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Abstract Cotton industry is an important sector of the economy in all agriculture-
based countries. Nevertheless, cotton production is constantly endangered by path-
ogens that cause considerable economic losses. Worldwide, numerous different
diseases have been identified in cotton. Fusarium and Verticillium wilt, Alternaria
leaf spot and seedling diseases, boll rot, leaf curl disease, and bacterial blight are the
major constraints to the cotton fiber production. Maintaining the disease incidence at
low level is the ultimate preference of the researchers. Understanding the etiology is
the main factor to estimate the economic impact of diseases, which eventually helps
to develop the management strategies. Presently, cotton leaf curl has emerged as
main risk to all cotton-growing areas because of the changes in viral disease
complex. In this chapter, brief history of the major diseases, the host-pathogen
interactions, the taxonomy of the recognized causal agents, and different control
strategies applicable to each disease including some rising techniques such as
genome modification for enhanced resistance are discussed.

Keywords Cotton viral diseases · Fungal diseases · Bacterial diseases · Wilt
diseases

13.1 Introduction

Cotton belongs to Malvaceae family and is the fabric of our lives as it is the prime
source of fiber worldwide. Cotton is a leading cash crop as it plays a key role in the
lives of millions of people in Asia, Africa, Australia, South America, and North
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America, and its fiber is a valuable product that provides income to farmers and
industrialists (Ahmad et al. 2014, 2017, 2018; Abbas and Ahmad 2018; Ahmad and
Raza 2014; Ali et al. 2011, 2013a, b, 2014a, b). Cotton has been cultivated for
thousands of years across the world to make fabrics. It is a valuable component of
farming systems in approximately 60 countries worldwide (Amin et al. 2017, 2018;
Khan et al. 2004; Rahman et al. 2018; Tariq et al. 2017, 2018; Usman et al. 2009).
The top three leading countries in cotton production are China, the United States,
and India. Pakistan is the fourth largest cotton-producing country with ~2.17-
million-ton annual production. Cotton grows well in tropical and subtropical regions
with warm and humid climatic conditions. There are many biotic factors that are
responsible for crop yield losses, plant vigor, and situations that eventually result in
poor fiber quality. The reduced cotton production by biotic stresses is caused by
plant fungal, bacterial, and viral pathogens.

To date, the struggle against cotton diseases continues for its proper manage-
ment under sustainable agriculture. It has been revealed that cotton was affected by
more than sixty diseases, which brought heavy yield losses. The work carried out so
far shows that seedling rots, boll rot, different types of leaf spots, stunting, reduction
in the size of leaves, premature opening of bolls, attack of nematodes, blights by
bacteria, and leaf curling due to virus are found responsible for causing huge damage
to cotton crop. The extent of disease damage depends on the environment and
cultivar genotype.

Wilts, boll rots, and root rot are more important among other fungal diseases. The
loss caused by certain fungal diseases is obvious, as in the case of root-rot plants that
died, while in others, losses caused are not evident besides hard to quantify at
numerous stages of development. The most significant bacterial disease is bacterial
blight incited by Xanthomonas campestris pv.malvacearum, which occurs mainly in
South Asia. The bacterium destroys the protoplasm of leaves that ultimately causes
disruption in the process of photosynthesis. In case of severe attack incidence, the
lesions appear on stem and bolls.

The crop record revealed that root and boll rots were considered as the most
severe and destructive diseases of cotton, and since the last decade, cotton leaf curl
disease (CLCuD) has been found to be a vital cotton disease. The CLCuD caused by
whitefly-transmitted begomoviruses (family Geminiviridae) is predominant in South
Asia and Africa and is a key constraint to productivity besides fiber quality.

This chapter includes some important pathogens of cotton crop and describes
their control measures. Generally, single control strategy is not wholly effective to
control diseases; thus, integrated approaches are more useful. The strategies which
contribute to control one disease usually help in controlling others too. Besides
chemical control, sowing disease-free seed and resistant varieties, employing crop
rotation, and removing infected plant debris along with suitable practices should be
part of integrated disease management strategy. Strict quarantine regulation should
also be followed, as the exchange of diseased planting material is the key factor in
the disease dispersion.
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13.2 Fungal Diseases

13.2.1 Seedling Diseases

Seedling diseases are a worldwide problem in cotton-growing areas causing up to
5% estimated average yield loss annually. There are different fungal species
involved in cotton seed rots and seedling diseases. The primary fungal genera
associated to seed deterioration are Fusarium (Klich 1986), Rhizoctonia (Brown
and McCarter 1976), Pythium (Devay et al. 1982), and Thielaviopsis (King and
Barker 1934). These pathogens cause damping-off disease and colonize the weak
cotton seedling plants.

13.2.1.1 Symptoms

The disease-causing organisms attack seeds and seedlings at pre-emergence and
post-emergence stages. Symptoms include decay of seeds and young seedlings,
partial or complete stem girdling, stunted growth, and seedling rot. The fungal
pathogens invade the seedlings at soil level producing water-soaked, reddish-
brown sunken lesions and girdling the hypocotyl, and the seedling may collapse.
On examination of infected seedlings, dark lesions may expose on stem and roots.
Seedling diseases not only kill the entire seedling population but also result in
uneven stands with skips in rows. Surviving seedlings become pale and stunted
and die soon. This condition of hypocotyl damage has been known as “sore shin” in
the United States (Atkinson 1892).

13.2.1.2 Disease Cycle

Under favorable conditions, hyphae of Rhizoctonia solani grow rapidly in soil and
convert into mycelia. The fungus may survive for years in soil/plant debris as
sclerotia. Pythium spp. overwinter as oospores and infect host tissues through
germ tube produced from an encysted zoospore. Fusarium spp. and Thielaviopsis
basicola overwinter as chlamydospores in soil and plant residues for years.

13.2.1.3 Predisposing Factors

Seedling diseases are more prevalent under cool and wet climate. Sowing of cotton
seeds in sandy soils with low organic matter increases the susceptibility of cotton to
fungal pathogens. Some factors like deep planting, poor seed bed conditions, and
compacted soil besides nematode or insect infestations may increase the problem.
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13.2.1.4 Management

Cotton seedling disease control is based on preventive rather than curative treat-
ments. Rotation with non-host monocotyledonous crops like wheat, corn, and
sorghum can be useful in reducing the inoculum rate. Cultural practices like planting
in raised beds can help in controlling seedling diseases by improving soil drainage.
Cultivation of disease-resistant varieties and planting of good quality seeds are
recommended. Eradication of the debris of the infected plant parts may help to
control seedling diseases of cotton. Seed treatment with suitable fungicides like
thiram, azoxystrobin, and metalaxyl is effective against these diseases. Nemli and
Sayar (2002), while examining the effects of different fungicides, found that com-
binations of carboxin+thiram+metalaxyl besides fludioxonil+metalaxyl are more
effective against seedling root rot. The use of bioagents to reduce fungal population
and inoculum level in soil is also practiced by many researchers. Certain
biofungicides are commercially available such as Kodiak, Subtilex, and Deny;
these are suggested against seedling diseases (McSpadden Gardener and Fravel
2002). Moreover, Erdoğan et al. (2016), Wang et al. (2004), and Pleban et al.
(1995) determined the effects of fluorescent Pseudomonas (FP) and Bacillus subtilis
bacteria against Rhizoctonia solani, Colletotrichum gossypii, and Fusarium spp.

13.2.2 Foliar Diseases

13.2.2.1 Alternaria Leaf Spot

Leaf blight is a common foliar disease found almost in every cotton-growing area
around the world (Fig. 13.1). This disease was firstly stated in the United States
(Atkinson 1892; Paulwetter 1918). Later, similar leaf blight and spot were also found
on upland cotton in Nigeria (Jones 1928), in Zimbabwe (Hopkins 1932), and in India
(Rane and Patel 1956).

13.2.2.2 Symptoms

Initial symptoms appear as small, circular brown, and gray brown to tan lesions with
purple margins on green leaves. These spots vary in size from 1 to 10 mm in
diameter exhibiting concentric zonation on older leaves (Fig. 13.1). As the disease
progresses, mature lesions may coalesce and become irregular and necrotic. The
affected leaves become blighted and brittle and often crack exhibiting shot hole
appearance. The disease is more severe on lower leaves than upper leaves, except
leaves are affected by premature defoliation. Under humid weather conditions,
prolific sporulation of the fungus may result in black sooty masses on necrotic
lesions. Lesions may also appear on stem, bracts, and bolls. Alternaria leaf spot
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may be mixed with angular spots of bacterial blight that is described later in this
chapter.

13.2.2.3 Causal Organism

Taxonomy

Leaf spot is caused by Alternaria macrospora Zimm. It is an ascomycetous fungus
belonging to class Dothideomycetes, order Pleosporales, and family Pleosporaceae.
Earlier, it was recognized as A. alternata (Fr.) Keissler in Egypt and Russia (Kamel
et al. 1971; Dzhamalov 1973), but recent reports from Zimbabwe described it as
A. macrospora (Hillocks 1991).

Morphology

Alternaria macrospora comprises cylindrical to slightly tapering conidiophores
which are formed solitarily or in clusters. They are septate, erect, flexuous, and
pale brown in color. The conidia are produced singly or sometimes in chains of two,
light to dark brown in color with 4–9 transverse septa and several longitudinal septa,
ellipsoidal, melanized, and obclavate to obpyriform with narrow beak (Ellis 1971).
There is substantial variation in conidial size, but most descriptions suggest as
70–180 � 15–22 μm (Ellis 1971; Sangeetha and Ashtaputre 2015; Venkatesh and
Darvin 2016; Waghunde et al. 2018).

Fig. 13.1 Alternaria leaf blight of cotton
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13.2.2.4 Disease Cycle

Crop residues and infected seeds are the main cause of inoculum and give rise to
infected seedlings that support early stages of an epidemic. The conidia spread
through air currents and water splashes onto healthy plants. Prolonged wet and
humid weather conditions and temperature (about 27 �C) favor disease development
initially from cotyledons to the lower leaves. Under favorable conditions, pathogen
kills surrounding leaf tissues and produces abundant spores on the surface of the
lesions within few days. Defoliation of leaves of susceptible varieties encourages
maximum sporulation of A. macrospora (Bashi et al. 1983), and damaged bolls are
responsible for the seed infection (Bashan 1984). Symptom development may have
favored by nutritional or physiological stress to plants like premature senescence and
heavy fruit loads. The disease cycle is completed with the shedding of infected
leaves or the planting of infected seed.

13.2.2.5 Predisposing Factors

Extended periods of wet weather and high humidity favor the disease development.
Minimum temperature for the disease to occur is 10 �C and maximum is 30 �C,
whereas optimal temperature for disease development ranges between 20 and 30 �C.
Soils deficient in potassium favor the disease development (Hillocks 1991).

13.2.2.6 Management

As fungus can survive on infested crop residues in soil, thus, residue management
through tillage may reduce inoculum production in the field. Rotation of cotton with
cereals helps in reducing seedling infection to a sufficient level. Application of
fertilizers especially potassium is adequate to maintain soil fertility level (Hillocks
1991).

Planting healthy seeds and cultivation of resistant varieties are recommended.
Bashan (1986) considered that higher phenol contents might be responsible for
resistance to the disease.

Controlling the disease with foliar fungicides is usually considered economically
useful. Foliar spray with copper fungicides, such as mancozeb at 2.5 g/L and
difenoconazole at 1 ml/L, helps in reducing the primary inoculum. Similarly,
fungicidal seed treatment with broad spectrum fungicides like strobilurins
(trifloxystrobin) and sterol biosynthesis inhibitors (ipconazole) is found effective
in protecting the cotyledons of emerging seedlings from the fungus.

Seed treatment with bioagent Pseudomonas fluorescens at 10 g/kg seeds after
every 10 days of interval may reduce the disease intensity.
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13.2.3 Grey Mildew Disease

The disease known as grey mildew or dahiya in India, false mildew/areolate mildew
in the United States, and white mildew in South America (Hillocks 1991) was first
reported in the United States (Atkinson 1891). The disease is of little importance in
the United States; however, it is quite common in India, East Africa, and South
America.

13.2.3.1 Symptoms

Initial symptoms appeared firstly on lower leaves as irregular-angular lesions mea-
suring 1–10 mm in diameter after first boll set. They are light green to yellow green
translucent spots bounded by veinlets (called areolate) on upper surface, but on
under surface of the leaves, white mildew-like growth is observed as a result of
abundant sporulation. Under high humidity, lesions may also become white on
upper surface of the leaves. This is conidial stage of causal fungus. Later, the lesions
turn dark brown in color and become necrotic. Symptoms also appear on cotyledons
as circular water-soaked patches which turn reddish brown and chlorotic. Severe
infection leads to defoliation and premature boll opening.

13.2.3.2 Causal Organism

Taxonomy

The causal agent of grey mildew is Ramularia areola (Atk.) (synonym: Ramularia
gossypii Speg.). Its anamorph is Cercospora gossypina Cooke (Ehrlich and Wolf
1983). The teleomorph stage of fungus is known as Mycosphaerella areola Earle
(Ehrlich and Wolf 1983; Gouws et al. 2001).

Morphology

Conidiophores of R. areola bear hyaline septate conidia measuring
14–30 � 4–5 μm. On lower surface of fallen leaves, spermogonia appear as black
dots on the lesions in addition to conidial stage. They are 28–75 μm in diameter and
on maturity liberate rod-shaped spermatia (2–4 � 0.4–2 μm) in a matrix through the
ostiolum. Later, these conidia and spermogonia are replaced by dark brown-colored
perithecia (70–80 μm diameter) with a slight papilla. These perithecia produce
fusiform asci measuring 35–40 � 6–8 μm having eight elongated, biseriate asco-
spores which are 12.4–15.6 � 3.2–3.8 μm (Ehrlich and Wolf 1983).
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13.2.3.3 Disease Cycle

The fungus passes through three separate phases during its whole life cycle. One
stage is conidial stage that appears on the underside surface of the leaves. Next is
spermagonial stage that develops on fallen leaves followed by the third stage, i.e.,
ascogenous, which produces on partially decayed leaves. Conidia and ascospores are
the primary sources of inoculum. It is disseminated by wind and irrigation water. For
germination of conidia and ascospores, free moisture is required with temperature
range of 16–34 �C. The optimum temperature for growth is 25–30 �C.

13.2.3.4 Predisposing Factors

Humid conditions with sporadic rains are favorable for development of the disease.

13.2.3.5 Management

Destruction of crop residues, deep plowing and crop rotation are such cultural
practices which reduce the multiplication and spread of primary inoculum.

Foliar application of benomyl at 200–300 g ha�1 is effective in controlling grey
mildew of cotton.

Using resistant cultivars is the best approach to control the disease.

13.2.4 Boll Rot Disease

Boll rot occurs to some extent in most of cotton-growing regions in the world.
However, yield losses occur only in areas of high humidity during late summer and
fall. As a result of this disease, poor quality of lint is produced. Numerous microor-
ganisms are associated with boll rots. Some of these organisms directly invade the
cotton bolls, while others enter through insect wounds or as secondary invaders. Nearly
hundred microorganisms have been isolated from rotted bolls (Hillocks 1991). Most
commonly isolated fungi from rotted bolls of cotton is Fusarium spp. throughout the
cotton-growing countries. In America, F. oxysporum, F. roseum, F. solani, and
F. moniliforme are mainly isolated from rotted bolls (McCarter et al. 1970).
F. moniliforme, F. roseum, F. solani, and Colletotrichum spp. are involved in boll
rot in Africa (Follen and Goebel 1973), whereas in India, F. equiseti has been reported
as a cause of boll rot (Sharma and Sandhu 1985). Recently, a species complex of
F. incarnatum-equiseti is reported to cause boll rot in cotton (Chohan and Abid 2018).

Infection of boll first starts as appearance of water-soaked necrotic lesions on the
margins of the bracts. During moist conditions, these lesions enlarge, and white to
gray or salmon-colored/pale pinkish fungal growth covers the infected bolls.
Severely infected bolls may drop from plants (Figs. 13.2 and 13.3).
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Fig. 13.2 Cotton bolls infected with Fusarium spp

Fig. 13.3 Infected cotton bolls with Fusarium spp
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To prevent boll rots, farmers should adopt agronomic practices such as to avoid
excessive application of nitrogen, maintain low humidity by minimizing the size of
crop canopy and burning of diseased crop residues. Acid delinting helps in elimi-
nating seed-borne infections. Chemical approach may also be useful in controlling
boll rot.

13.2.5 Wilt Diseases

Cotton plants are attacked by two destructive wilts; one is named as Fusarium wilt
and the other as Verticilliumwilt. In case of both wilts, the vascular system of plant is
colonized by the pathogen. The microorganism invades the root of cotton plant,
penetrates and proliferates within xylem tissues, and eventually spreads throughout
the plant. Vascular wilt fungi are soil-inhabiting pathogens, but these may grow on
crop residues in the absence of host for long periods in the form of thick-walled
resting structures. On favorable conditions, the fungi sporulate and cause infection
by blocking the vascular system of cotton plant.

13.2.5.1 Fusarium Wilt

Fusarium wilt of cotton was first reported by Atkinson (1892) from America. It is
generally found wherever cotton is grown around the world. It has been originated
from Mexico and spread to South America, the United States, Egypt, West Indies,
Italy, Africa, Greece, Zimbabwe, China, France, Russia, and India (Menlikiev 1962;
Cook 1981; Hillocks 1992).

Symptoms

Wilting symptoms may appear any time of plant growth, i.e., from seedling to
maturity. If seedlings are infected, first symptoms appear as vein darkening,
yellowing, and shriveling of young cotyledons. Later, the cotyledons become
necrotic and shed, and eventually seedlings may wilt and die. In older plants, initial
symptoms appear as marginal yellowing of lower leaves. The leaves become flaccid
resulting in drooping and wilting of the whole plant. Sometimes, symptoms
appeared on one side of the plant (Figs. 13.4 and 13.5). When conditions are
conducive for disease expansion, the symptoms appear within 2 months after sowing
resulting into wilting and death of plants with a few boll settings.
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Fig. 13.4 Cotton plants showing symptoms of Fusarium wilt disease

Fig. 13.5 Cross section of cotton stem showing symptoms of Fusarium wilt disease
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Causal Organism

Taxonomy

The causal microorganism is an asexual ascomycetous fungus belonging to the class
Hyphomycetes. It is recognized as Fusarium oxysporum Schlecht f. sp. vasinfectum
Atk. Syn. & Hans. Snyder and Hansen (1940) grouped the parasitic forms into
formae speciales based on host specificity of the strains. There are more than
120 formae speciales.

Morphology

Mycelium of F. oxysporum f. sp. vasinfectum is initially white to grayish white or
bluish purple in color and produces two types of conidia: microconidia and
macroconidia. Microconidia are small, one to two-celled, and elliptical in shape
measuring 5–20� 2.2–3.5 μm. Macroconidia are multinucleate, usually three to five
septate, fusiform, sickle-shaped, and light buff to salmon colored measuring
27–48 � 2.5–4.5 μm. Resting spores are called chlamydospores which are mostly
spherical, single or in chains, terminal or intercalary measuring 7–13 μm in diameter.
The distinguishing feature of F. oxysporum from other Fusarium species is forma-
tion of chlamydospores with short conidiophores.

Disease Cycle

Pathogens are soil borne and survive as chlamydospores in the absence of host for
several years. Fungus also survives as saprophyte on plant debris. Chlamydospores
are sources of primary infection. Infection starts as conidia germinate, 6 h after
inoculation on root surface, and form a mycelial mat covering the root surface. Later,
the penetrating hyphae become systemic and proliferate in the xylem vessels, and
conidia are transported upward in transpiration stream and produce more mycelium.
Wilt symptoms usually appear when cotton plants are about 5–6 weeks old.

Predisposing Factors

Optimum temperature for disease to develop is between 20 and 27 �C, and moisture
contents of 80–90% capacity are favorable for disease.

Management

Wilt disease can be managed through using resistant varieties, implementation of
cultural practices like mixed cropping, field sanitation, proper use of fertilizers and
micronutrients, and crop rotation.
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Biological control with non-pathogenic bacteria like Pseudomonas fluorescens is
found effective in reducing incidence of wilt disease of cotton.

13.2.5.2 Verticillium Wilt

Verticillium wilt is the second vascular wilt disease affecting the cotton crop.
Vascular pathogens have the ability to grow inside the vascular system, but these
fungi grow outside the vascular tissues on advance stage of infection. Verticillium
wilt may sporulate on plant residues after the death of host and specialized soil-
invading pathogen with narrow host ranges. Verticillium wilt has the ability to
survive for a long time in the absence of host plant in soil and is susceptible to
toxic fungal combinations.

Verticillium wilt of cotton was first reported in 1974 after Verticillium dahliae
was isolated from a few diseased plant of upland cotton growing in Arlington,
Virginia. In 1932, Miles and Persons reported that Verticillium wilt of cotton
occurred near Mississippi River heavy loam soil. In 1936, Barker and Sherbakoff
confirmed the causal agent after the thorough survey of US cotton wilts and found
that Verticillium wilt was common in Texas, Arizona, New Mexico, and Missouri as
well as in California. After in the United States, it was also reported in Central Asia,
Brazil, China, Turkey, and South Africa. Outbreak of cotton wilt occurred in
Australia when cotton first grows on land (Evans 1967).

Symptoms

Initially, the young plants infected show yellowing, epinasty, and defoliation of the
leaves, and in warm weather, they recover quickly and show stunted growth. Under
high humid conditions, early infection causes little loss of yield and quality. The
plant leaves show mosaic pattern with yellowing of tissues along margins besides
between veins. Leaves and bolls of the plant remain defoliated and ultimately killed.

Taxonomy

The causal organism of Verticillium wilt of cotton was often given as V. albo-atrum.
Five species of Verticillium are V. albo-atrum Reinke & Berthold 1879, V. dahliae
Klebahn 1913, V. nigrescens Pethybridge 1919, V. nubilum Pethybridge 1919, and
V. tricorpus Isaac 1953.

Morphology

Initially white or light cream, but later become black with formation of
microsclerotia colonies on PDA of Verticillium dahliae grow moderately fast
(2.0–3.5 mm at 20–25 �C). Microsclerotia are dark brown to black and then torulose.
Conidia are ellipsoidal to short cylindrical with erect and prostrate conidiophores.
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Disease Cycle

Verticillium wilt survives as dormant microsclerotia present in the soil debris and
soil depths down to 40 cm. Microsclerotia produced colonies on cotton root surface
in response to exudates. Hyphae from colonies penetrate the xylem vessels through
wounds. Wounds are not required but increase wilt infection. Hyphae surrounding
throughout the necrotic tissue of death leaves, stems, and roots, where microsclerotia
are formed after several weeks and month and depending on moisture amount, which
again dispersed in soil (Schnathorst 1981; Huisman and Gerik 1989; Bell 1992).

Predisposing Factors

Verticillium wilt grows well on simple sugars and amino acid that are normally
found in root exudates and xylem sap. The optimal temperature for growth is
22–27 �C.

Management

Several methods are used for the control of wilt disease. A combination of cultural,
chemical, and biological methods is also used to minimize the losses caused by wilt.
Selection of resistant cultivars is another way to control the wilt disease because the
cultivars have the capacity to resist against disease infection.

In cultural control, using different methods and resistant varieties is practiced to
prevent the introduction and spread of the disease in soil and reduce the inoculum
rate. The methods are rotation, use of fertilizer, control of soil moisture, planting
time and tillage method, reduction of seed transmission, planting density, removal of
weeds and crop residues, and solarization.

In chemical control, fungicides such as carbendazim and ethylene thiosulphonate
can control seedling pathogens as well as prevent seed transmission of pathogen
(Shen 1985). Benzimidazole fungicides are systematic and complete control of the
Verticillium wilt in glasshouse and field with different concentration, for example,
100 ppm of Benlate in water drenchers and 10–20 kg of Benlate in field.

In biological control, more than 20 years Trichoderma viride (T. lignorum) has
been used to control wilt in Russia (Fedorinchik 1964). In low organic matter soil,
Gliocladium roseum may be better than T. viride as an antagonist of V. dahliae
(Globus and Muromtsev 1990).

13.3 Viral Diseases

13.3.1 Cotton Leaf Curl Disease

CLCuD is the most noteworthy restraining factor in cotton productivity in Pakistan
(Briddon and Markham 2000; Sattar et al. 2013, 2017). Whitefly-transmitted
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CLCuD, prevalent from South Asia to China, is favored by high temperature
conditions. The disease was initially stated in Nigeria in 1912 (Kirkpatrick 1931)
and then also reported from other African countries such as Sudan, Tanzania, Egypt,
and Malawi along with South Africa. In Pakistan, the first disease incidence was
reported as a minor attack in 1967 near Multan. The disease came into noticed when
cotton production of Pakistan suffered due to the epidemic of CLCuD in 1988. Later
on, CLCuD was spread out across Pakistan as well as into northwest India. In India,
the first incidence of CLCuD was reported in 1989 near Sri Ganganagar. In Pakistan,
introduction of highly susceptible varieties in the 1990s resulted in high yield loss
causing financial loss of about US$5 billion (Briddon and Markham 2000). During
the late 1990s, cultivating locally developed tolerant varieties in Pakistan restored
the cotton production. However, in 2001–2002, characteristic disease symptoms
were observed on resistant cotton cultivars in Burewala region in Punjab, Pakistan,
suggesting the second epidemic of CLCuD. Currently, this dominant resistance-
breaking recombinant strain of CLCuD is spread throughout Punjab, Pakistan, and
into northwest India.

The CLCuD-affected plants show distinctive symptoms like vein swelling,
upward/downward leaf curling, and stunted plant growth along with the formation
of cup-shaped leaf-like-outgrowth undersides of leaves known as enations
(Fig. 13.6). Early infection results in severe stunting of plants with high yield loss,
while late infection causes mild symptoms (Sattar et al. 2013).

Fig. 13.6 Cotton plant showing leaf curl symptoms with enations
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13.3.1.1 Etiology of CLCuD

Causative agent of CLCuD from Africa besides Asia has been determined. In these
continents, the disease is associated with begomovirus complexes, which consist of a
monopartite begomovirus and a symptom-modulating satellite molecule called
betasatellite, previously known as DNA β. CLCuD infection is also shown to be
linked with a satellite-like molecule called alphasatellite, previously known as
DNA 1.

13.3.1.2 Begomoviruses Associated with CLCuD

The most destructive whitefly-transmitted genus Begomovirus (family
Geminiviridae) consists of small, single-stranded, circular DNA genomes
encapsidated in twinned quasi-icosahedral particles. Excluding begomoviruses, all
geminiviruses are monopartite, having a single genomic component that is capable
of replication, systemic movement, and infections. The begomoviruses are either
bipartite or monopartite (consisting of a component that is homologue of DNA-A).
Begomoviruses from the New World have bipartite genome DNA A and DNA B,
both of which are essential for successful infection (Stanley 1983). Although in the
Old World there are bipartite begomoviruses causing disease in field crops, however,
a large number of diseases are caused by monopartite begomoviruses.

In spite of early identification of CLCuD in Africa, causative agent was recog-
nized too later. Single begomovirus Cotton leaf curl Gezira virus (CLCuGeV) has
been identified with CLCuD in Africa (Idris and Brown 2002). CLCuGeV has been
identified from numerous plant species as well as cotton, hollyhock, okra, and Sida
spp. (Tahir et al. 2011). CLCuGeV is a geographically widespread begomovirus as
was identified from different host plants including cotton from diverse areas in Asia
(Tahir et al. 2011; Khan et al. 2012; Idris et al. 2014).

In Asia, the scenario regarding CLCuD is much more complex. Several
begomoviruses have been associated with CLCuD. In Pakistan, during the first
epidemic of CLCuD, three diverse species of begomoviruses were identified: Cotton
leaf curl Alabad virus (CLCuAlV), Cotton leaf curl Kokhran virus (CLCuKoV), and
Cotton leaf curl Multan virus (CLCuMuV) (Zhou et al. 1998). Later, analysis
identified other species of begomoviruses: Cotton leaf curl Rajasthan virus
(CLCuRaV), Papaya leaf curl virus (PaLCuV), and Tomato leaf curl Bangalore
virus (ToLCBaV) (Mansoor et al. 2003; Kirthi et al. 2004).

However, during 2001, the change in the genetic makeup of begomoviruses in
Pakistan results in the appearance of distinct resistance-breaking recombinant strain,
named CLCuKoV-Burewala strain (CLCuKoV-Bu) (previously known as Cotton
leaf curl Burewala virus) (Amrao et al. 2010a). Recombinant strain genome is
derived from two begomovirus species linked with first CLCuD epidemic,
CLCuMuV along with CLCuKoV. Following resistance breakdown, only
CLCuKoV-Bu was found to be linked with CLCuD across Punjab, Pakistan.
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Although during the 1990s, southern parts in Pakistan remained unaffected. How-
ever, disease appeared in Sindh province since 2004 (Mansoor et al. 2006) and
extended to northwest Indian states during 2005 (Rajagopalan et al. 2012). Addi-
tionally, another species of begomovirus associated with CLCuD was identified in
southern India, named Cotton leaf curl Banglore virus (CLCuBaV) (Reddy et al.
2005). A new recombinant species was characterized which has been shown to be
associated with CLCuD in Sindh province, named CLCuKoV-Shahdadpur strain
(CLCuKoV-Sha), formerly known as Cotton leaf curl Shahdadpur virus (Amrao
et al. 2010b). In Sindh province, in addition to CLCuKoV-Sha and CLCuKoV-Bu,
CLCuD-associated African begomovirus, CLCuGeV has been also reported in
cotton (Tahir et al. 2011).

During both epidemics, from Indo-Pak subcontinent region, only monopartite
begomoviruses with DNA satellites are associated with CLCuD until 2013–2014.
However, in recent times, bipartite begomoviruses Tomato leaf curl Gujarat virus
(Zaidi et al. 2015) and Tomato leaf curl New Delhi virus (ToLCNDV) (Zaidi et al.
2016) have been found from infected cotton plants in Pakistan. Furthermore, Okra
enation leaf curl virus and a Mastrevirus Chickpea chlorotic dwarf virus have also
been identified from cotton plants. Recent studies show that ToLCNDV has not only
established in Asia but also spread out to Africa and Europe (Mnari-Hattab et al.
2015; Zammouri et al. 2017; Ruiz et al. 2015; Panno et al. 2016; Juárez et al. 2014).
Under experimental conditions, DNA A of ToLCNDV trans-replicates CLCuD-
associated betasatellite resulting in accumulation of symptom-modulating satellite
components (Saeed et al. 2007). The presence of bipartite ToLCNDV along with
monopartite begomoviruses suggests a possible future epidemic in areas under
cotton cultivation by CLCuD complexes in South Asia (Sattar et al. 2017).

Similarly, in Africa, like Asia, a bipartite begomovirus Cotton yellow mosaic
virus (CYMV) has been reported first time in cultivated cotton (Leke et al. 2016),
suggesting accumulation of distinct begomoviruses from their hosts to susceptible
cotton plants in the OW.

13.3.1.3 DNA Satellites Associated with CLCuD

Satellites are termed as viruses/nucleic acids which depend on a helper virus for their
replication but lack extensive nucleotide-sequence homology to the helper virus and
are dispensable for proliferation. In OW, majority of the monopartite begomoviruses
are associated with more frequently found ssDNA satellite components recognized
as betasatellites (Briddon and Stanley 2006), satellite-like components
alphasatellites, and newly characterized deltasatellites (Zhou 2013; Fiallo-Olivé
et al. 2012).

Betasatellites are around half of the size of helper begomoviruses (~1350 nt)
having no sequence homology with helper begomoviruses, excluding
non-nucleotide sequence TAATATTAC (Briddon et al. 2003). Betasatellites
genome consists of single coding sequence in complimentary sense known as
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βC1. Pathogenicity determinant gene βC1 has been involved in upregulating viral
titer in host and overcoming the host defenses (Qazi et al. 2007; Briddon et al. 2001;
Amin et al. 2011). All betasatellites have sequence rich in adenine (A-rich region)
along with highly conserved region recognized as satellite conserved region (SCR).

In OW, both Asian and African CLCuD complexes require their cognate
symptom-modulating betasatellites. In Africa, a distinct betasatellite, Cotton leaf
curl Gezira betasatellite (CLCuGeB), is found to be linked with CLCuGeV (Idris and
Brown 2002). In Asia, different strains of the most important betasatellite
CLCuMuB are linked with CLCuD (Akhtar et al. 2014).

In the 1990s, during the first epidemic of CLCuD, although six distinct
monopartite begomoviruses were identified, only a single betasatellite Cotton leaf
curl Multan betasatellite-Multan strain (CLCuMuBMul) was found to be linked with
CLCuD (Mansoor et al. 2003). In the second epidemic of CLCuD, with resistance-
breaking begomovirus CLCuKoV-Bur, a distinct “Burewala strain” of CLCuMuB
(CLCuMuBBur) became prominent. CLCuMuBBurwas also found to be a recombi-
nant, containing some sequence within the SCR from Tomato leaf curl
betasatellite (ToLCB) (Amin et al. 2006). Similarly, CLCuD in Sindh, which was
found to be linked with CLCuKoV-Sha, a new recombinant betasatellite of
CLCuMuB called “Shahdadpur” strain (CLCuMuBSha), was characterized (Amrao
et al. 2010b). As compared to CLCuMuBBur, CLCuMuBSha contains a smaller
fragment from ToLCB in SCR. Along with malvaceous betasatellites,
CLCuMuBBurand CLCuMuBSha, a non-malvaceous betasatellite Chili leaf curl
betasatellite has also been reported from cotton in Sindh (Tahir et al. 2011). The
presence of a distinct biotype of B. tabaci may be the reason for the association of
different begomoviruses with distinct strains of betasatellites in Sindh, Pakistan.

Alphasatellite is the third component of CLCuD complex. Alphasatellites are able
to replicate autonomously in host; thus, they are known as satellite-like molecules.
These molecules depend on their helper virus for transmission along with
encapsidation (Mansoor et al. 1999; Briddon et al. 2004).

Alphasatellites are circular ssDNA molecules (~1400 nt) having highly con-
served genome with a hairpin structure with a non-nucleotide sequence
(TAGTATTAC), an A-rich region, and a single large virion-sense gene, encoding
a rolling-circle replication initiator protein (the replication-associated protein [Rep])
(Briddon et al. 2004). Alphasatellite Rep shows high level of sequence homology
with the Rep encoded by another family of DNA viruses, Nanoviridae (Saunders and
Stanley 1999). Thus, the origin of alphasatellites is supposed to be nanoviruses
(Briddon et al. 2004).

In Africa, Cotton leaf curl Gezira alphasatellite (CLCuGeA) has been involved in
CLCuD complexes in association with CLCuGeV and CLCuGeB. In Asia, Cotton
leaf curl Multan alphasatellite (CLCuMuA) is found to be linked with CLCuD
complexes.

Although alphasatellites were first identified in CLCuD-affected cotton in 1999 in
Pakistan (Mansoor et al. 1999), however, following resistance-breaking epidemic of
CLCuD, alphasatellites were not detected with CLCuD until 2009. In recent studies,
alphasatellites are not only identified with CLCuD complexes but also found to be
associated with other begomovirus and betasatellite complexes. Another alphasatellite
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Gossypium darwinii symptomless alphasatellite has been reported from wild cotton in
Pakistan (Nawaz-ul-Rehman et al. 2012).

From OW, alphasatellites have only been described in relationship with
monopartite begomoviruses and betasatellite complexes. However, recently
alphasatellites are reported in NW in association with bipartite begomoviruses but
in the absence of betasatellites (Paprotka et al. 2010; Romay et al. 2010; Ferro et al.
2017). Due to the rising number of alphasatellites, scientists create a new system of
nomenclature and classification of alphasatellites. Alphasatellites are assigned to a
new family Alphasatellitidae, which is divided into two subfamilies:
Geminialphasatellitinae that includes geminivirus-associated alphasatellites and
Nanoalphasatellitinae consisting of nanovirus-associated alphasatellites (Briddon
et al. 2018). According to the current classification, subfamily
Geminialphasatellitinae consists of four genera, and CLCuD-associated
alphasatellites are grouped in the genus Colecusatellite (Briddon et al. 2018).

The precise reason for the presence of alphasatellites with begomovirus-
betasatellite complexes yet needs to be cleared. However, evidence regarding the
function of Rep encoded by alphasatellites in suppression of posttranscriptional gene
silencing shows their involvement in overcoming host defense mechanism (Nawaz-
ul-Rehman et al. 2010).

13.3.2 Cotton Leaf Crumple Disease

A bipartite begomovirus Cotton leaf crumple virus (CLCrV), transmitted by whitefly
in persistent manner, is found to be associated with cotton leaf crumple disease
(CLCrD) in the NW. CLCrV infection produced characteristic foliar discoloration
and veinal hypertrophy resulting in puckering or crumpling, downward leaf curling,
and shortening of internodes along with stunting of host (Brown et al. 1987). CLCrD
losses depend on plant age at infection time. Disease severity is more pronounced if
plants become infected during early stage (Brown et al. 1987).

Cook made the first report of CLCrD in 1924 and named it as crazy top at that
time (Cook 1924). The disease became prominent due to an outbreak in the 1950s
when it was reported in California (Dickson et al. 1954) and in Arizona later (Allen
et al. 1960). CLCrD mainly occurs in California, Arizona, Texas, and Mexico. In
California in 1958, 71–85% yield losses due to CLCrD were reported (Van Schaik
et al. 1962). In 1983, CLCrD resulted in 23–55% yield reduction in Arizona (United
States). Although the seed index was reduced, however, the lint weight or lint index
was not affected (Allen et al. 1960; Van Schaik et al. 1962; Brown et al. 1987).
Ratooning cotton with early increase in whitefly populations was the contributing
factor of CLCrD. Elimination of stub cotton in southwestern United States helps in
controlling CLCrD since 1982. However, CLCrD tolerant lines have also been
designated for developing resistant cotton cultivars Idris and Brown 2002.
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13.3.3 Perspectives for the Viral Disease Management

Begomoviral disease can be managed by controlling the insect vectors using pesti-
cides, as a single viruliferous whitefly is capable of transmitting virus. On the other
hand, removal of viral inoculum sources (alternate hosts) is also efficient in reducing
the diseases spread by whitefly feeding on infected plants. However, in cotton-
vegetable cropping systems when there is no host-free period, it is difficult to attain
significant control of the whitefly populations. In Pakistan, such conditions prevail
due to prevalence of distinct viruses with wide host range. Thus, cultural control of
whiteflies is not very effective because of broad host range of whitefly.

Resistance to CLCuD is the effective approach to control the disease, when
disease incidence occurs regularly in the production season. The genetic makeup
of the host and whitefly populations with the concentration of inoculum at a
particular area influences the natural incidence of CLCuD.

In the late 1990s, using conventional breeding approaches, a number of CLCuD-
resistant varieties were developed. Cultivation of these varieties resulted in alleviat-
ing losses due to CLCuD in Pakistan till the appearance of resistance-breaking
CLCuKoV-Bur in 2001–2002. There is no single variety that is genetically resistant
to the prevalent CLCuD complex. Breeding efforts are again underway in South
Asia for the identification of resistant germplasm.

Currently, a number of efforts have been deployed to develop CLCuD-resistant
plants by using genetic engineering approach. Such strategies are mainly based on
interference with the begomovirus replication or movement within the cotton plants
to reduce symptom expression in the host, which is the prime objective for plant
protection without using pesticides.

Anti-sense RNA strategy has been conducted against CLCuD complex to inhibit
the target mRNA expression in transgenic cotton (Amudha et al. 2011; Hashmi et al.
2011). Diversity between CLCuD-associated begomoviruses urges scientists for
broad-spectrum resistance against all the prevailing viruses in the field. Successful
results using RNA-interference (RNAi) technique against African cassava mosaic
virus (Chellappan et al. 2004) and Mungbean yellow mosaic virus (Pooggin et al.
2003) have been reported. In recent times, RNAi-based construct targeting V2 gene
of CLCuKoV-Bur limits virus replication in cotton plants (Yasmeen et al. 2016).

Site-specific genome editing using the clustered regularly interspaced short
palindromic repeats/CRISPR-associated protein 9 (CRISPR/Cas9) system has
recently emerged as a groundbreaking tool to introduce required traits in eukaryotic
species, including plants. Scientists have used CRISPR/Cas9 system to engineer
resistance in plants against geminiviruses. Recent studies demonstrated the efficient
control of geminiviruses in plants using CRISPR/Cas9 system (Baltes et al. 2015; Ji
et al. 2015; Ali et al. 2015, 2016). Targeting the conserved non-nucleotide sequence
of CLCuKoV-Bur via CRISPR/Cas9 can be used for broad-spectrum geminivirus
resistance (Ali et al. 2016).

Moreover, CRISPR/Cas9-based multiplexing technique to target CLCuD
begomoviruses and associated satellites has been proposed (Iqbal et al. 2016).

258 S. Chohan et al.



Recently, the expression of insecticidal proteins and RNAi against whitefly has been
demonstrated (Shukla et al. 2016; Raza et al. 2016; Javaid et al. 2016). Thus, the
ability of begomoviruses and associated satellites to cause mixed infections could be
obstructed by engineering dual Begomovirus-Bemisia tabaci resistance in plants
(Zaidi et al. 2017).

13.4 Bacterial Diseases

13.4.1 Bacterial Blight of Cotton

13.4.1.1 Introduction

Bacterial blight of cotton is the most destructive disease that causes significant losses
in yield in the rainy season (Delannoy et al. 2005). It was first reported during 1891
in Alabama in the United States (Atkinson 1891). In Pakistan, this disease appeared
in Burewala near Multan. The world area cultivated with cotton is 33.4 M ha with a
production of 121.4 M bales, while in Pakistan, it is cultivated on an area of
�3.0 M ha during 2013–2014 with a production of 9.5 M bales. This disease causes
30% yield losses in diverse cotton-growing areas of the world (Ramapandu et al.
1979; Chidambaram and Kannan 1989). It was assumed that the yield damages
generally reached between 10% and 30% in Asian countries, and up to 50% were
registered in African countries (Bayles and Verhalen 2007). Approximately 37–40%
of yield losses were observed in the Faisalabad area (Bhutta and Bhatti 1983; Khan
et al. 1999).

13.4.1.2 Pathogen and Disease Spread

The bacterium can survive in the field on debris from previously harvested crops,
and its initial inoculum was seed born (Mohan 1983). The bacterium sticks to the
leaf surface, enters the leaf via the stomata or open wounds, and then produces
symptoms in susceptible plants. It causes defoliation, swelling of the stem, black
arm, breakage of the weakened trunk, and detachment of the bolls. The enhancement
of disease reduces the quality of the cotton from lint staining with the consequent
loss of yield (Verma 1986). Damage to the tissues of the stem and bolls has occurred,
which gradually produce necrotic, angular, waxy, and marshy lesions on the leaf
surface; these lesions are called bacterial blight, angular leaf spot, lesion of the black
arm, and boll rot (Hillocks 1992). The first symptom appeared as tiny lesions
impregnated with water (dark green flaccid lesions) and then spread to the bottom
of young leaves (Verma 1986). As the disease progresses, diseased leaves defoliate
early (Ridgway et al. 1984), and the disease spreads along the veins of the host plant
known as the bacterial veins (Verma 1986). Bacterial ooze stained cotton fiber in
diseased bolls (Brown and Ware 1958). Fruit positions become vulnerable to lesions
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of the black arm due to the delicate nature of the infected stems (Innes 1983; Akello
and Hillocks 2002). The bacterium has overwintered on infected seeds and on plant
residues and could survive at least 22 months upon seed (Kirkpatrick and Rothrock
2001). Wind-driven rain and running water along with rain were main ways of
spreading this bacterium (Brown and Ware 1958). The blowing sand was a general
source of spreading pathogen. Dust along with storms first produced wounds in the
plant tissues and then later caused infections in plants. Furthermore, seeds,
machines, insects, and animals are also responsible for the transmission of this
pathogen (Thaxton and Zik 2001).

13.4.1.3 Epidemiology

This disease was more severe in subhumid than semiarid regions with wind, rainfall
ranging from 25.4 to 76.2 mm, and dust events in growing season (Kirkpatrick and
Rothrock 2001). Disease infestation was higher in high-humidity areas that favored
growth besides the spread of pathogen (Voloudakis et al. 2006). In natural environ-
mental conditions, black cotton arm infections damage 35% of bolls.

13.4.1.4 Symptoms

Bacterial blight begins as small water soaked lesions (spots) on the leaves and
seedlings and mature plants. The lesions progress into characteristic angular shapes
when leaf veins limit bacterial movement (Fig. 13.7a). Unlike many other lesions on
more or less circular cotton leaves, those associated with bacterial blight are more
triangular or rectangular, although the shape may be more difficult to distinguish
with leaf aging. Bacterial lesions may appear on the upper surface of the leaf;
however, the wet or “greasy” appearance of the lesions is often observed more
clearly on the underside of the leaf (Fig. 13.7b).

Fig. 13.7 Bacterial blight of cotton (a) and bottom of an infected leaf (b)
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13.4.1.5 Management

• Resistant varieties against pathogen should be sown.
• Remove the infected stems and cotton debris present in the fields as soon as

possible.
• Avoid applying agronomic practices in the field during wet conditions.
• Use growth regulators to activate the defense mechanism of the plant against

pathogen.
• Use an alternate crop in the fields and apply irrigation timely.
• Manage seed sanitation to overcome the diseases by using acids, copper com-

pounds, or chlorine derivatives and heat treatments.
• Disease forecasting models are very important to the farmers for disease

prediction.

13.4.2 Bacterial Seed Rot and Boll Rot of Cotton

13.4.2.1 Introduction

The bacterial seed and boll rot of cotton represent a new threat for cotton growers.
This disease was first discovered in South Carolina, United States (Hudson 2000),
with a yield loss of 10–15%. In 2006, it was reported in the Chinese province of
Xinjiang (Ren et al. 2008) causing 20% of stimulated performance losses. In
Pakistan, firstly, it was reported in Faisalabad District (Ehetisham-ul-Haq et al.
2014). Usually, the disease is observed when the bolls open, and diseased locules
are recognized as “hard lock” having dense lint with rotted seeds (Fig. 13.8a).

At the time of collection, partially open infected bolls fall sooner or are not
harvested efficiently (Hudson 2000). Despite the reduction in cotton, even rot of

Fig. 13.8 Symptoms of boll rot of cotton (a) and hard lock (b)
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seeds deteriorates the quality of the cotton fiber. The infected seeds do not support
the development of cotton fibers. The quality of the cotton became poor when
immature fiber was mixed with the healthy one, which eventually decreases the
yield. The affected bolls do not open normally and remain attached to plants or fall to
ground. Yield besides quality of cotton decreases when infected/immature fiber is
mixed with the healthy one (Hudson 2000).

13.4.2.2 Pathogen and Disease Cycle

According to Stewart (2007), who made a comprehensive note on boll rot in cotton,
the pathogen enters the plant by penetrating sucking insects. If the bolls are attacked
in the first 10 days of their formation by the insect, they are unable to develop further
due to wound, hormonal imbalance, or digestive juice of the insect. After flowering,
the pathogen invades the wounds produced by insect feeding. Bolls remain suscep-
tible to invasion of pathogens till the initial 3 weeks. After that, no damages occur
when the bolls go even under secondary deposition, and insects cannot pierce into
their stilettos. Symptoms did not appear on the external side of the carpel. Immature
fiber and discoloration of brown seeds on diseased bolls are important symptoms.

13.4.2.3 Epidemiology

Boll rot of cotton is favored by wet and humid conditions and especially by high
humidity. Rainfall that splashes soil up onto lower bolls enables infection. Immature
bolls due to disease attack and lodged plants are major sources, and there is a high
risk of disease spread in rainy season. In wet weather conditions, the chances of boll
rot and hard lock development are high at boll opening time; high humid conditions
delay boll opening and provide enough time for pathogen development.

13.4.2.4 Symptoms

Hudson (2000) describes the symptoms of the disease. According to him, discolored
and semi-dead seed is observed when the infected immature boll is open or dis-
sected. In particular, the immature locule has been attributed to the development of
“hard locks” (Fig. 13.8b). In contrast to typically white and downy fiber, lint from
infected locules (normally 4 locules/boll) is brown and dense. Simply, the disease
pattern for seed besides rotting of SC cotton bolls includes (1) the asymptomatic
external carpels of the infected bolls, (2) incomplete maturity of fibers and seeds, and
(3) necrotic brown color of fibers besides the seed tissues. Mauney et al. (2003)
describe structural differences and development between embryos dissected from
typical cotton seeds and SC capsules that exhibit “semi-empty,” an idiom adopted
while awaiting identification of one or more random agents. They discovered that

262 S. Chohan et al.



normal fertilization took place in both situations; however, a discrepancy in succes-
sive growth was evident (Mauney et al. 2004).

13.4.2.5 Management

• Sowing of resistant or tolerant varieties, crop rotation, and seed treatment with
chemicals and insecticides (for pests and disease vectors).

• Avoid very low plant populations that give rise to expose the soil that can be
splashed on low bolls at the end of the season.

• Avoid dense vegetation.
• Evaluate the incidence before and after defoliation by counting all bolls on

10 plants of 10 designated sites in the field.
• Completely remove the crop residues.

13.5 Conclusion

In order to increase cotton yield, it is very much important for cotton growers to have
knowledge about cotton diseases, causal organisms, and disease attack time along
with their control measures through integrated disease management options includ-
ing cultural, biological, and chemical means.
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