2 correspond to negative and
positive PCR controls, respectively. Primers specific for G. hirsutum ubiquitin were
used in the positive control reactions (lower panel). M = DNA size markers. B,
Northern blot analysis of CLRDV-at genomic RNA (gRNA) and subgenomic RNA
(sgRNA) accumulation from systemic cotton leaves 6 weeks after infection. G.
hirsutum NC33B inoculated with pBinl9 (lane 1), pBin19-35S/CLRDV (lane 3),
or pBinl19-35S/CLDBV-at (lane 4) and NuOpal inoculated with pBin19-35S/
CLRDV-at (lanes 5 and 6). G. hirsutum NuOpal CLRDV-at M3 (lane 2) was used
as a positive control. As a loading control, ribosomal RNA (tRNA) were stained
with ethidium bromide (lower panel).
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leaf rolling in apical leaves. These symptoms were evident on CBD-
resistant and -susceptible cultivars. Currently, 99% of the cotton
cultivars sown in Argentina are resistant to CLRDV and to species of
Lepidoptera (due to the presence of a crylA transgene) and, for these
reasons, the management practices for cotton dramatically changed
approximately 10 years ago. By the end of the cotton growth cycle,
there is a reduced use of insecticide and, as a consequence, a higher
density of aphid populations able to transmit CLRDV-at. The
development of a full-length infectious clone of CLRDV-at allows
us to investigate the symptom development of CLRDV-at compared
with CLRDV-ARG in young cotton plants under controlled conditions
(Fig. 3C). In this assay, CLRDV-ARG developed pronounced leaf
rolling, intensive dark-green color of the foliage, vein yellowing in the
systemic leaves, shortening of internodes, and stunting phenotype on
susceptible cultivars. In contrast, CLRDV-at displayed slight leaf
rolling without vein yellowing and small leaves emerged in the lateral
buds but not in the uninfected or CLRDV-infected plants. No obvious
stunting phenotype was detected on the CLRDV-at infected plants.

PO is the least conserved protein between CLRDYV and CLRDV-
at, with a sequence identity of 87%. Before polerovirus PO function
were characterized, the PO protein from PLRV was proposed to be
involved in viral symptom expression because potato transgenic
plants expressing the PO protein displayed an altered phenotype
resembling virus-infected plants (van der Wilk et al. 1997). Later,
PO protein from TuYV was described as an RNA-silencing
suppressor (Pfeffer et al. 2002). In addition, transgenic Arabidopsis
thaliana plants expressing PO from TuYV exhibited developmental
aberrations with enhanced levels of several miRNA-target tran-
scripts (Bortolamiol et al. 2007), as previously described for other
viral suppressors of RNA silencing (Chapman et al. 2004).
Although several polerovirus PO proteins have been described as
silencing suppressors, the levels of suppression activity differed
among polerovirus species (Delfosse et al. 2014; Zhuo et al. 2014).
Also, PO proteins of isolates of the same species can display
different levels of suppression activity or lack of activity (Almasi
et al. 2015; Cascardo et al. 2015; Klein et al. 2014; Kozlowska-
Makulska et al. 2010). Recently, many studies have linked symptom
development with specific interactions between viral and host
components involved in phytohormone pathways. These interac-
tions provide the first mechanistic explanation of how viruses
modulate phytohormone regulatory systems within their hosts and
of how those modulations lead to symptom development (Collum
and Culver 2016). CLRDV and CLRDV-at exhibited different
symptoms during infection, and the different symptoms could be
due to the sequence divergence in PO proteins. This finding suggests
that PO protein could interact, in a distinct manner, with proteins
involved in different pathways of the host plant during infection,
thus leading to the development of differential symptoms.

Cotton varieties resistant to CLRDV such as NuOpal or Guazuncho
II were susceptible to CLRDV-at, which suggests that the resistance
mechanisms broke down or that the genes do not confer cross
resistance. Moreover, the negative PCR amplification results for
viruses from the family Geminiviridae, family Potyviridae, and
genus [larvirus, along with the successful transmission of CLRDV-
at with Aphis gossypii to virus-free plants as well as the capability
of the infectious clone to infect CBD-resistant cotton varieties,
confirmed that the new disease is associated with this CLRDV-at
strain and not with a combination with other viruses. Furthermore,
the results on persistence of CLRDV-at from independent symptom-
atic plants from CBD-resistant cotton varieties which were analyzed
during 3 years demonstrated that this new CLRDV variant was
always present in plants with symptoms of the new disease.

Recently, a new CLRDV genotype (Acr3) that seems to have
acquired the ability to overcome CBD resistance was sequenced in
Brazil. Indeed, field-infected plants show mild CBD symptoms
associated with reddish, withered leaves with accentuated vertical-
ity (da Silva et al. 2015). The CLRDV-at PO protein displays 95%
identity to CLRDV-Acr3 PO protein, even though symptomatology



between both viruses was clearly different. Thus, further studies are
necessary to understand whether CLRDV-at and CLRDV-Acr3 are
just geographic variants of the same species that cause different
disease symptoms.

Breeding of cotton varieties resistant against CLRDV-at is needed
to reduce the incidence and consequent economic losses due to this
new disease. The CLRDV-at agroinfection instead of aphid trans-
mission assays will facilitate large-scale screening for resistance
genes against this new virus in cotton germplasm banks. Furthermore,
the CLRDV-at infectious full-length clone will be useful to study
cotton—CLRDV-at interactions using a reverse-genetic approach,
which will be helpful in better understanding this new pathosystem.
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