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Abstract

The present study was conducted in five Gossypium mustelinum populations that were phenotyped and genotyped
to quantify their resistance to the major diseases that affect cultivated cotton (G. hirsutum) in Brazil. Four G.
mustelinum populations, in addition to genotypes of G. hirsutum and G. barbadense (resistant or susceptible
controls), were phenotyped for resistance to cotton blue disease, angular leaf spot, common mosaic and ramulose.
Artificial inoculation of cotton plants with causative agents of cotton blue disease, angular leaf spot and ramulose,
as well as those naturally infested with common mosaic virus, showed that all G. mustelinum accessions were
susceptible to every disease studied. Four microsatellite markers linked to disease resistance genes for cotton blue
disease, angular leaf spot and root-knot nematodes (Meloidogyne spp.) in G. hirsutum were used for genotyping of
the five populations. The markers amplified different alleles from those associated with resistance genes in
cultivated cotton, revealing polymorphisms different from reported cases of G. hirsutum resistance. The
susceptibility to all diseases studied may represent a phytosanitary risk for the in situ conservation of natural G.
mustelinum populations.

Keywords: in situ conservation, SSR marker, natural populations, wild cotton
1. Introduction

In situ conservation of landraces or wild relatives of cultivated plants can be hindered if crops are cultivated near
these populations. One possible interference is the genetic mischaracterization of wild populations due to gene
flow (Groot et al., 2003). This possibility has been discussed with greater emphasis after the commercial release of
genetically modified cultivars (Ellstrand et al., 1999; Darmency, 2008). Despite the importance of gene flow, other
factors may render in situ conservation more complex independently of whether the cultivated genotypes are
genetically modified or not.

Commercial crops or other exotic plants introduced by man can trigger outbreaks of pests and diseases that,
depending on the distance, can affect related wild species or local varieties (landraces). The impact on genotypes
previously present in the region depends on several factors, including the level of genetic resistance to diseases in
cultivated and wild genotypes (Alexander, 2010). The understanding of epidemics in commercial crops has been
widely discussed in recent years (Anderson et al., 2004; Fisher et al., 2012); however, little is known about the
levels of resistance in wild populations. In some pathosystems, the causative agent of the disease has a wide range
of hosts, including related species. In such cases, co-cultivation of susceptible species may have a negative impact
on natural populations.

There are well-reported cases where populations of native species have been negatively affected by the
introduction of cultivated genotypes, such as Ulnus spp. (North America, Europe and Southeast Asia), Castanea
dentata (Western U.S.), Eucalyptus (Australia) and Nassela pulchra (California) (Gilbert, 2002; Anderson et al.,
2004). Among native grasses in California, for example, an increased incidence of pathogens due to coexistence
with cultivated exotic grasses caused a reduction in their reproductive performance, reducing the number of
individuals descended from wild populations (Malmstrom et al., 2005).
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Wild populations and landraces comprise a dynamic germplasm from the point of view of variability because they
are subjected to all evolutionary factors. If a new, very aggressive evolutionary agent is introduced into the
environment, the selection resulting from the adaptation of populations to this new agent can reduce their genetic
basis, jeopardizing the conservation of the variability not associated with the new agent and preventing proper in
situ conservation. Brazil is an important center of origin and diversity of wild and cultivated populations, including
several species of Manihot (Fukuda et al., 2005), Passiflora (Cervi, 20006), Zea mays L. (Carvalho et al., 2002),
Phaseolus vulgaris (Burle et al., 2010), G. hirsutum var. marie galante (Menezes et al., 2010), Oryza
glumaepatula (Brondani et al., 2005) and Gossypium mustelinum (Barroso et al., 2010), the species of focus in the
present study.

Gossypium mustelinum is one of five allotetraploids of this genus, which includes the cultivated cotton plants (G.
hirsutum and G. barbadense). The species is a native of Brazil and endemic to the northeast region, primarily
found in the biome of Caatinga (Pickersgill et al., 1975; Barroso et al., 2010). There are no crops found within its
area of incidence; however, there is a potential for expansion of the cultivated cotton areas in surrounding areas
(Brazilian Native and Naturalized Cotton [ALBRANA], 2013). There are small foci of coexistence with cultivated
cotton. They result from maintenance of plants in backyards and from propagule dispersal between producing and
consuming regions, with no observed impact on wild populations (Alves et al., 2013). This is an indication that
impacts may depend on broader sympatry, where a greater number of cultivated individuals are within the vicinity.

Pathogens that infect commercial crops can also cause diseases in other species of allotetraploid cotton plants, due
to their phylogenetic proximity (Gilbert & Webb, 2007). Thus, the introduction and spread of pathogens from
commercial cotton farms may be a threat to the conservation of G. mustelinum populations. The main diseases
affecting commercial cotton crops in Brazil are cotton blue disease, caused by the Polerovirus Cotton leafroll
dwarf virus - CLRDV; angular leaf spot or blight, caused by the bacterium Xanthomonas citri subsp.
malvacearum; ramulose, caused by the fungus Colletotrichum gossypii var. cephalosporioides; root-knot disease,
caused by the nematode Meloidogyne incognita; and gray mildew disease, caused by the fungus Ramularia areola
(Suassuna & Coutinho, 2011). Historically, phytosanitary problems with these diseases increased with the
expansion and intensification of cotton production in the region. Although one cannot deny the economic and
social benefits of cotton production in Brazil, which is the fifth largest cotton producer in the world, its cultivation
should not occur at the expense of in sifu conservation and maintenance of important native genetic resources.

Although collection and sampling expeditions for ex situ conservation of populations of interest have been
conducted, in situ conservation should not be excluded. /n situ conservation allows continuity of the evolutionary
process of populations, deriving new variations, which may be introduced to germplasm banks (Negri & Tiranti,
2010). Both methods are complementary and are more efficient for the conservation of total genetic diversity when
used together (Sun et al., 2012). In regards to G. mustelinum, efforts have been made to employ both methods
(Barroso et al., 2010). Therefore, knowledge of the genetic resistance of G. mustelinum to the major cotton crop
diseases may help us to understand the scale of threats to its conservation. In the present study, the resistance of G.
mustelinum populations to major cotton diseases in Brazil was measured.

2. Materials and Methods
2.1 Plant Material

Gossypium mustelinum cotton plants were collected in the tributaries of the Contas river basin in the State of
Babhia, Brazil. These plants were located in four tributaries: Jacaré Creek, Quixaba Creek, Serra Azul Creek and
Riachao Creek. A total of 205 plants were used in this study.

In the resistance evaluation tests (phenotyping), seeds collected in situ from populations of Jacaré Creek (24
plants), Serra Azul Creek (23 plants) and three tributaries of the Riach@o Creek I (22 plants), II (22 plants) and I11
(20 plants) were separated into different treatment groups. Controls for cotton blue disease included the genotypes
Delta Opal (G. hirsutum - resistant) and FM 966 (G. hirsutum - susceptible); for angular leaf spot, Delta Opal
(resistant) and PA 0435 (G. barbadense - susceptible) and for ramulose, PA 0435 (moderately resistant) and BRS
Cedro (G. hirsutum - susceptible).

2.2 Preparation of Inoculum, Inoculation and Evaluation of Incidence/Severity

Assessment for angular leaf spot and common mosaic was conducted under field conditions in a randomized block
design with five replications, and each plot was comprised of two rows of three meters with one plant per meter.
For angular leaf spot, artificial inoculations were made. The inoculum was obtained from Xam isolates previously
identified as race 18 cultured in 523 KADO medium for 48 hours and diluted with saline solution (0.85% NaCl),
and adjusted to 0.3 optical density at 600 nm absorbance, which corresponds to 10° CFU (Colony Forming Units).
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Inoculation was performed using the syringe method, in which approximately 1.0 mL of bacterial suspension was
injected under pressure at three different points on the abaxial surface of three leaves of each plant. Evaluation was
performed 48 hours after inoculation by observing for the presence or absence of anasarca symptoms at the
inoculation points. The same test was used to evaluate, via natural infection, the resistance to common mosaic
disease caused by whitefly-transmitted geminivirus.

Assessment of cotton blue disease was carried out in a protected screenhouse. The trial was conducted in a
randomized block design with five replications, with an experimental unit consisting of one plant grown in soil
from the base of the screenhouse. All plants were inoculated using viruliferous aphids (Aphis gossypii) collected
from previously cultivated cotton plants with typical cotton blue disease symptoms (inoculum source plant). The
inoculations were performed in the different treatments at 20, 27 and 34 days after plant emergence (DAE). At
each inoculation time, at least five viruliferous aphids, maintained in the inoculum source plants, were transferred
to different treatment plants. Disease assessment was qualitatively performed (with or without symptom
development) 30 and 60 days after the first inoculation.

Assessment of ramulose resistance was measured in an experiment conducted in a greenhouse. The experiment
was conducted in a randomized block design with five replications, and the experimental unit consisted of one
plant grown in a pot (20 liters). Three monosporic isolates of the pathogen were previously multiplied in potato
dextrose agar (PDA) medium and maintained in a biochemical oxygen demand (BOD) incubator (25°C and 12
hours light) for 30 days. A spore suspension at a concentration of 5 x 10° spores/mL was prepared. At 30 and 37
DAE, plants were inoculated with the aid of a hand sprayer. Each pot was covered for 24 h with a plastic bag (100
liter volume) forming a humid chamber. After removal from the humid chamber, the environment was maintained
with relative air humidity above 80% with the aid of microsprinklers that sprayed a mist for 1 minute every 3
hours. Thirty days after the second inoculation, a severity assessment was conducted using a scale from 1 to 5,
with which the disease index was calculated (Oliveira et al., 2010). Due to the inadequate normal distribution of
the data, the pair-to-pair difference between treatments for ramulose severity obtained from the average scores was
tested using the nonparametric Mann-Whitney test.

2.3 Genotyping With Microsatellite Markers

All collected G. mustelinum plants (n = 205) were genotyped using microsatellite markers linked to resistance
genes (Table 1). Three G. hirsutum cultivars were used as controls for the presence of resistance alleles: Delta
Opal, resistant to cotton blue disease and angular leaf spot; M315, resistant to root-knot nematode; and FM 966,
resistant to angular leaf spot and susceptible to cotton blue disease and root-knot nematode.

Five simple sequence repeat (SSR) primer pairs labeled with fluorochromes were used for genotyping. These SSR
loci are physically linked to genes that confer resistance to major cotton diseases: DC20027, linked to the Rghv!
gene that confers resistance to cotton blue disease (Fang et al., 2010); CIR246, linked to the B/2 gene, which
confers resistance to angular leaf spot (Xiao et al., 2010); and CIR316M (Shen et al., 2006) and BNL3661
(Guitiérrez et al., 2010), which are associated with two different loci that control root-knot nematode tolerance.
Polymerase chain reactions were performed in a tetraplex system using the Multiplex PCR Kit (Qiagen).
Electrophoresis of amplified fragments was performed on an ABI3100 DNA analyzer (Applied Biosystems).
Fragment size (bp) was estimated using GeneScan 2.1 with ROX500 and edited with the aid of GeneMapper 3.5
software (Applied Biosystems). SSR marker-assisted analysis in G. mustelinum was carried out by comparing the
amplified alleles to the loci of the SSRs that were associated with resistance genes in G. hirsutum.

Table 1. Statistical significance matrix between populations of G. mustelinum (Jacaré Creek, Serra Azul Creek,
Riachao Creek I, 11, IIT) and controls (BRS Cedro - susceptible and PA 0435 - moderately resistant)

Jac SA RRI  RRII RRIII PA 0435

SA 0.47

RRI 0.38 045

RRII 0.50 0.60 0.73

RRIII 079 0.76 031 0.38

PA 0435 094 094 050 0.60 0.80
BRS Cedro 0.03* 0.04* 0.02* 0.01* 0.05* 0.04*

Mann-Whitney test (0.05%).

41



www.ccsenet.org/jas Journal of Agricultural Science Vol. 6, No. 3;2014

3. Results

Figure 1. G. mustelinum plants with symptoms of foliar diseases. (a) cotton blue disease, (b) angular leaf spot, (c)
common mosaic and (d) ramulose

In the assessment of cotton blue disease, it was observed that only the Delta Opal cultivar did not develop
symptoms of viral disease. All G. mustelinum plants and the susceptible control (FM 966) showed typical
symptoms of the disease (stunting, leaf rolling and yellowing of veins) (Figure 1a). The severity of symptoms
observed in G. mustelinum was similar to that observed in plants of the susceptible G. hirsutum cultivar, with
reduced height of plants and inhibited formation of the reproductive structures.

All populations of G. mustelinum developed symptoms of angular leaf spot at the inoculation points. Lesions that
initially had a soaked appearance later became brown (Figure 1b). Symptoms were identical to those observed in
susceptible controls and different from resistant plants, in which dry and well-defined lesions that were typical of
hypersensitivity were formed. Although not artificially inoculated, due to the high pressure of whitefly (Bemisia
tabaci), it was possible to quantify the incidence of plants with common mosaic symptoms, a virosis transmitted by
this insect and caused by the Abutilon mosaic geminivirus (Figure 1¢). All populations of G. mustelinum were
susceptible to common mosaic of cotton. Because the inoculation occurred in an uncontrolled manner, plants that
had no contact with the virulent insects did not develop symptoms of the virosis. Common mosaic occurrence
ranged between 10 and 25% of plants in all treatments. The same incidence levels were also observed in
commercial crops of susceptible cultivars, and the asymptomatic plants represent escaped plants.

All populations of G. mustelinum developed initial symptoms of ramulose (rounded and necrotic leaf spots),
especially in younger leaves (Figure 1d). However, disease progression was not as dramatic as in G. hirsutum.
After death of the apical meristems, which led to loss of dominance and favored the formation of lateral shoots,
there was no development of disease symptoms in secondary branches which had normal vegetative growth. The
moderate resistance control, G. barbadense, and all treated G. mustelinum plants had scores ranging from 2 to 4.
On average, the score index attributed to the disease for G. mustelinum populations ranged from 2.6 to 3.0.
Significant differences in severity were observed only in the comparison of G. mustelinum populations with the
susceptible control (BRS Cedro), with statistical significance of P=0.03 (Jacar¢), P=0.04 (Serra Azul), P=0.02
(Riachdo 1), P=0.01 (Riachdo II) and P=0.05 (Riachdo III). There was no significant difference between the
populations of G. mustelinum and the moderately resistant control (Table 1).

Primers for five SSR loci linked to disease resistance genes in G. hirsutum amplified SSR fragments in G.
mustelinum (Table 2). The allelic composition of each locus analyzed was determined in populations of G.
mustelinum and the control cultivars. The primer DC20027 amplified two loci, a monomorphic (DC20027-1) 182
bp fragment present in all accessions and cultivars, as described by Fang et al. (2010). The locus linked to the
resistance gene (Rghvl) for cotton blue disease was polymorphic, in which four SSR alleles were detected: 202,
200, 196 and 198 bp. The 200 bp fragment was present in only one individual of the Jacaré population and was the
same allele found in G. barbadense accessions and in disease-susceptible cultivars. Two alleles present in G.
mustelinum have not yet been observed in G. hirsutum, with sizes of 196 and 198 bp. The 196 bp allele appeared
more frequently in all populations, being constant in the Jacaré population and with the lowest frequency in the
Riachdo Creek population.
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Table 2. Composition and allele frequency of SSR loci linked to disease resistance genes in populations of G.
mustelinum (Jacaré Creek, Quixaba Creek, Serra Azul Creek, Riachdo Creek I, II, III) collected in the basin of the
Contas River, Bahia and of controls (G. hirsutum)

Population of G. mustelinum G. hirsutum
Jac Qx S.A. RRI RRII RRIII Delta FM966 M315
182 1.000 1.000 1.000 1.000 1.000 1.000 - - -
196 0.880 1.000 0.984 0.588 0.588 0.588 - - -

Primer Allele

DC20027 198 0.080 - 0.016 0412 0412 0412 - - -
200 0.040 - - - - - - 1.000  1.000
202 - - - - - - 1.000 - -
146 - - - - - - 1.000  1.000  1.000
CIR246 154 0.020 0.976 1.000 0.440 0.440 0.440 - - -
156 0.980 0.024 - 0.560 0.560 0.560 - - -
193 0.021 - - - - - - - -
198 - - - - - - 1.000  1.000 -
CIR316M 201 - - - - - - 1.000  1.000  1.000
206 0.979 1.000 1.000 1.000 1.000 1.000 - - -
210 - - - - - - - - 1.000
183 0.091 1.000 1.000 1.000 1.000 1.000 - - -
185 - - - - - - - - 1.000
189 0.909 - - - - - - - 1.000
BNL3661 195 1.000 - - 0.709 0.709 0.709 1.000 1.000 -
199 - 1.000 0.170 0.013 0.013 0.013 - - -
201 - - - 0.278 0.278 0.278 - - -
203 - - 0.542 - - - - - -
205 - - 0.288 - - - - - -

A 156 bp allele amplified with the CIR246 primer was common in G. hirsutum and in G. mustelinum. This allele is
associated with susceptibility to race 18 of X. citri subsp. malvacearum. In addition to this allele, another allele of
154 bp was also observed in only G. mustelinum. The resistance-associated allele of 146 bp in G. hirsutum was not
observed in any of the wild individuals.

Primers CIR316M and BNL 3661, used for marker-assisted selection in G. hirsutum, amplified two loci each. All
of these loci were polymorphic in G. mustelinum, except for the CIR316M_201 bp locus present in all accessions
used in the present study. The CIR316M_206 bp allele belongs to the same locus described by Wang, Ulloa, and
Roberts (2006); however, it differs from the CIR316M_210 bp allele, which is linked to QTL that confer increased
tolerance to the root-knot nematode. This allele was observed only in G. mustelinum in homozygous condition in
all individuals of all populations except for an individual of the Jacaré population, which showed a 193 bp allele.
This allele was also amplified in accessions of G. barbadense.

The highest number of alleles was observed for the primer BNL3661. The QTL-associated with root-knot
nematode tolerance in wild species showed two SSR alleles of 183 and 189 bp that were not observed in G.
hirsutum. The first was observed in all subjects of the Quixaba, Serra Azul and Riachio Creek populations, and the
second was observed at high frequency in the Jacaré population (Table 2). This primer also amplified a second
locus with four SSR alleles, of which only the BNL3661 195 allele was present in cultivars of G. hirsutum
classified as susceptible. Therefore, based on the absence in G. mustelinum of SSR alleles of the CIR316M and
BNL3661 loci and their presence in resistant cultivars of G. hirsutum (201/210 bp and 185/189 bp, respectively),
the root-knot nematode resistance conferred by these alleles was not expected to be present in the wild populations
of this study.
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4. Discussion

In environments with no or few signs of degradation, G. mustelinum has good multiplication and dissemination
capacity (Barroso et al., 2010). The species mainly inhabits areas with longer water availability within the semiarid
region in which it occurs, such as the banks of rivers and ponds. However, anthropogenic factors cause damage to
the population, particularly the clearing of riparian vegetation which is usually associated with use as a pasture for
cattle and goats (Alves et al., 2013). In addition, the commercial cultivation of cotton in close proximity to natural
populations can introduce new problems. A likely problem would be related to phytosanitary issues, such as
diseases. As reviewed by Gilbert et al. (2002), the introduction of new pathogens or increased inoculum pressure
from those that already exist, arising from multiplication in commercial areas, can compromise the local survival
of native plant species.

There was no detectable genetic resistance in G. mustelinum for the major diseases that usually affect cotton
cultivars in Brazil. The plants of this species showed symptoms similar to those observed in susceptible cultivars
for all diseases tested. Therefore, it is likely that the damage caused will also be similar. With angular leaf spot, the
disease causes reduced plant vigor and productivity, with loss rates ranging from 20-70% in susceptible cultivars
(Hillocks, 2010). Moreover, the bacteria are able to lodge inside the seed and cause death of the seedlings. Plants
from infected seeds that do not suffer tipping serve as a source of bacterial inoculum to healthy plants. Therefore,
the ability to produce offspring is reduced.

Plants of the tested populations of G. mustelinum, when inoculated with CLRDYV, developed cotton blue disease
symptoms similar to susceptible plants of G. hirsutum. Infected plants had reduced development, and when the
infection occurred in the early stages of the vegetative phase, it did not produce flowers. When infected after the
onset of flowering, the reproductive structures were smaller than those of healthy plants. This reduction in seed
production under controlled conditions is indicative of reduced adaptability under field conditions because the
multiplication of individuals would be affected dramatically once the disease is introduced in natural populations
of G. mustelinum.

The average ramulose severity in G. mustelinum was lower than the average of the susceptible control. This
reduced severity might be due to the less effective genes present in this species. However, although noticeable, the
level of resistance is very low and the plants still develop symptoms of the disease despite later vegetative
recovery. Similar to angular leaf spot, ramulose reduces plant productivity, and the pathogen houses in the seed,
causing seedling damping-off and serving as a source of inoculum.

There may be damage to natural populations in the event of introduction or increased incidence of diseases that are
common in cotton crops in Brazil. The damage will be proportional to the amount of disease in the populations. If
there is increased frequency of a pathogen, natural plant populations may develop the disease and have reduced
reproductive capacity and competitive performance with other species present in the habitat. Therefore, diseases
pose a real threat to in situ maintenance of existing variability in G. mustelinum.

One of the most likely ways of introducing diseases within populations is the cultivation of cotton in regions where
wild species occur. By 2011, cotton crops in the two microregions where the populations under study were present
(Vitoria da Conquista and Jequi¢) occupied only 255 ha (Brazilian Institute of Geography and Statistics [IBGE],
2011). This low value, when associated with the lack of cotton crops in nearby populations, suggested that it is
unlikely to have negative interferences with materials cultivated in natural populations. In fact, except for common
mosaic found in only one plant, none of the other diseases were observed in the field during collection expeditions
or on subsequent visits, indicating that there was little or no i situ inoculum pressure. Also during the field visits,
the presence of the vector for cotton blue disease virus (Aphis gossypii) was observed; however, the G. mustelinum
plants showed no disease symptoms. It is possible that the commercial cultivation of cotton contributes to increase
the population of viral vector insects, such as whiteflies and aphids, which may introduce or increase virus
transmission capacity, as observed in other plant species (Alexander, 2010; Malmstrom et al., 2005).

The introduction of commercial cultivation of cotton plants in places where there is high native variability must be
carefully considered. Due to the low diversity and high inbreeding within populations of the species (Barroso et
al., 2010; Alves et al., 2013), the introduction of new pathogens for which there is no genetic resistance would
jeopardize the survival of wild genotypes and increase the genetic bottleneck effect found in the species. From the
point of view of conservation, the importance of wild cotton should not be neglected, hitherto little known as a
genetic resource. Furthermore, it is possible that resistance gene are present at low frequency in the populations
and that they have not been verified due to the sampling process.

The SSR loci linked to disease resistance genes in commercial cultivars amplified an allelic composition distinct in
wild relatives, making them useful tools for rapid identification of introgression of resistance alleles in natural

44



www.ccsenet.org/jas Journal of Agricultural Science Vol. 6, No. 3; 2014

populations of G. mustelinum.

Preventive strategies for the conservation of natural populations are increasingly necessary because small
populations present in the basin of the Contas River do not have sources of resistance to any of the pathogens
studied. The response to susceptibility may lead to a decrease in seed production. Thus, the path of the persistence
of natural populations of G. mustelinum is uncertain, considering the low genetic diversity within the populations.
Therefore, collection measures for ex situ conservation, periodic monitoring and continuous review of exclusion
zones in view of the discovery of new wild populations are necessary to reduce the threat of loss of diversity as
well as the uncertainty of its continuity.

5. Conclusion

= G. mustelinum populations collected in the basin of the Contas River were susceptible to cotton blue
disease, angular leaf spot, common mosaic and ramulose.

= Primers for SSR loci linked to disease resistance genes in commercial cotton cultivars amplified distinct
allelic compositions in wild relatives, making them as useful tools for rapid identification of introgression
of resistance alleles in natural populations of G. mustelinum.

= There is a phytosanitary risk arising from the introduction of cotton crops (G. hirsutum) near natural
populations of G. mustelinum, which may result in the reduction of these populations due to a likely

increase in the incidence and severity of the diseases studied.
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