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ABSTRACT
An F2 population of 224 individuals derived from a bacterial blight resistant
cotton line S295 (Gossypium hirsutum L.) carrying the B12 resistance gene, and a
susceptible line, Pima S7 (G. barbadense L.), was inoculated with Xanthomonas
axonopodis pv. malvacearum (Xam) Race 18, causal agent of bacterial blight, to
survey their resistance or susceptibility. The phenotype segregation in the F2
population indicated that the bacterial blight resistance gene, B12, is a single
dominant gene. Simple sequence repeats (SSR) markers were used to survey the
linkage to the B12 resistance gene. Two SSR markers, CIR246 and JESPR156 on
Chromosome 14, were found closely linked to B12 with a genetic distance of 0.9cM
and 6.17cM, respectively. Comparisons of genetic and physical maps were used to
delineate the location of the B12 locus to a region of 941 kb.
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CHAPTER I

INTRODUCTION
Bacterial blight of cotton is a disease caused by the pathogen Xanthomonas
axonopodis pv. malvacearum (Xam) (formerly designated X. campestris pv.
malvacearum) (Vauterin et al. 2000). It can cause substantial yield loss and fiber
quality reduction, especially, in windy environments that experience blowing rain
and dust events during the growing season (Knight and Hutchinson 1950; Wickens
1953). Five disease names (seedling blight, angular leaf spot, vein blight, blackarm
lesion, and boll rot) are recognized based on the symptomatic response and plant
structure infected by the bacterium: (Knight 1948a; Brinkerhoff 1970; Verma 1986;
Hillocks 1992). In the U.S., an average of 1.5% yield losses of the annual cotton
crop is due to the disease (Hillocks 1992; Wright et al. 2009). Under weather
conditions that favor the disease, yield losses can exceed 50% (Verma 1986).
Bacterial blight in cotton is a classic example of a host-pathogen relationship
(Wright et al 1998). There exist 19 characterized Xam races in the U.S. (Hunter et al.
1968; Follin et al. 1988; Delannoy et al. 2005). A total of 19 cotton genes confer
different degrees of resistance to one or more Xam races (Delannoy et al. 2005;
Hillocks 1992; Wallace and El-Zik 1989; Wright et al. 2009). The development of
cultivars that show little or no disease symptoms in the presence of all races of the
pathogen is a major goal of cotton breeders. Generally, single genes with large
effects have been used to confer resistance to Xam. This vertical type of resistance
provides a high level of resistance or immunity effective against only a subset of a
specific pathogen population. The deployment of combinations of resistant genes has
been an effective strategy to maintain stable resistances for more than 30 years
(Delannoy et al. 2005; Wright et al. 2009).
Tremendous work has been done to create bacterial blight resistant cultivars
and understand the genetics that confers resistance. However, less is known about
1
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these resistance genes from the molecular level. Seven genes (B2, B3, B12, Qb6a,
Qb6b, Qb6c and Qb6d) have been mapped in the cotton genome that confers
resistance to Xam (Wright et al. 1998; Rungis et al. 2002; Xiao et al. 2009a), but
none of the DNA sequences are known. The gene denoted B12 is a powerful gene
that confers resistance to all know Xam races found in the U.S. First identified in the
African cultivar S295 (Gossypium hirsutum L.) (Girardot et al. 1986), this single
dominant gene confers resistance to the 19 U.S. Xam races and to the highly virulent
HV1 isolate identified in Africa (Follin 1981 and 1983; Wallace and El-Zik 1989).
The gene has been mapped to a region on Chromosome 14 in the D-subgenome
(Wright et al. 1998), and the location has been verified in other lineages (Rungis et al.
2002; Xiao et al. 2009a)
To enhance our understanding of the cotton-Xam relationship, there is a
critical need to understand the genetic and biochemical role that R-genes play in
conferring resistance to Xam. To explore this goal and the underlining molecular
mechanism(s) causing bacterial blight symptoms and host plant resistance, the highresolution mapping and cloning of bacterial blight resistance genes is needed. A
focus on the B12 locus is a high-priority, since the availability of advanced molecular
tools, rich knowledge of information, and the economic importance of this gene to
the industry. Identifying sequence of the resistance gene will help build valuable
information to understand the host-pathogen interaction and improve development of
durable and adapted bacterial blight resistant cultivars. The current research centers
on fine mapping the B12 gene.

2
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CHAPTER II

LITERATURE REVIEW
2.1 The importance of cotton growth
Cotton (Gossypium spp.) is the world’s leading textile fiber and an important oil
and food crop. As one of the world’s commodity crops, cotton directly influences the
global economy. China (33.1%), India (27.5%), and the United States (15.6%) were the
three countries producing the most cotton in the world in 2011/2012 (USDA-WAP 2013).
The United States is the leading raw cotton exporter, accounting for over one-third of
global trade (USDA-ERS, 2013). The average value of cotton production in the past three
years is over six billion in the U.S. (USDA-NASS 2012). The cotton industry in the U.S.
accounts for more than $25 billion in products and services annually, producing about
200,000 jobs in the industry sectors from farm to textile mill (USDA-ERS, 2013). The
world cotton production in 2010/2011 and 2011/2012 is 116.3 and 124.1 million metric
tons, respectively (USDA-WAP 2013). Cotton diseases cause substantial yield loss as
well as reductions in fiber quality around the world. Bacterial blight, caused by
Xanthomonas axonopodis pv. malvacearum, is one of the cotton diseases that is found in
most cotton producing regions of the world. Any control methods that can reduce the loss
due to disease will significantly contribute to the world economy.

2.2 Losses caused by bacterial blight
Bacterial blight of cotton is the most serious when it is in the sub-humid and
semiarid areas experiencing wind, blowing rain, and dust events during the growing
season with a rainfall range from 25.4 to 76.2 cM (Kirkpatrick and Rothrock 2001;
Knight and Hutchinson 1950; Wickens 1953). Infections from Xam can cause reduced
stand, defoliation, stem blighting, black arm, girdling, weakened stem breaking, boll
shedding, boll rotting, and reduced grade of cotton from lint staining and thus cause yield
losses (Ray 1946; Verma 1986). Bird (1959) reported that in the U.S. the reduction
caused by bacterial blight of cotton is about 9% to 34%. From 1952 to 1993, an average
3
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of 1.5% yield losses of the annual cotton crop was due to bacterial blight of cotton
(Hillocks 1992; El-Zik and Thaxton 1995). It is one of the most serious diseases in south
Asia, Australia and several countries in Africa (Verma 1986). Under favorable weather
conditions and the absence of resistant cultivars, Xam yield loss can exceed 50% (Verma
1986; Raghavendra et al. 2009). Although an average of crop losses in Africa and India
was 15%, the failure of crop growing had also occurred (Verma 1986). Under Central
Asiatic conditions, yield losses as high as 60% have resulted from and 36% caused by
two phases of bacterial blight of cotton— blackarm and angular leaf spot (Serbinoff
1934). Tarr (1959 and 1972) stated that in China, Pakistan, Russian and surrounding
countries, the average crop loss is 20 to 30%. In the U.S., the disease became widespread
during the 1950s (Schnathorst et al. 1960). During this time, epidemics of the disease
occurred almost every year in the High Plains of Texas, the Pecos and Rio Grande
Valleys of New Mexico and Texas, in the higher valleys of Arizona, as well as western
Oklahoma (Brown and Ware 1958).

2.3 Characteristics of bacterial blight of cotton
Almost a 100-year history of research has contributed to the current
understanding of the pathogenicity of the different Xam races (Hunter et al. 1968;
Brinkerhoff and Hunter 1963; Brinkerhoff 1970; Verma and Singh 1974; Follin 1983;
Verma 1986), germplasm resources and identification of various resistance genes (Knight
and Clouston 1939; Knight 1944; Green and Brinkerhoff 1956; Lagiere 1960; Innes 1966;
Girardot et al. 1986; Wright et al., 1998; Rungis et al. 2002, Xiao et al. 2009a), hostpathogen interactions (Flor 1942; Essenberg et al. 1982; Verma 1986; Delannoy et al.
2005), the methods of bacterial inoculation (Knight and Clouston 1939; Thaxton and ElZik 1993; Essenberg et al. 2002), and development of resistant cultivars (Bird 1960;
Brinkerhoff et al. 1984; El-Zik and Thaxton 1995). Seedling blight, angular leaf spot,
vein blight, blackarm lesion, and boll rot are names used to describe the water-soaked
lesions (symptoms) on the plant due to infection by the bacterium (Knight 1948a;
Brinkerhoff 1970; Verma 1986; Hillocks 1992). The bacterium attaches to the cotton leaf
surface, enters leaves through open stomata or wounds and develops symptoms in
4
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susceptible plants or stimulates a hypersensitive reaction (HR), in which tissue collapse,
necrosis, and desiccation occur in resistant plants within two days (Delannoy et al. 2005).
The first symptoms appear as minute water soaked lesions (dull-green flaccid lesions),
commonly called angular leaf spots, thatspread on the bottom of the young leaves
(Wickens 1956; Innes 1983; Verma 1986). As the lesion size growing bigger (about 4
mm in diameter in a susceptible cultivar), it turns into brown to black necrosis forming
angular dead areas surrounded by chlorotic halos, or reddish or purplish ones (Innes 1983;
Ridgway et al. 1984; Verma 1986). As the disease progresses, infected leaves defoliate
prematurely (Ridgway et al. 1984).
The disease can spread along the veins of the host plant (“vein blight”) as a
localized systemic infection (Verma 1986). Innes (1983), described a systemic infection
that spread from infected cotyledons and leaves into parenchymatous tissues of the
petiole and finally into the cortex of the stem (blackarm lesion). Blackarm lesions can
make vulnerable fruiting positions due to the brittle nature of infected stems that can be
easily broken by wind (Innes 1983; Akello and Hillocks 2002). The infection of the calyx,
bracts, or receptacle extends and causes boll rot (Innes 1983). Infection from corolla may
spread to the cotton buds and young bolls and cause premature boll shedding (Innes 1983;
Brown & Ware 1958; Verma 1986).
Small dark green and water-soaked, roundish spots are the first signs of infected
larger bolls; these spots gradually increase in size and become irregular in shape, turn to
black, and shrink in the center (Brown and Ware 1958; Verma 1986). Although the plants
are usually not killed, the death of the growing point and the destruction of the terminal
buds can occur in severe cases (Brinkerhoff 1970; Innes 1983). The bacterial ooze can
stain the cotton lint in infected bolls (Brown and Ware 1958).
The bacterium does overwinter on infected lint, seed, and plant residue left in the
field after harvest. They can survive at least 22 months on the seed and 4 months on the
seed lint (Kirkpatrick and Rothrock 2001). Though some bacteria have polar flagella, the
self-mobility in water is very limited; therefore, they are disseminated by passive
5
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movement (Schumann and D’Arcy 2010). Rain splatter, wind-driven rain, flowing water,
and sprinkler irrigation are the primary ways to spread Xam (Brown and Ware 1958;
Brinkerhoff 1970). Blowing sand is a common means to disseminate the bacteria and aid
in the infection. Dust storms commonly cause wounds in plant tissues that aid in the
infection of plants. In addition, insects, animals, machines, and seeds can transmit the
pathogen. Furthermore, seeds have been associated with long-distance dissemination
(Borkar et al. 1980; Brown and Ware 1958; Brinkerhoff &Hunter 1963; Thanxton and ElZik 1993; Nyvall 1999; Thaxton et al. 2001).
Under natural conditions, infections happen when splashing rain, blowing sand,
hail, or insects carry the pathogen into the stomata or wounds of plants (Ridgway et al.
1984). Alternating weather patterns between wind-driven rainstorm and sunny periods
about an eight hours daily sunshine with a daily maximum temperature about 35 °C and a
precipitation of 2.54 to 3.81 cM a week, which disseminated the bacteria and caused a
speed incubation, was described as an optimum weather condition that caused the
bacterial blight of cotton epidemics in southern part of Sudan (Knight & Hutchinson
1950). Less windy, warm, and sunny weather will slow the spread of the disease, thus
reducing the risk of the disease epidemic (Knight & Hutchinson 1950).
2.3.1 Xanthomonas axonopodis pv. malvacearum
Xanthomonas axonopodis pv. malvacearum (Xam) (Vauterin et al. 2000) is also
known as X. campestris pv. malvacearum (Smith) Dye (Xcm) (Dye et al. 1980), X.
malvacearum (E. F. Smith) Dowson (1939) (Verma 1986), Phytomonas malvacearum (E.
F. Smith) Bergey et al. (1925), Bacillus malvacearum (E. F. Smith) Holland (1920),
Bacterium malvacearum E. F. Smith (1905), and Pseudomonas malvacearum E. F. Smith
(1901). Xam can be cultured on potato-carrot-dextrose agar (PCDA) from infected leaves,
following 2 to 3 days of incubation, entire opaque, yellow, mucus-like, round colonies
can be produced (Ridgway et al. 1984) (Fig. 1). As a typical plant pathogen, cells of Xam
are rod shaped (or bacilliform) about 1.2× 0.9 µm. Under the microscope a single polar
flagellum, which is used to move for a short distance in water or liquid (Schumann and
D’Arcy 2010; Verma 1986), and occurs either in singly or pairs, seldom in chains; a
6
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chain of Xam cells forms by connecting each other through bacterial slime (Verma 1986).
Xam like most pathovars in Xanthomonas is aerobic, gram-negative, and has capsule,
which is a slime layer containing extracellular polysaccharides (EPS) and the slowly
streaming out of the EPS from some pore-like structures can be observed when it reaches
to a certain concentration or pressure (Schumann and D’Arcy 2010; Verma et al. 1983).
Interestingly, the amount of EPS was accidently correlated with the virulence of Xam; the
most virulent Xam has the highest EPS amount and the least virulent has the lowest
(Verma 1986). Xam can be characterized in two groups: lactose utilizing (lac) and
lactose non-utilizing (lac); this characteristic provides a useful tool to detect the
presence of Xam in seeds, trash and soil on the specific bacteriophages which lyses either
only lac isolates or only lac isolates (Verma and Singh 1974).

Figure 1. Cultured Xanthomonas axonopodis pv. malvacearum on PCDA

2.3.2 Races of Xam
The existence of Xam races was first noticed when a resistant cultivar bred in
Sudan showed susceptible symptoms when grown in India (Knight 1946). Abdo-Hasan et
al. (2008) proved that diverse and complex Xam does exist by using PCR-based
techniques— Randomly Amplified Polymorphic DNA (RAPD) analysis and Inter Simple
Sequence Repeats; this variability may result from mutations like nucleotide modification,
7
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insertions and deletions at initiation sites or from environment triggered differential
genetic or epigenetic effects under unfavorable abiotic or biotic factors (Abdo-Hasan et al.
2008). A total of 15 races were distinguished on eight host differential lines of G.
hirsutum by Hunter et al. (1968). Currently 19 U.S. races have been designated using
eleven host differential lines, with the addition of Empire B4, DP4, and S295 (El-Zik and
Thaxton 1995) (Table 1). Among these races, Race 18 is the most virulent Xam race in
the USA; it was also identified in Australia, West and Central Africa, India, Pakistan and
Nicaragua (El-Zik and Thaxton 1995). Another classifications system was given by
Verma and Singh (1974) in India and 32 Xam races were classified.

8
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Table 1 The reaction of 19 races of Xanthomonas axonopodis pv. malvacearum on 11
host differentials (Hunter et al. 1968; El-Zik andThaxton 1995)
Host differentials and their response to racesa
Race

A

B

C

D

E

F

G

H

I

J

K

1

+

+

-

-

-

-

-

-

-

-

-

2

+

+

+

-

-

-

-

-

-

-

-

3

+

+

-

-

+

-

-

N/A

N/A

N/A

-

4

+

+

-

-

-

+

-

N/A

N/A

N/A

-

5

+

+

-

-

+

+

-

N/A

N/A

N/A

-

6

+

+

-

+

+

-

-

+

-

-

-

7

+

+

-

+

+

+

-

+

-

-

-

8

+

+

+

+

+

-

-

+

-

-

-

9

+

-

+

-

-

+

-

N/A

N/A

N/A

-

10

+

+

+

+

+

+

-

+

-

-

-

11

+

+

-

-

-

-

-

+

-

-

-

12

+

+

+

-

-

-

-

+

-

-

-

13

+

-

-

-

-

-

-

N/A

N/A

N/A

-

14

+

+

+

-

+

+

-

+

-

-

-

15

+

+

+

-

+

-

-

N/A

N/A

N/A

-

16

+

+

+

+

-

+

-

N/A

N/A

N/A

-

17

+

+

+

-

-

+

-

N/A

N/A

N/A

-

18

+

+

+

+

+

+

-

+

+

+

-

19

+

-

-

-

+

+

+

+

-

-

-

a

Host differentials: A, Acala 44; B, Stonville 2BS9; C, Stonville 20; D, Mebane B-1; E, 1-10B; F, 20-3;
G, 101-102B; H, Gregg; I, Empire B4; J, DP×P4; K, S295
“+” = susceptible reaction and “-” = resistant reaction
“N/A” = not available
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2.3.3 Genes that confer resistance to bacterial blight of cotton
At least nineteen genes for resistance to Xam have been reported (Delannoy et. al
2005). It includes 17 major genes and two polygene complexes, BSm and BDm listed as
Table 2. A total of ten major bacterial blight resistance genes (B1-B10) have been
identified and described from five Gossypium species (Knight & Clouston 1939; Knight
1944; Knight 1948a; Knight 1950; Knight 1953a; Knight 1953b; Knight 1954; Knight
1957; Knight 1963). Green & Brinkerhoff (1956) described three other major bacterial
blight resistance genes in Upland strains, BI (or BIn), BN, and BS . Lagiere (1960) identified
B9 and B10, another two major dominant bacterial blight resistance genes. They were
different from Knight’s B9 and B10. Therefore, these genes were renamed for avoiding
confusion as B9K and B10K identified by Knight, and B9L and B10L identified by Lagiere
(Innes 1965). Another bacterial blight resistance gene B11 was described by Innes (Innes
1966). BSm represents the polygene complex in Stoneville 2B and Empire, and BDm
represents the polygene complex in Deltapine (Brid and Hadley 1958). The disease
resistance to all the races reported currently was identified by Girardot et al. (1986) and
designated as bacterial blight resistance gene, B12, by Wallace and El-Zik (1989).
The resistance genes B1, B2, B3, B7 and B10 are from G. hirsutum; B7 is a bacterial
blight resistance gene identified in Stoneville 20. The gene action and effect of B7 is
influenced by other genetic factors and these variable results have been seen in different
genetic backgrounds. B7 performs as a recessive gene in Upland Acalas, and partial
dominant in Sakel (Brinkerhoff 1970). B2, B3 and B10 were first identified in G. hirsutum
var. punctatum. B4 and B6 were derived from the diploid species G. arboreaum. Saunder
and Innes (1963) found that B6, which had been regarded as modifier and no effect alone
by Knight, was actually recessive gene of moderate effect when homozygous and had
additive genetic effect when combining with other bacterial blight resistance genes. B5,
B9, and the recessive gene b8 are from a perennial G. barbadense, G. herbaceum, and G.
anomalum respectively. Among Knight’s ten genes, B1 through B5 are all dominant for
different level of resistance. BI is a dominant bacterial blight resistance gene from an
unknown cultivarline 1-10-B-4-B from the U.S. BN is a dominant bacterial blight
10
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resistance gene from the line 20-8-1-3-1 derived from Northern Star. BS is from 6-77-5-8
of Stormproof No. 1conferring dominant resistance (Green and Brinkerhoff 1956). BI
identified by Green and Brinkerhoff was changed to BIn to avoid confusion with Knight’s
B1 (Brinkerhoff 1970). B9L and B10L are two genes from source Allen 51-296 from West
Africa (G. hirsutum) (Lagiere 1960); B9L is strong dominant and B10L is a weak resistance
gene (Innes, 1965a). B11 is originated from an Indian variety (G. herbaceum) the same
sources as B9K. B12 originated from S295 (G. hirsutum) is a strong dominant resistance
gene.
Generally, G. barbadense is regarded as being more susceptible to Xam than G.
hirsutum (Brown and Ware 1958; Brinkerhoff 1970). Among Upland cotton (G. hirsutum)
genotypes a continuous range of disease expression is found. Quantitative analysis of
resistance to Xam indicates that additive, dominant, and epistatic gene action all
contribute to resistance (Bird 1960; El-Zik 1967; Innes et al. 1974; Innes 1983; Wallace
and El-Zik 1989). Modifier genes influence the expression of major resistance genes in
different genetic backgrounds. Combinations of several resistance genes appear to confer
high levels of resistance to Xam (Brinkerhoff 1970; Bird 1982). Resistant cultivars reduce
epidemics and control bacterial blight.
As the environment changes, the stability of the genotypes may also change and
both the gene combination and the number of the genes involved affect the resistance to
the disease in a certain environment (Knight and Hutchinson 1950). The disease
resistance level of some single gene is equal to other resistance gene combinations. Gene
combinations may not always show an additive effect. Some gene added genotype might
be less resistant than non-added ones (El-Zik and Bird 1970). Polygenic complex (also
known as gene combination) may enhance the resistance of a major gene (El-Zik and
Bird 1970; Innes 1969).

11
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Table 2 Cotton genes which confer resistance to Xam
Gene
symbol

Source of resistance

Inheritance
determined by

B1

Uganda B31(G. hirsutum), acclimatized in Africa

B2

Uganda B31 and other G. hirsutum: Punjab 513 Albar 49, Knight & Clouston,
Albar 51 UKBR Mebane B1, 17-3, CR4, Acala 1517
Innes, Brinkerhoff
BR2, Acala 9136, Acala 8373;

B3

Schroeder 1306 (an off-type G. hirsutum var. punctatum)

Knight

B4

Multani strain NT 12/30 (G. arboretum)

Knight

B5

Grenadine White Pollen (a perennial G. barbadense)

Knight

B6

Multani strain NT 12/30 (G. arboreum); and may also
from UKBR 61/12 in Tanzanian (G. hirsutum)

Knight, Saunders &
Inne, Innes

B7

Stoneville 20, BBR-3 from Stoneville 2B, 8-3 (All G.
hirsutum)

Knight, Green &
Brinkerhoff

B8

G. anomalum (a noncultivated diploid species in Africa)

Knight

B9K

Wagad 8 (G. herbaceum), an Indian commercial variety

Knight, Innes

B10K

Kufra Oasis (G. hirsutum var. punctatum)

Knight, Innes

B9L

Allen 51-296 (G. hirsutum), Reba 296 (G. hirsutum)

Lagiere, Innes

B10L

Allen 51-296 (G. hirsutum), Reba W296

Lagiere, Innes

B11

Wagad 8 (G. herbaceum), an Indian commercial variety,
(from same source as B9K)

Innes

BIn

1-10B (G. hirsutum)

Green & Brinkerhoff

BN

20-8 and 20-3 from Northern Star (G. hirsutum)

Green & Brinkerhoff

BS

6-77 from Stromproff No. 1 (G. hirsutum)

Green & Brinkerhoff

BSm

Polygene complex found in Stoneville 2B and Empire,
varieties from the USA (G. hirsutum)
Polygene complex found in Deltapine, a variety from the
USA (G. hirsutum)

Bird & Hadley

S295 (G. hirsutum)

Girardot, Hequet,
Yehouessi and
Guibordeau; Wallace
& El-Zik

BDm
B12

12

Knight & Clouston

Bird & Hadley

Texas Tech University, Zhanxia Yang, August 2013

2.4 Cotton-Xam interaction
2.4.1 The gene for gene interaction
According to Flor (1942) the gene-for-gene hypothesis suggests that for each
resistance gene in the host there is a corresponding gene in the parasite for pathogenicity
referred to as an avirulence [avr] gene. The Xam-cotton interaction is on a gene-for-gene
basis (Vanderplank, 1984). The gene-for-gene interaction initiates the plant defense
response. When Xam infects a resistant plant, the host plant reacts with a hypersensitive
response (HR), where the host cell(s) release toxic phenolic compounds and kill the
invading bacteria within the intercellular space at the site of pathogen invasion. As a
response to avoid further damage when bacterial cells attach during an incompatible
(resistant) host cells and quickly cause plasma membrane damage resulting in release of
electrolytes and following host cells death. Unlike reacting as within the HR in a resistant
host plant, when Xam is in a compatible (susceptible) host plant, the attachment of the
bacterium stimulates a release of nutrients from the host plant for them to grow by
degenerating the host cell membrane slowly (Goto, 1992).
Research indicated that some of the bacterial blight resistance genes corresponded
to their specific single avr gene, but some of them also correspond to several avr genes
(Essenberg et al. 2002). Delannoy et al. (2005) stated a mildly virulent race of Xam
contained as many as ten members of the avrBs3 gene family, which was a group of all
avr genes isolated from Xam, whereas a more virulent race contained less members of the
avrBs3 gene family. It was also stated that protein products of avrBs3 genes were
conveyed into of plant cells through a system encoded by the HR and pathogenicity genes
so that the avirulence proteins can stimulate a host response (Delannoy et al. 2005). The
appearance of new Xam races occurred shortly after the deployment of the new resistant
cultivars (Brinkerhoff 1970). However, little is known about the mechanism of how the
resistant cultivars were broken down.
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2.4.2 Biochemistry response of cotton to Xam
The symptoms of bacterial blight of cotton like water-soaking are mostly caused
by the enzymatic destruction of the plant cells (Schumann and D’Arcy 2010). Pathogenic
bacteria usually produce non-host-specific toxins, which are toxic to various plants and
microorganisms (Goto 1992). Yellow halos around the susceptible symptoms are due to
these toxins. Essenberg et al. (2002) indicated that both 2,7-dihydroxycadalene and
lacinilene C can inhibit the growth of Xam, and inoculated resistant plants contained
more of these compounds than inoculated susceptible plants. Huang et al. (2008) stated
that more virulent isolates had higher cellulose activity and more lipopolysaccharides
than less virulent ones. The release of reactive oxygen species and lipoxygenase activity
are involved in hypersensitive cell death; lipoxygenases activity accompanied with
increased activity of anionic isoforms, accumulation of 9S fatty acid hydroperoxides,
water loss of reacting cells, and the appearance of HR lesions in the host plant suggested
that lipoxygenase acted as an important role in lipid peroxidation during HR cell death
(Delannoy et al. 2005). Several molecules, including salicylic acid, ethylene, and
jasmonic acid signal the host plant defense responses against pathogen invasion. A
systemic acquired resistance induced by Xam associated with an increase in peroxidase
activity in non-infected leaves and a reduction of bacterial growth in post-infected leaves.
Martinez et al. (2000) found that the treatment of exogenous salicylic acid can induce the
SAR response. Jasmonic acid has been related to the production of oxilipins and
considered signaling cotton HR cell death (Delannoy et al. 2005). However, the
interaction among these molecules in cotton resistance is still unknown.

2.5 Management of bacterial blight in cotton
Several approaches have been used to control bacterial blight in cotton including
physical, chemical, and biological control strategies. Sanitation, close seasons, postponed
sowing, plowing, and flooding are methods of physically control the disease. Sanitation,
which consists of the collection and destruction of infested crop residues, played an
important role of managing the disease in Sudan Gezira (Pothecary and Ofield 1968) and
California (Schnathorst 1966). Close seasons usually introduced for pests control also can
14
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reduce bacterial blight of cotton (Innes 1983). In certain areas, postponing sowing to
avoid heavy rainstorms can reduce the chance of the disease epidemics (Verma et al.
1977). The plowing of crop debris prevented disease development in a subsequent crop
(Arnold and Arnold 1961). flooding deactivates Xam inoculum in plant debris (El Nur
1970). However, these physical treatments are usually not effective at completely
eradicating the pathogen.
Chemicals were applied either as seed treatments or foliar sprays to control
bacterial blight in cotton. In the early 1950s, seed treatments were including steeping in
formalin and dusting with mercury compounds after delinting with sulphuric acid. Most
of the chemicals used as seed treatments were mercury compounds such as Abavit B
(Wickens 1958), Agrosan, and Gammoran H (Innes 1983). However, the poisonous
nature of these mercury containing compounds led to restrictions and later removal from
the market. Some other seed treatment chemicals, such as cuprous oxide, bronopol (2bromo-2-nitropropan-I, 3 idiol), and Busan-72 A (60% of 2-(thiocyanomethylthio)
benzothiazole) replaced the mercuric seed treatments (Innes 1983). Antibiotics such as,
Agrimcycin-100, Streptocycline, and Plantvax-vitavax (oxathiin compounds) have also
been used to control bacterial blight in cotton (Verma 1986). Pathogens can develop
resistance against chemicals; pathogen strains might be resistant against some specific
chemicals but not all for example strains were resistant against penicillin, streptomycin
sulphate and terramycin and not against ziram (Verma and Singh 1974). Therefore, a
recommendation of use a mixture of antibiotics was given (Verma and Singh 1974).
Chemical controls were expensive and not environment friendly. Some reports indicated
that the use of biological control agents, such as phylloplane bacteria in the field, can
reduce the severity of bacterial blight of cotton, while other reported biological control
failed to control the disease (Innes 1983).
The development of disease resistant cultivars is the most effective method to
control bacterial blight (Brinkerhoff et al. 1984; Kirkpatrick and Rothrock 2001; Wallace
and EL-Zik 1989). Cotton cultivars resistant to bacterial blight were largely developed in
the 1940s in the U.S. (Bird 1986). Planting resistant cultivars to control bacterial blight
15
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was thought to be a permanent control and to replace all the other physical, chemical and
biological management options for the disease (Innes 1983). Monitoring the population
of Xam is an important function because new virulent races have evolved putting at risk
the deployment of perceived resistant cultivars (Brinkerhoff et al. 1984). The uncertainty
of the durability of the plant resistance genes and the variability of the pathogen race
abolished the postulate that a permanent control can be reached through using resistant
cultivars.

2.6 The breeding history of bacterial blight
Bacterial blight of cotton was first reported in the U.S. (Atkinson 1891). Knight
(1948b) proposed the disease may have originated from India. Smith (1912) and
Faulwetter(1917) carried the earliest work on the disease in the U.S., validated that
angular leaf spot and blackarm were caused by the same organism, and wind-blown rain
caused the secondary spread of the disease within crop respectively. The disease has been
reported in almost all of the cotton producing countries. In Sudan, the disease was
identified on cultivars of G. barbadense. Findlay (1928) also carried out disease studies
in Sudan. In the meantime, Hansford (1932) reported the disease caused crop losses in
Uganda. The development of the resistant cultivars and the investigation of the
inheritance of these resistance genes have aroused many researchers’ interests since the
last century. Initial breeding efforts for bacterial blight resistance were initiated in Africa
around 1940, and in the U.S. around 1950 and the rest of the world (Verma 1986).
Most African cultivars of both G. hirsutum and G. barbadense have been bred for
blight resistance. Knight transferred all 10 genes he identified except for b8 into the
susceptible cultivar Sudan Sakel from 1939 to 1962(G. barbadense L.), which is a major
commercial cotton cultivar with desired fiber quality, by backcrossing. Subsequently, B2
and B3 genes were transferred to commercial cultivars of American Upland cotton (G.
hirsutum L.) growing in Sudan (Knight 1963). Seven Bar strains of Sakel were produced
and each of them is homozygous for genes, B1 to B7 (Knight 1957). Bar XLI, which is a
Lambert type, homozygous for B2 gene, is the first commercial resistant cultivarof long
staple G. barbadense cotton. These commercially released resistant cultivars in Sudan,
16
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the R-genes transferred Sakel and Upland cultivars, occupied a large proportion of cotton
growing areas in 1962-1963 (Knight 1963). A B6 gene added cultivar—Barakat replaced
the Bar XLI cultivar in 1970s (Verma 1986). Cotton cultivar Albar51, developed in
Uganda from a Nigeria cotton cultivar Allen, formed the basis for blight resistant
commercial cultivars grown in Africa (Akello and Hillocks 2002). Cultivar Sea Island, G.
barbadense, carried resistance polygene to bacterial blight of cotton, but it was not ready
to transfer to Sakel by backcross at that time (Brinkhoff 1970).
Around 1960, Bird developed immunity in 101-102B by backcrossing Empire
WR containing a resistance polygene with Bar 4/16 carrying Knight’s B2B3 resistance
gene and then crossing the end product of the backcross with an Upland line, MVW (Bird
1960). This line was resistant to all of the Xam races found in America at that time.
Research conducted by Innes et al. (1974) suggested that there was a strong modifier
gene complex, BSm, in line 101-102B. Similarly, Brinkerhoff et al. (1984) developed a
bacterial blight immune line, Im 216, by backcrossing using a plant containing B2, B3,
and b7 genes as the donor parent and a plant carrying resistant polygene, BSm, as the
recurrent parent in Oklahoma, stating that bacterial blight immunity line 101-102B was
vulnerable to the new appeared isolates, HV1, HV3, and HV7 identified in Upper Volta
and the Sudan after being stable for more than 20 years. In a study of Huang et al. (2008),
it indicated that these highly virulent strains reported in Africa in 1983 were observed
closely similar to those of Xam on rep-PCR fingerprints.
Bird (1982) conducted a series of experiments to develop Multi-Adversity
Resistance (MAR) cultivars, which is resistant to several diseases. He believed that high
resistance to the disease can be reached from segregating populations possessing at least
three major and compatible modifying genes. To find these genes, these populations were
screened with a mix of at least four races of the Xam since the known major genes acted
as quantitative genes with the existence of several races of the pathogen (Bird 1982).
After the presence of the African Xam isolates HV1, HV3, and HV7, the MAR cultivars
were used to reselect the resistance to these new virulent isolates; the developed MARs
afterwards were resistant to all Xam races and isolates but the HV1 isolate (Bush 1984).
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In 1984, S295, (G. hirsutum L.), a progeny of the cross, Pan 575 × (J193× SR1
F4), was identified as a resistant cultivar to the new Xam isolate HV1 in Africa (Girardot
et al. 1986). Wallace and El-Zik investigated the inheritance of the resistance to the Xam
isolate HV1 from S295, and found the resistance to HV1 was induced by the single
dominant gene and named it as B12 in the S295 (Wallace and El-Zik 1989).

2.7 Genetic Mapping of genes that confer resistance to Xam
Analysis of the subgenomic (At vs. Dt) distribution of genes conferring resistance
to Xam in tetraploid AD-genome cottons provided an interesting system for studying the
impact of allopolyploid formation on host-pathogen interactions (Wright et al. 1998).
Among seven resistance genes derived from tetraploid cottons, six (86%) mapped to Dsubgenome chromosomes. This suggests that the D-subgenome of tetraploid cotton has a
higher propensity to give rise to new R-gene alleles and may indicate that polyploid
formation offers novel avenues for phenotypic response to selection. Possible
explanations of this bias include biogeographic factors, differences in evolutionary rates
between subgenomes, gene conversion or other intergenomic exchanges that escaped
detection by genetic mapping, or other factors (Wright et al. 1998). Genetic mapping
revealed the chromosomal locations of the B2, B3, b6, and B12 genes that confer resistance
to Xam. The complexity of the cotton-Xam relationship is reflected in the discovery of
both "horizontal" and "vertical" resistance components. In most cases, genetic mapping
corroborated classical predictions regarding the number of genes, and gene action
conferring resistance to various Xam races. Only the "b6 phenotype" conferring resistance
to Xcm Races 7 and 18 exhibited numerous inconsistencies. The complexity of the b6
phenotype, involving 4 genes (Qb6a, Qb6b, Qb6c, and Qb6d) with very different dosage
effects and derived from different parents was an unexpected discovery that demonstrates
a horizontal component of bacterial blight resistance.
As the development of the Polymerase Chain Reaction (PCR) technique, various
PCR-based DNA markers were applied for genomic research including random amplified
polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP),
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microsatellite or simple sequence repeats (SSR), and single nucleotide polymorphism
(SNP) (Yu and Kohel 2001). Around 2000, almost all major crop species had constructed
genetic maps using the discovered DNA markers (Yu and Kohel 2001). Though it has
been about a century since the bacterial blight resistance breeding program started and
many resistance genes have been mapped in cotton, none of the sequences of resistance
genes are known, nor cloned. Fine mapping and sequencing of resistance genes are
needed to characterize these resistance genes at the molecular level.
The B12 locus has been implicated as the contributing source of Xam resistance in
Australian and Delta and Pineland cotton cultivars (Rungis et al. 2002; Xiao et al. 2009a).
In both studies B12 mapped to regions of Chromosome 14 first delineated by Wright et al.
(1998). Rungis et al. (2002) map B12 using AFLPs and SSRs. The bacterial blight
resistance gene B12 was further delineated using SSR markers and SNP markers in a
population derived from DeltaOpal (Xiao et al. 2009a). Four SSR markers, BNL1403,
BNL3545, CIR246, and BNL3644 and four SNP markers, NG0207069, NG0207159,
NG0207155, and NG0210142 flanked the resistance gene in a genetic distance of 3.4 cM
(Xiao et al. 2009a).
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CHAPTER III

MATERIALS AND METHODS
3.1 Population
A population of two hundred and twenty-four F2 plants was developed from a
cross between paternal bacterial blight resistant cultivar S295, Gossypium. hirsutum L.,
and maternal bacterial blight susceptible cultivar Pima S7 (PS7), G. barbadense. A single
F1 individual was self-pollinated to produce F2 seed used in the study.

3.2 Assessment of resistant and susceptible phenotypes
The assessment of resistant and susceptible phenotypes was conducted in a
humidity controlled growth chamber at 28 °C, 98% relative humidity (RH) and 16 hour
photoperiod. Ten parental plants from both S295 and PS7 were included as positive and
negative controls, respectively. The cotyledons of each plant were inoculated with a
virulent Xanthomonas axonopodis pv. malvacearum Race 18 once they fully expanded.
Similarly the first and second true leaves of the same plants were inoculated with Xam
Race 18 to achieve a second assessment of resistant and susceptible phenotypes. The Xam
isolate used in the experiment was derived from single colony then verified as Race 18
using the host differentials (Hunter et al. 1968; Brinkerhoff 1970; El-Zik andThaxton
1995) and stored as a glycerol stock at -80 ˚C. Two days prior to screening, inoculum was
produced by growing the bacterium on potato carrot dextrose agar media (PCDA)
(Ridgway et al. 1984; Wallace and El-Zik 1989). Petri dishes were incubated at 30˚C for
24 to 48 hours until the bacteria uniformly covered the Petri dishes. The inoculum density
was adjusted to 1× 106 bacteria/ml with ddH2O and inoculated using the toothpick
method (Bird 1982; Thaxton and El-Zik 1993). Plants were also inoculated using water
(placebo) as a negative control to discriminate against phenotypic responses due to the
inoculation method. Plants were not watered for two days following inoculation to
minimize wetting the foliage and affecting the intensity of symptoms.
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Water-soaking developed around the inoculation site 7 to 15 days after being
challenged with the pathogen. The symptoms were observed and recorded three times
during this period. Plants with water-soaking symptoms were recognized as bacterial
blight susceptible. Any plant that did not show water-soaking symptoms during the
course of the study was considered as a bacterial blight resistant plant or probable disease
escape. After resistant and susceptible phenotypes were assessed, a chi-square test for
goodness of fit was conducted using the expected genetic model of a single gene with
complete dominance for the resistant phenotype. All plants were transplanted into 25.4
cm round pots and grown to produce F3 progeny seed in the greenhouse at the Texas
A&M AgriLife Research and Extension Station at Lubbock.

3.3 DNA extraction, PCR amplification, and electrophoresis
Genomic DNA from the parental (S295 and PS7), F1, and 224 F2 individuals was
isolated from two to three young cotton leaves as described by Paterson et al. (1993) with
modifications to accommodate 2 ml microcentrifuge tubes. DNA concentrations were
measured using the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE USA) and diluted to a final working concentration of 25 ng/µl. Thirtythree SSR markers (Table 3) found within the B12 region were used to screen
polymorphic loci among PS7, S295 and the F1. Additional information regarding each of
these markers is available on the Cotton Marker Database
(http://www.cottonmarker.org).
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Table 3 Genetic variability between S295 and PS7 using thirty three SSR
markers that map to Chromosome 14
Number of
markers

Name of
SSRs

Reference

Polymorphisma

Mapb

1

TMB1311

Yu (2004)

N

N

2

BNL0645

Xiao et al.
(2009b)

Y

Y

3

CGR5182

Xiao et al.
(2009b)

N

N

4

HAU1605

Zhang et al.
(2008)

N

N

5

MUSS269

Park et al.
(2005)

N

N

6

JESPR156

Xiao et al.
(2009b)

Y

Y

7

HAU164

Zhang et al.
(2008)

Y

N

8

MUSS418

Park et al.
(2005)

Y

N

9

HAU0518

Zhang et al.
(2008)

Y

Y

10

MUSB175

Frelichowski
et al. (2006)

Y

Y

11

HAU2238

Zhang et al.
(2008)

N

N

12

DC40283

Xiao et al.
(2009b)

N

N

13

CGR5613

Xiao et al.
(2009b)

Y

N

14

HAU2237

Zhang et al.
(2008)

N

N

15

HAU2822

Zhang et al.
(2008)

N

N

16

MUSB0446

Frelichowski
et al. (2006)

N

N

17

CGR5839

Xiao et al.
(2009b)

N

N

18

TMB2325

Yu (2004)

N

N

19

DC40126

Xiao et al.
(2009b)

N

N
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Table 3 Continued
Number of

Name of

markers

SSRs

20

MUSB0523

21

Reference
Polymorphisma

Mapb

Frelichowski
et al. (2006)

N

N

CGR6817

Xiao et al.
(2009b)

N

N

22

MUCS302

Park et al.
(2005)

Y

N

23

MUCS193

Park et al.
(2005)

N

N

24

DC20137

Xiao et al.
(2009b)

N

N

25

TMB0034

Yu (2004)

N

N

26

TMB0188

Yu (2004)

N

N

27

DC20011

Xiao et al.
(2009b)

N

N

28

MUSB0716

Frelichowski
et al. (2006)

N

N

29

TMB2937

Yu (2004)

Y

N

30

CIR246

Xiao et al.
(2009b)

Y

Y

31

BNL1403

Xiao et al.
(2009b)

Y

Y

32

BNL3545

Xiao et al.
(2009b)

Y

N

33

BNL3644

Xiao et al.
(2009b)

Y

Y

“Y”=markers are polymorphic on PS7 and S295. “N”= markers are not
polymorphic on the two parents.
b
“Y”=markers are used to construct genetic linkage map. “N”= markers are not
used to construct genetic linkage map.
a
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PCRs were conducted in a 25 µl reaction volume containing 50 ng template DNA
using Promega GoTaq® Flexi DNA Polymerase kit (20% colorless or colored PCR
buffer, 0.2 mM dNTPs, 0.4 µM of each forward and reverse primer, 3.0 mM MgCl2, and
1 U Taq polymerase). Each reaction was initially denatured at 94°C for 5 min, followed
by 40 cycles of 94°C for 30 sec, 49–65°C (optimized for individual primer pair) for 30
sec, and 72°C for 30 sec, and a final extension at 72°C for 10 min using an eppendorf
Mastercycler ep gradient (Eppendorf AG. Hamburg, Germany). SSR fragments were
resolved on TBE SFR™agarose gels (AMRESCO Inc., Solon, OH USA). All gels were
stained with ethidium bromide and gel images were digitally photographed using an
AlphaImager® HP (Alpha Innotech, San Leandro, CA USA).

3.4 Genotyping
Polymorphic SSRs scored from SFRTM agarose gel included 13of the 33 SSRs
surveyed (BNL0645, JESPR156, HAU164, MUSS418, HAU0518, MUSB175, CGR5613,
MUCS302, TMB2937, CIR246, BNL1403, BNL3545, and BNL3644) (Table 3), each
was genotyped on all 224 F2 individuals. PCRs were conducted in a 25 µl reaction
volume containing 50 ng template DNA using Promega GoTaq® Flexi DNA Polymerase
kit (20% colorless or colored PCR buffer, 0.2 mM dNTPs, 0.4 µM of each forward and
reverse primer, 3.0 mM MgCl2, and 1 U Taq polymerase). Each reaction was initially
denatured at 94°C for 5 min, followed by 40 cycles of 94°C for 30 sec, 49–65°C
(optimized for individual primer pair) for 30 sec, and 72°C for 30 sec, and a final
extension at 72°C for 10 min using an Eppendorf Mastercycler ep gradient (Eppendorf
AG. Hamburg, Germany). These SSR fragments were separated using a Fragment
Analyzer (Advanced Analytical Technologies Inc., Ames, IA USA) using the 96Capillary-33-55 Array-DNF-900 Reagent Kit Method with a setting of perform pre-run at
voltage of 8.0 kV for 30 sec; marker injection at voltage of 7.5 kV for 10 sec; sample
injection at voltage of 7.5 kV for 10 sec; and separation voltage at 8.0 kV for 120 min.
The amplified fragments from each SSR were scored using the Flag Analysis function of
the PROSize software from Advanced Analytical Technologies Inc. In the calling of each
fragment a ±2 bp range was used and visually confirmed for each data point. The
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segregation of each marker was assessed against a monohybrid genetic model using the
χ2 test for goodness of fit.

3.5 Construction of a genetic linkage map
Six SSR markers, CIR246, JESPR156, BNL0645, HAU0518, MUSB175, and
BNL3644 were used to construct a genetic mapping targeting the B12 locus (Table 3).
Each SSR marker loci fit the expected model for the χ2 analysis (P> 0.1). The resistant
and susceptible phenotypes were scored as a dominant genetic marker and mapped with
the polymorphic SSR loci to construct a genetic linkage map using JoinMap 3.0 (Van
Ooijen and Voorrips 2001). A LOD score of 3.0 and recombination fraction of 0.4
(Kosambi mapping function) were used as the threshold criteria for linkage (Kosambi
1944). The collinearity of each linkage group was compared to the tetraploid maps of
Han et al. (2004), Nguyen et al. (2004) and Rong et al. (2004).

3.6 Construction of a physical map delineating the B12 locus
To construct a physical map delineating the B12 locus, the full G. raimondii
genome sequence (Paterson et al. 2012) was used to physically align the DNA marker
used in this study and that of Wright et al. (1998) and Xiao et al. (2009a). The G.
raimondii genome is the progenitor of the D-subgenome of the tetraploid and the highcontiguity of structural and sequence synteny remains since the formation of tetraploid
cotton 1-2 MYA (Brubaker et al. 1999; Rong et al. 2004; Paterson et al. 2012). This
enabling resource can be used to answer questions regarding the structural organization
of both diploid and tetraploid Gossypium genomes. The sequences of the markers
pAR043, pAR129, pAR0451, G1012, A1580, pAR545 mapped by Wright et al. (1998);
BNL1403, NG0207069, NG0207155, NG0210142, NG0207159, BNL3545, CIR246, and
BNL3644 mapped by Xiao et al. (2009a); CIR246 and JESPR156 mapped in the present
study, were subjected to BLAST analysis using the Geneious R6 software (Geneious R6
created by Biomatters. Available from http://www.geneious.com) to identify regions of
homology in the G. raimondii genome sequence. This allowed the physical position of
these sequences to be mapped in relations to the B12 locus. Once the physical region
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delineating the B12 locus was defined, BLAST analysis of the entire sequence was used to
search the Plant Resistance Gene Database (PRGdb) (http://prgdb.crg.eu/wiki/Main_Page)
that includes the sequences of all known plant resistance R-genes, including putative and
referenced R-genes. Queries were entered through the option of Enter unformatted or
FASTA sequence in Geneious R6. The database option was selected as Custom BLAST
which is imported with the sequences of G. raimondii genome and All R-genes from
PRGdb. The program used in Geneious R6 is Megablast. The Maximum hits setting was
set to 100 and all other criteria of the search used standard settings.
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CHAPTER IV

RESULTS AND DISCUSSION
4.1 Results
4.1.1 Resistant and Susceptible Phenotypic Reactions
Individual plants showed either water-soaking or resistant reactions to
Xanthomonas axonopodis pv. malvacearum Race 18. The susceptible plants showed
water-soaking symptoms first (Fig. 2a); which eventually turned to chlorotic halos around
the inoculation site (scratch). The symptoms of the resistant plants were seen as dried
scratches and did not have any water-soaking symptoms (Fig. 2b). The phenotype
assessment is exactly the same for the three observations (cotyledons and assessment of
true leaves).

a.Water-soaking symptom on susceptible plant

b. Resistant symptom on resistant plant

Figure 2. Symptoms of bacterial blight on F2 plants
Among the F2 individuals tested, 172 resistant and 52 susceptible plants were
observed. The observed phenotypic ratios fit the expected segregation of monohybrid
inheritance of a completely dominant R-gene (P = 0.54; Table 4). These results are in
agreement with Wright et al. (1998) and Xiao et al. (2009a).
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Table 4 Phenotype Result
Disease reactions

Number of Plant

Total
Number

Model



P value

Resistant
Susceptible

172
52

224

3:1

0.38

0.54

4.1.2 Genotyping of Parents, F1 and F2
The electrophoresis gel images of the 33 surveyed SSR markers (see appendix)
revealed 13 polymorphic loci that could be scored reliably and with a high degree of
confidence. SSR markers dropped from the analysis were monomorphic or allelic of very
similar size. These 13 SSR markers were used to genotype the F2 progeny using the
Fragment Analyzer Several markers mapped to the homoeologous chromosome and not
the target region. Few of the markers were dropped due to technical issues or difficulties
reliably scoring the heterozygous individual due to alleles of similar sizes. Six SSR
markers, CIR246, JESPR156, HAU0518, MUSB175, BNL3644, and BNL0645, were
used to construct a genetic map to delineate the B12 locus.
4.1.3 Mapping B12
The physical map of the region containing the B12 locus was constructed using the
resources and knowledge developed by Wright et al. (1998) and Xiao et al. (2009a) and
the mapped genetic markers from the present study (Fig. 3; Table 5). Wright et al. (1998)
mapped B12 as a QTL in the interval between RFLP markers pAR043 and pAR129 and as
a discrete locus to the end of Chromosome 14, 11.4 cM beyond pAR043. These results
were supported by the findings of Rungis et al (2002) using AFLPs and Xiao et al.
(2009a) using SSR and SNPs. The findings Xiao et al. (2009a) extend the number of
marker loci to delineate B12 beyond pAR043. The physical mapping of 14 marker loci
defined a region of 4.6 Mb, which delineates the 99% confidence interval of the B12 QTL
(Table 5).
A genetic distance of 0.9 cM (47.32 LOD) between B12 and CIR246; 6.17 cM
(32.07 LOD) between B12 and JESPR156; and 5.89 cM (32.88 LOD) between CIR246
and JESPR156 were mapped in the study. The collinearity of the marker loci mapped in
the present study was in agreement with prior genetic maps (Nguyen et al. 2004, Guo et
al. 2007, He et al. 2007, Xiao et al. 2009a, Xiao et al. 2009b; Zhang et al. 2008), where
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two maker loci CIR246 and JESPR156 were located on Chromosome 14. This result
places the B12 locus in a region between BNL1403 and CIR246 nucleotide positions in
the physical map (Table 6, Fig. 3). It agrees with Wright et al. (1998), Rungis et al.
(2002), and Xiao et al. (2009a) as the region containing the B12 locus.
Table 5 Physical location of SSR and RFLP markers used to delineate
the B12 region
Markers
BNL1403
NG0207069
NG0210142
NG0207159
NG0207155
BNL3545
CIR246
BNL3644
JESPR156
pAR0043
pAR0451
G1012
A1580
pAR129
pAR545

Starta
38254
625121
893691
895736
928009
979323
979367
1275262
1639984
2908523
4187277
4337950
4399339
4707095
8674425

Marker type
SSR
SNP
SNP
SNP
SNP
SSR
SSR
SSR
SSR
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP

Endb
37975
624515
893052
894820
927172
978947
978858
1274913
1639306
2908361
4186475
4336685
4399188
4706898
8673983

Marker size
279
606
639
916
837
376
509
349
678
162
802
1265
151
197
442

a

and b Physical position in the Gossypium raimondii genome sequence with
homology to each marker locus.
Table 6 Recombinant frequency and LOD in the B12 region linkage group
Locus 1

Locus 2

Recombinant frequency

LOD

CIR246

B12

0.0090

47.32

CIR246

JESPR156

0.0589

32.88

JESPR156

CIR246

0.0589

32.88

JESPR156

B12

0.0617

32.07

B12

CIR246

0.0090

47.32

B12

JESPR156

0.0617

32.07
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Figure 3. Genetic maps and physical map comparisons around B12 region
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B12

This study

G1012

pAR0451

pAR129

pAR043

BNL3644

Wright et al (1998)

4337950
4399339

4187277

2908523

1639984

1275262

Physical map of Chromosome 5 in G. raimondii

BNL3545; CIR246

NG0207069
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B12

BNL 1403

Xiao et al (2009a)
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979323
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The analysis of the physical location of each marker, delineates the B12 location to
a 941 kb region between BNL 1403 (38,254 bp) and CIR246 (978,858 bp) on the
physical map of the G. raimondii genome. This sequence was extracted and a BLAST
analysis was conducted against all plant resistance genes in the PRGdb including putative
R-genes and referenced R-genes. Putative sequence homologies were obtained and
summarized in Table 7.
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Table 7 Sequence comparison to R-genes from PRGdb
Alligned putative R-genes
PRGDB00068428
PRGDB00068428
PRGDB00078193; PRGDB00187955; PRGDB00173928
PRGDB00068428
PRGDB00078193; PRGDB00187955; PRGDB00068428
PRGDB00068428
PRGDB00184549; PRGDB00184550; PRGDB00063924
PRGDB00148502; PRGDB00078838; PRGDB00187955;
PRGDB00078193; PRGDB00184091; PRGDB00148832;
PRGDB00151598; PRGDB00076942
PRGDB00207252; PRGDB00141989
PRGDB00153010; PRGDB00148832; PRGDB00148502
PRGDB00078193; PRGDB00187955
PRGDB00076360; PRGDB00064410; PRGDB00064629
PRGDB00068419
PRGDB00068419; PRGDB00153013; PRGWK00001000;
PRGDB00148579
PRGDB00068419
PRGDB00156325
PRGDB00068419
PRGDB00156319; PRGDB00156317; PRGDB00156323;
PRGDB00156329; PRGDB00156320; PRGDB00156322;
PRGDB00156327; PRGDB00148260; PRGDB00156318;
PRGDB00156324; PRGDB00156316; PRGDB00156328;
PRGDB00156321;

Starta
89201
89453
89545
89867
91081
91405
91404

Endb
89335
89780
89780
90002
91213
91530
91530

Homology
length
135
328
236
136
133
126
127

Identity (%)
100%
99%
88%
98%
96%
98%
82%

E value
7.07E-62
7.90E-166
5.39E-73
4.25E-59
1.99E-52
1.54E-53
9.67E-21

91405
92195
92196
92196
129642
136791

91529
92498
92706
92808
129763
137329

125
304
511
613
122
539

91%
80%
79%
90%
81%
96%

5.66E-38
3.31E-55
1.13E-94
0
4.53E-14
0

137782
138535
139193
139196

137919
138787
139462
139333

138
253
270
138

99%
99%
77%
97%

7.07E-62
3.90E-124
3.41E-35
1.53E-58

139196
32

139462

267

77%

1.58E-33
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Table 7 Continued
Alligned putative R-genes
PRGDB00160834; PRGDB00189123
PRGDB00217515
PRGDB00151410
PRGDB00066046; PRGDB00145489
PRGDB00148827
PRGDB00172520
PRGDB00148539; PRGDB00068038; PRGDB00153018;
PRGDB00153016; PRGDB00148540; PRGDB00153017
PRGDB00152273; PRGDB00152276; PRGDB00148555;
PRGDB00152274; PRGDB00148556; PRGDB00152275;
PRGDB00078779; PRGDB00184108
PRGDB00151670
PRGDB00064672
PRGDB00155598; PRGDB00188288
PRGDB00176302; PRGDB00152026; PRGDB00152027;
PRGDB00067034; PRGDB00144459
PRGDB00143287; PRGDB00203346
PRGDB00078199
PRGDB00068507
PRGDB00068561
a
Start nucleotide on Chromosome 5 in G. raimondii genome
b
End nucleotide on Chromosome 5 in G. raimondii genome

Starta
252863
252973
252994
253111
253422
253446

Endb
253337
253208
253332
253328
253548
253548

Homology
length
475
236
339
219
127
103

Identity (%)
75%
75%
78%
74%
83%
86%

E value
0
1.25E-19
3.31E-55
1.26E-14
2.69E-21
9.67E-21

253448

253548

101

90%

2.67E-26

274325
345648
345677
357476

274485
345862
345803
358254

161
215
127
779

88%
75%
80%
77%

2.60E-46
5.82E-18
9.74E-16
1.1E-129

538865
539065
542151
696235
752035

539269
539269
542275
696978
752147

405
205
125
744
113

79%
87%
83%
74%
86%

1.17E-69
1.98E-57
2.69E-21
2.49E-76
4.47E-24
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There is no referenced R-gene aligned to the sequence between the two SSR
markers, BNL1403 and CIR246, from nucleotide 37975 to 978858 on Chromosome 5 in
the G. raimondii genome. Expanding the sequence used to subject to BLAST analysis
against the R-genes from PRGdb to a broader range, the first 5,000,000 nucleotides
sequence on Chromosome 5 in G. raimondii genome, there is one referenced R-gene
(PRGDB00000480) aligned but only to a small size ranging from 29 to 39 nucleotides.
However, there are 68 putative R-genes aligned to the sequence between the nucleotide
position of 37975 and 978858 (aligned to BNL1403 and CIR246 respectively in Genetic
maps) on Chromosome 5 in G. raimondii genome at a length of more than 100
nucleotides when subjected to BLAST analysis against all the R-genes from PRGdb.
These alignments are aligned at 34 different homology lengths, among which the longest
homology length is 779bp and the shortest homology length is 101bp as listed in the
Table 7. The alignments with a homology length less than 100 nucleotides are not listed
in the Table 7. When the sequence from nucleotide 625122 to 893530 on Chromosome 5
in G. raimondii genome (between aligned genetic markers, NG0207069 and NG0210142)
subjected to BLAST analysis against all the R-genes from PRGdb, only two putative R
genes, PRGDB00068507 and PRGDB00068561, overlap with the BLAST analysis using
the sequence from nucleotide 37975 to 978858 on Chromosome 5 in G. raimondii
genome (between aligned genetic markers, BNL1403 and CIR246).
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4.2 Discussion
4.2.1 Results analysis
Among all R-genes that confer resistance to the bacterial blight pathogen of
cotton, B12 is the only one that is resistant to the most virulent Xam Race 18 in the U.S.
and the highly virulent HVI isolates found in Africa (Girardot et al. 1986; Wallace and
El-Zik 1989). Three independent studies have each placed the location of B12 to a region
at the end of Chromosome 14 (Wright et al. 1998; Rungis et al. 2002; Xiao et al. 2009a).
In the present study, a population of F2 individuals and the physical resources of a
Gossypium genome sequence were used to delineate the location of the B12 locus to a
region of 941 kb. Though no referenced R-genes from PRGdb are aligned to our mapped
B12 region, some putative R-genes were identified. These aligned sequences may be
considered as candidate R-genes if they have high identities to the R-genes, contain
conserved NBS-LRR domains, and have an appropriate size about 500 nucleotides (Joshi
et al. 2012; Noir et al. 2001). Among these aligned putative R-genes, PRGDB00068507
has the highest likelihood to be the possible B12 resistance gene candidate if the B12 gene
is indeed in between the two SNP markers, NG0207069 and NG0210142.
PRGDB00068507 is a putative R-gene from PRGdb; the gene sequence contains LRR
and NBS domains; the aligned sequences length is 770bp with an identity of 74%.
4.2.3 Future use
As the population of the world increases, increased fiber and food production will
be needed to meet demand. The efforts of plant breeders will play a key role in meeting
this demand. Durable disease resistance is one of the major focal areas of plant breeding
efforts. In traditional breeding, pedigree breeding methods are commonly used to identify
traits of high heritability desirable plants are selected in early generations. While for traits
of low heritability the homozygosity of the desired plant cannot be reached until the fifth
generation or later. After harvesting of these desired homozygous plants, they still need
to be evaluated in replicated field trials. Substantial time (about 5-10 years) and money
are spent in this entire process (Collard et al. 2007). Most of the bacterial blight resistant
cultivars had been bred by backcrossing with resistant germplasm sources and screening
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the resistant cultivars by artificial inoculation in every backcross, which usually takes at
least 6 years. Artificial inoculation and screening are laborious and time-consuming.
Marker-assisted selection includes several areas that can be used in the evaluation of
breeding material (assess the genetic purity, assess genetic diversity, study heterosis, etc.).
Marker-assisted backcrossing can greatly accelerate recurrent parent recovery, while
marker-assisted pyramiding (combing several genes together into a single genotype),
early-generation marker-assisted selection, and combine marker-assisted selection
(Collard et al. 2007). Mapped SSR markers CIR246 and JESPR156 in the present study
can be used to detect the presence of allelic variation in the B12 gene underlying the
resistance of bacterial blight of cotton. Furthermore, they can be used to analyze if the
parent materials used for breeding are homozygous, to accelerate backcrossing by
selecting against the donor genome etc. By using these markers to assist in breeding
resistance of bacterial blight of cotton, efficiency and precision could be greatly increased.
The physical map consisted of markers linked with B12 can be used for future research to
discover a finer map on the B12 region and eventually clone the B12 resistance gene. The
aligned putative R-genes can also be a reference for future research on B12 resistance gene
cloning.
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