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Abstract Cotton blue disease (CBD) is the viral disease which
poses the greatest threat to cotton in Brazil. One efficient way of
controlling this disease is by using resistant cultivars. However,
the recent emergence of an atypical form of CBD (ACBD),
caused by a new virus genotype capable of overcoming these
resistant cultivars, is causing concern. Thus, the aims of this study
were to evaluate the distribution of ACBD in the states of Mato
Grosso (MT) and Goias (GO), to determine the relationship be-
tween vector infestation level, disease incidence and yield, and to
check the reaction of cotton cultivars to two viral isolates. In both
cotton production areas, 1128 plots were surveyed and 6.5%
showed plants with the virus, 97.3% and 2.7% with ACBD
and CBD, respectively. In cultivars susceptible to ACBD, a
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positive linear relationship between changes in the levels of aphid
infestation and incidence of viral infection was indentified, and a
negative linear relationship between infestation level and yield.
The maximum acceptable level of aphids up to 80 days after
sowing for susceptible cultivars was approximately 15%.
Although 83% of the cultivars were shown to be resistant to
CBD, only 19.2% were resistant to ACBD. There was also a
number of cultivars with considerable resistance to both isolates.

Keywords Atypical cotton blue disease - Genotype
resistance - CLRDYV - Cotton leafroll dwarfvirus - Vein mosaic
virus

Introduction

Cotton is the most important fiber crop in the world. In the
2014/15 crop season, global cotton production was 26.4 mil-
lion tons of fiber. In the same period, the cotton growing area
in Brazil was approximately one million hectares, producing
1.7 million tons of fiber, marking Brazil as one of the top five
global producers of cotton. The states of Mato Grosso (MT)
and Goias (GO) produce 55% and 10% of all cotton in Brazil,
respectively (Kist et al. 2015). Due to the rainfall regime, high
temperatures and quality farming management, the cotton
yield from the drylands in Brazil is the best in the world, with
an average of 1545 kg per hectare (Conab 2015).

However, as in any other tropical region, environmental
conditions are conductive to the development of insects and
disease. These conditions increase the cost of production giv-
ing rise to the need to strengthen the methods of controlling
pests and diseases (Suassuna and Coutinho 2015).

There are many pathogens that cause damage to cotton plants
in the central-west region of Brazil and disease accounts for
approximately 14-20% of all cotton yield losses (Cia and
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Galbieri 2016). The major problems are areolate mildew
(Ramularia areola), nematodes and viruses (Chitarra and
Galbieri 2015). Cotton blue disease (CBD) caused by Cotton
leafroll dwarf virus (CLRDV; family Luteoviridae, genus
Polerovirus) is the most important cotton virus in Brazil (Costa
and Carvalho 1962; Corréa et al. 2005; Distéfano et al. 2010).
When cotton is sown in the savanna region, one of the main
technical problems is the high incidence of CBD in cultivars
from the United States of America and Australia, since they are
very susceptible to this disease. Thus, research focuses on devel-
oping cultivars which are both resistant to CBD and adapted to
conditions in the central-west (Freire et al. 2005; Freire 2011).
Nowadays, almost all cotton cultivars sown in Brazil are resistant
to CBD (Galbieri et al. 2010).

CLRDV is transmitted in a persistent-circulative manner by
the cotton aphid Aphis gossypii Glover, a species which has a
number of hosts including certain annual crops and weeds
(Michelotto and Busoli 2003, 2007). CBD is capable of re-
ducing the yield of susceptible cultivars by up to 80% if cotton
aphids are not properly controlled during the early crop season
(Silva et al. 2008) and losses up to 1500 kg/ha in infected
cotton production attributable to CBD have been reported in
Brazil (Freire 1998). It is important to understand the relation-
ship between aphid control level and plant virus incidence if
control of the disease is to be achieved. For CBD, Santos et al.
(2004) showed the direct relationship between aphid infesta-
tion and plants with symptoms.

In 2006, a new disease, called atypical vein mosaic virus or
atypical cotton blue disecase (ACBD) was observed in fields
planted with CBD-resistant cotton cultivars (Silva et al. 2008;
Galbieri et al. 2010). Recently, Silva et al. (2015) have shown
that ACBD is caused by a new resistance-breaking (RB)
CLRDV genotype. These RB isolates have a high degree of
nucleotide and amino acid sequence identity to those of iso-
lates causing typical CBD. However, its PO (movement pro-
tein) is only 86.1%, identical to the PO of the typical CLRDV
isolate, CLRDV-PV1.

Currently, more than 90% of all cotton cultivars sown in
Brazil are susceptible to ACBD (Chitarra and Galbieri 2015).
Cotton farmers have maintained aphids at lower levels during
the crop season in an effort to control of ACBD efficiently.
However, there are three consequences to such management: it
increases production costs, it can be harmful to the environment,
and because of the excessive rainfall in the early crop season
period, it is very difficult to handle insecticide applications.
Resistant cultivars are the best method for controlling cotton virus
diseases (Cia et al. 2007; Santos et al. 2004). At the very least, the
use of cultivars with an intermediate resistance level can maintain
vector populations below economic injury level (Santos 2015).

This study evaluated the occurrence of CLRDV in MT and
GO, determined the relationship between aphid control level and
incidence of ACBD in the field, and studied the reaction of cotton
cultivars to both CBD- and ACBD-associated virus isolates.

Material and methods

Occurrence of CBD and ACBD in the states of Mato
Grosso and Goias

In the 2013/14, 2014/15 and 2015/16 crop seasons, 1128 cot-
ton plots were surveyed across a production area of approxi-
mately 225,600 ha in MT and GO. In each area the occurrence
of plants exhibiting symptoms typically induced by viruses
such as stunting, leaf rolling, intense green foliage or reddish
and withered leaves (Fig. 1) was identified. Two symptomatic
apex leaves were collected and stored in plastic bags contain-
ing 15 g of silica gel in order to maintain moisture at lower
levels inside the bags. The materials collected were stored at a
temperature of 10 °C and then analysed with specific primers
to identify the type of virus present in the leaves.

The samples were processed in duplicate for the extraction
and purification of RNA molecules using the Nucleospin RNA
Plant kit (Marcherey-Nagel). Subsequently, CLRDV was de-
tected by reverse transcription-polymerase chain reaction (RT-
PCR) using the GoScript Reverse Transcription System
(Promega). In order to differentiate CBD from ACBD, quanti-
tative RT-PCR with specific primers/probes was performed.
Reactions were performed with the QuantiTec Multiplex PCR
kit (Qiagen) with primers CLRDV-F (5'-GTA AAT TGT CTA
CCC TCT CCT CCA CTA-3') and CLRDV-R (5'-TGA TGA

B - TR

Fig. 1 Symptoms of atypical cotton blue disease (ACBD). a Infection
occurring during the first stage of cotton development. b Infection at a
later stage in development
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AAG ACG CCG CAA ATT G-3'), and probes CLRDV1 (5'-
FAM-CTT CCT CCC GTT CTT G-MGB-3’) for CBD and
CLRDV2 (5"-VIC-TTC CTC CCA TTC TTG-MGB-3’) for
ACBD. Reactions were generated and analyzed directly on a
7500 Real Time PCR System device (Applied Biosystems).
Plants under greenhouse conditions completely free of both dis-
ease and vector were used as negative controls. Positive controls
were obtained from leaves infected by two virus isolates under
separate greenhouse conditions. The CBD isolate was obtained
from cultivar FM 966 and the ACBD isolate (IMA2) from cul-
tivar FMT 701. These two isolates have already been used and
characterized in previous works by Galbieri et al. (2010) and
Silva et al. (2015).

Relationship between vector (Aphis gossypii) control level
and ACBD incidence

Three experiments were conducted under field conditions to
evaluate the relationship between aphid control levels and the
incidence of ACBD. The work was carried out in Primavera
do Leste, MT (S15°31'34.1", W54°12'20.1") under natural
infestation of the aphid/virus. The composition of the soil
texture of the experimental area was 64% sand, 6.6% silt
and 29.4% clay. Four fungicide sprays were applied to control
Ramularia areola and specific insecticides were applied to
control boll weevil, especially at 80 days after sowing.

Five threshold levels of aphid incidence, 5%, 20%, 40%, 60%
and 80% were established. Monitoring of the aphid population
was carried out in each plot by visual inspection every two days
up to 80 days after crop sowing, and the percentage of plants
attacked by colonies of 5-10 aphids was recorded. When the
threshold levels were reached, foliar insecticide (thiamethoxam,
50 g of a.i./ha, and acetamiprid, 20 g a.i./ha) was applied using a
precision backpack sprayer distributing CO, with a 2 m bar and
4 nozzles, extended range type (XR Teelet; Green), spaced at
45 cm, at a constant pressure of 45 psi and spray solution con-
sumption of 200 L/ha. Aphid control based on the threshold
levels was carried out up to 80 days after sowing.

Each experiment was conducted in a randomized block
design with five replications and the plots consisted of eight
rows spaced at 0.90 m, each seven meters in length. The areas
used for evaluation and harvest were the four center lines.

In experiment 1, the cotton cultivar FMT 701 was sown on
Dec. 20, 2010 and harvested on Jun. 23, 2011. The threshold
control levels were 5, 20, 40, 60 and 80%. In experiment 2, the
cotton cultivars used were Delta Opal and CD 6468, sown on
Dec. 21, 2010 and harvested on Jun. 26, 2011. In experiment 3,
the cultivars used were Delta Opal, FM 993 and FMT 701, sown
on Dec. 23, 2011 and harvested on Jun. 22, 2012. The threshold
control levels in experiments 2 and 3 were 5, 20, 40 and 80%.

ACBD evaluations took place 80 days after sowing and
were based on a disease severity scale of 1 to 5 (Cia et al.
2007). After harvesting, the data were converted to kg of fiber/
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ha according to the total weight of the useful four center lines.
For fiber yield patterns, 30 cotton bolls were collected prior to
harvest. Regression analysis between aphid control levels and
disease incidence (score) as well as fiber yield per hectare was
carried out.

Cultivar reaction to CBD and ACBD

Five plants from cultivar FMT 701 with viral symptoms were
collected from the previously described experiment. These
plants were transplanted into 12 L pots under greenhouse con-
ditions. After 20 days, the plants were infested with aphids free
of virus under controlled conditions. Seven days later, the aphids
were transferred to new seedlings of cultivar FMT 701 in order
to maintain the population of the isolated virus (IMA2), which
was retained as the inoculum source for subsequent trials. This
isolate had already been further characterized by Silva et al.
(2015) and it was confirmed that it was ACBD. The CBD in-
oculum used for the characterization work was from the same
isolate used in the work of Galbieri et al. (2010).

In the cultivar characterization tests for viruses, two separate
greenhouses were used, one for CBD and one for ACBD. The
methods used were the same described by Galbieri et al. (2010).
The greenhouses were maintained at 27 + 2 °C throughout the
experiments. In total, four trials were conducted, two in 2014 and
two in 2015, one for each virus, CBD and ACBD, with 16 and
26 cultivars for the first and second year, respectively.

The experiments were set up in a randomized block design
with five replications, each consisting of 12 L pots with four
plants. As substrate, a washed mixture of sand, soil and ma-
nure (5:13:4) was used. Fifteen viruliferous aphids were inoc-
ulated into each plant 10 days after sprouting, with a soft brush
aid (#2). The virus acquisition period was about 10 days.
Seven days after inoculation, the aphids were eliminated from
the plants through insecticide application of carbosulfan (1.2 g
i.a/L). Symptomatic plants were assessed 30 days after inoc-
ulation based on a disease severity scale of 1 to 5 (Galbieri
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Fig. 2 Number of plots with presence of virus (CBD and ACBD) in
different genotypes of cotton and percent distribution of cultivars in
relation to the 1128 sampled plots
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et al. 2010). The data were transformed into v/x + 1 and sub-
jected to analysis of variance. Mean values were grouped by
the Scott-Knott test at 5% significance.

Results

Occurrence of CBD and ACBD in the states of Mato
Grosso and Goias

Leaves from 1128 sampled plots with characteristic symptoms
of CBD-like viruses, such as stunting due to internodal shorten-
ing, leaf rolling, intense green foliage and reddish and withered
leaves were collected for molecular analysis (Fig. 1). The results
showed that 6.5% of the plots had plants with symptoms of
virus infection in the period prior to 80 days after sowing.

Virus symptoms were detected in 36 samples of the plots
with cultivar FM 975WS (Fig. 2). Out of 74 samples of plants
with symptoms of CBD-like disease, 97.3% were confirmed
to be ACBD and only 2.7% in two plots had been affected by
CBD (Fig. 3).

Relationship between vector (Aphis gossypii) control level
and ACBD incidence

The ratio of aphid infestation level (up to 80 days after sow-
ing) to disease incidence was positive and linear for both FM

993 (p = 0.0015) and FMT 701 (p = 0.0122), and assumed a
quadratic function for CD 6468 (p = 0.0017) (Fig. 4, Table 1).
In cultivar Delta Opal no plants showed virus symptoms, re-
gardless of the aphid infestation level.

In terms of variation in fiber yield, the ratio of aphid infes-
tation level was negative and linear with production of fiber
per ha for CD 6468 (p = 0.0282), FM 993 (p = 0.0515) and
FMT 701 (p = 0.0124). For Delta Opal, a significant model
derived from the various levels of aphid infestation vs. pro-
duction could not be determined.

Considering only the susceptible cultivars CD 6468, FM
993 and FMT 701, comparison of aphid incidence levels
showed that the levels of 40% and 80% had similar responses.
Thus, they were grouped according to the Scott Knott test
results, which take the reaction to the virus into account
(Table 2). Similarly, the levels of 5% and 20% were also
grouped for both yield and reaction to the virus.

Cultivar reaction to CBD and ACBD

In the year 2014, the cultivars FM 966LL, FM 982GL and DP
555BGRR showed susceptibility to CBD. The other cultivars
tested in this year were in the strongly resistant group with a
score equal or close to one. The cultivars Delta Opal FM
951LL, BRS 368RF and TMG 42WS were in the top
ACBD resistant group, while the others were in the lower
susceptibility group (Table 3).

Fig. 3 Cotton areas in the states 62°0'0"W 60°0'0"W 58°0'0"W 56°0'0"W 54°0'0"W 52°0'0"W 50°0'0"W 48°0'0"W 46°0'0"W
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Fig. 4 Relationship of aphid control levels to incidence of ACBD and
fiber yield in different cotton cultivars. Scores: 1, Plants without
symptoms of the disease; 2, Up to 5% of plants with symptoms; 3, 6—
25% of plants with symptoms; 4, 26-50% of plants with symptoms; 5,
51-100% of plants with symptoms

In the year 2015, cultivars FM 966LL, DP 1228B2RF and
FM 982GL showed susceptibility to CBD, while the other
cultivars were in the strongly resistant group with a score
equal or close to one. With regard to ACBD, cultivars Delta
Opal, BRS 368RF, FM 913GLT, TMG 42WS, and TMG
43WS remained in the top resistant group, while the others
were in the lower susceptibility group (Table 4).

Comparing cultivars BRS 368RF, FM 944GL, FM 966LL,
FM 975WS, FM 982GL, IAC 26RMD, IMA 5675B2RF,

TMG 11WS, TMG 41WS, TMG 42WS, TMG 81WS, TMG
82WS, Delta Opal, and FMT 701, over two years of evalua-
tion, it was observed that there was a high correlation of 0.96
and 0.71 (p £0.01) for CBD and ACBD, respectively.

Discussion

For cotton blue disease, infection is most harmful up to 50 days
after sowing, as shown by Santos et al. (2004), Santos (2015),
and Michelotto and Busoli (2006). There was a high incidence
of disease in cultivar FM 975WS, a fact observed in areas under
cultivation in MT. In the area sampled in this study, approxi-
mately 48% was sown with FM 975WS. In surveys conducted
by Tachinard (2015), this percentage was 61 and 40% of the
sown area in MT during the crop season 2013/14 and 2014/15
respectively. Samples obtained between 60 and 90 days after
sowing (late infection) were not considered in our work. If this
kind of infection had been analyzed, the incidence probably
would have been higher.

The results confirm the great predominance of ACBD over
CBD in cotton in MT and GO. Since 2005, most of the culti-
vars sown in both states have been resistant to CBD (Galbieri
et al. 2010), and the potential for this inoculum has been re-
duced throughout the cultivated area. However, according to
the data presented, the virus survives, albeit at low impact
level under the conditions found in the savanna. This infor-
mation is important because, due to the unpredictable possi-
bility of disease incidence, aphid levels are currently being
maintained as low as possible. This may encourage breeding
programs to re-launch cultivars susceptible to CBD, or at least
not to take into account this feature in the selection process, as
the vector is being effectively controlled. If this approach
takes root, in combination with the presence of CBD, it can
intensify the problem with the use of cultivars susceptible to
both viruses. Thus, it is important to search for cultivars which
are resistant to both CBD and ACBD if effective disease con-
trol is to be achieved.

Table 1 Regression models

adjusted to represent the Variable Cultivar Model” p-value® R?
relationship between aphid N
control levels and the incidence of Score CD 6468 Y =1.383 + 0.06026P — 00004P2 0.0017%* 0.99
viral infection (score) and yield, FM 993 Y = 1.0769 + 0.0248P 0.001 5% 1.00
in cultivars CD 6468, FM 993, FMT 701 {7 = 1.2386 + 0.0186P 0.01224* 0.98
FMT 701 and Delta Opal
Delta Opal - 0.1026 -
Yield CD 6468 Y = 1549.6223-2.9741P 0.0282* 0.94
FM 993 Y = 1173.3500-2.4080P 0.0515 0.90
FMT 701 Y = 1477.4714-4.2792P 0.0124* 0.98
Delta Opal - 0.2408 -

P, aphid control level
by <0.05, ##p < 0.01
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Table 2 Cluster test for aphid incidence levels considering only
cultivars CD 6468, FM 993 and FMT 701

Table 4 Cotton cultivar reactions to blue disease (CBD) and atypical
cotton blue disease (ACBD) under greenhouse conditions in 2015

Control levels (%) Score® Yield (kg/ha)* Cultivar CBD* ACBD Cultivar CBD ACBD
80 3.093a 1140.51a BRS 368RF 1.0a 1.0a FM 975WS 1.0a 3.8d
40 2386b 1228.86a BRS 369RF 1.0a 2.0b FM 980GLT 1.0a 2.3b
’ : BRS 371RF 2.0b 4.0d FM 982GL 206 4.0d
20 1.814c 1346.86b BRS 372 132 3.0c IAC 26RMD 132 4.0d
5 1.378¢ 1372.14b IMA 2106GL  1.0a 3.5¢ IMA 5675B2RF  1.0a  4.3d
DP 1227B2RF  1.3a 2.5b TMG 11WS 1.0a  1.8b
M 2.1 1272.
can o8 7209 DP 1228B2RF  2.8c 484  TMG41WS 10a  1.8b
. ] DP 1240B2RF  1.0a 3.0¢ TMG 42WS 1.0a  15a
Means follqwed by the same letters in the column belor}ig. to the same IMA 8405GIT  1.0a 2.6b TMG 43WS 1.0a 1 5a
group according to the Scott and Knott test, at 5% probability FM 913GLT 1.0a 13a TMG 81WS 1.0a 23h
FM 940GLT 1.0a 1.8b TMG 82WS 1.0a 2.5b
FM 944GL 1.0a 45d Delta Opal 1.0a  1.0a
Data from assays show that the severity of the disease was ~ FM 966LL 384 3.3c FMT 701 1.0a  45d
very high. Cultivars CD 6468, FM 993 and FMT 701 showed ;" %/ o Y

high susceptibility to ACBD.

According to the data shown on the prevalence of ACBD in
MT and GO associated with the close relationship of the vector
control level and the incidence of disease, it is necessary to
maintain aphid infestation levels below 15% in susceptible cul-
tivars. This index confirms the results reported by Santos
(2015). However, it is difficult to maintain this low aphid level
under the conditions prevalent in the savanna, mostly due to the
high precipitation during the early crop development stage from
December to February, especially in Primavera do Leste
(aproximately 1000 mm) (Fietz et al. 2008). Under such condi-
tions, it is difficult to carry out any field operations, in addition
to the high fertility rate of the aphid in susceptible plants
(Michelotto and Busoli 2009). In resistant cultivars such as
Delta Opal, the aphid can be managed as an insect pest and
not as a vector of the virus, since its level has no relationship
with disease incidence. According to Santos (2015), CBD

Table 3  Cotton cultivar reactions to blue disease (CBD) and atypical
cotton blue disease (ACBD) under greenhouse conditions in 2014

Cultivar CBD* ACBD Cultivar CBD ACBD

BRS 368RF 1.0a 1.5a IMA 5675BT2RF  1.0a  3.3b

DP 555BGRR  2.3b 2.0b TMG 11WS 1.0a 3.3b
FM 944GL 1.0a 3.8b TMG 41WS 1.0a  3.3b
FM 951LL 1.0a 1.3a TMG 42WS 1.0a 1.8a
FM 966LL 5.0d 3.0b TMG 81WS 1.0a  3.3b
FM 975WS 1.0a 2.5b TMG 82WS 1.0a  2.8b
FM 982GL 3.8¢c 3.0b Delta Opal 1.0a 1.0a
IAC 26RMD 1.3a 3.0b FMT701 1.0a  4.5b
C.V. (%) 49 11

I 0.1n.s.

*Scale from 1 to 5 with an increasing incidence of the disease. 1, plants
without symptoms of the disease; 2, one plant per plot with symptoms of
the disease; 3, two plants per plot with symptoms of the disease; 4, three
plants with symptoms of the disease; 5, four (all) plants per plot with
symptoms of the disease. Means followed by the same letter in the col-
umn within each virus do not differ significantly from each other accord-
ing to the Scott and Knott test, at 5% probability

® Correlation between the results of CBD vs. ACBD

Scale from 1 to 5 with an increasing incidence of the disease. 1, plants
without symptoms of the disease; 2, one plant per plot with symptoms of
the disease; 3, two plants per plot with symptoms of the disease; 4, three
plants with symptoms of the disease; 5, four (all) plants per plot with
symptoms of the disease. Means followed by the same letter in the col-
umn within each virus do not differ significantly from each other accord-
ing to the Scott and Knott test, at 5% probability

® Correlation between the results of CBD vs. ACBD

resistant cultivars can tolerate up to 50% of their plants being
infested with aphids. In this study, Delta Opal showed resistance
at an 80% threshold level of aphid infestation, with yield not
being significantly affected.

When fiber yield is analyzed, the difference between vector
control at 5 and 80% threshold levels was 170, 205 and
314 kg/ha for cultivars FM 993, CD 6468 and FMT 701,
respectively. These values represent a reduction in productiv-
ity in FM 993, CD 6468 and FMT 701 of approximately 14.6,
13.4 and 21.5%, respectively. These values are significant,
and should be considered in crop management programs.
However, according to the data reported earlier by Freire
(1998), Santos et al. (2004) and Michelotto and Busoli
(2006), CBD in susceptible cultivars seems to be more de-
structive than ACBD. This has also been highlighted by
Galbieri et al. (2010) and Santos (2015).

In all experiments, cultivars Delta Opal and FMT 701 were
used as controls. Delta Opal is resistant to both virus isolates
and FMT 701 is susceptible to ACBD but resistant to CBD
(Galbieri et al. 2010; Fang et al. 2010; Pupim Junior et al.
2008; Santos et al. 2004; Michelotto and Busoli 2003). In four
experiments over a two-year period, the evaluation of disease
severity in FMT 701 was 1.0 for CBD and 4.5 for ACBD. The
symptomatology contrast between Delta Opal and FMT 701
can be seen in Fig. 5. Furthermore, the 14 cultivars that were
used in the two years of evaluation were shown to be in the
same classification group, attesting the replicability of the test.

Considering the two years of evaluation, 83% of the culti-
vars were resistant to CBD but only 19.2% to ACBD. These
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Fig. 5 Contrast between a susceptible cultivar (FMT 701, left), with all
plants showing symptoms of ACBD, and a resistant cultivar (Delta Opal,
right), with all plants asymptomatic

data are similar to those presented by Galbieri et al. (2010)
with regard to CBD. Similarly, the lack of a correlation be-
tween the incidence of the two viruses reinforces the fact that
the isolates are distinct, as reported by Galbieri et al. (2010)
and more recently by Silva et al. (2015).

In addition to Delta Opal, it was possible to find cultivars
with strong resistance to both viruses. These data show an
improvement in this feature compared to previous work per-
formed by Galbieri et al. (2010). This is a result of the work
that is being undertaken in breeding programs in Brazil, seek-
ing to improve cultivar resistance to viruses. Further studies
are necessary if an understanding is to be reached of the in-
herent resistance to ACBD and the development of a marker
associated with resistance, as has already been reported in the
case of CBD (Pupim Junior et al. 2008; Fang et al. 2010), to
facilitate cultivar selection with higher resistance to disease.
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