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ABSTRACT
The reemergence of cotton bacterial blight (CBB) caused by Xanthomonas citri pv. malvacearum
(Xcm) after a multi-decade absence raises questions regarding the factors underlying its resurgence
and possible reservoirs of the pathogen. This study investigated seed-borne transmission of Xcm
under field conditions and explored genetic modifications strategies to enhance cotton resistance.
Leave sample testing and genotyping of recovered isolates from field trials conducted over two
growing seasons revealed that CBB-resistant cultivars can serve as inoculum sources for the
disease. In our first genetic modification strategy, we attempt to introduce the AtEFR pattern
recognition receptor (PRR) construct into cotton but genotyped 136 EFR candidate plants lack the
transgene. In our second strategy to disrupt susceptibility gene expression by Xcm Transcription-
activator-like (TAL) effectors, we introduced and confirmed mutations in GhTFIIAy that can
prevent the interaction between Xcm effector and host protein however, infertility of 2 lines with

high edit efficiency hindered progress.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
JUSTIFICATION

Cotton (Gossypium), a member of the Malvaceae family serves as the fundamental pillar
of the textile industry. This indeterminate crop holds exceptional economic significance within
the botanical family and yields a boll encompassing white fibers that can be used in the
manufacturing of garments, bags, denim trousers, and jackets. The utilization of cotton fiber in
these products is attributed to its multitude of advantageous qualities which includes comfort,
color retention, absorbency and strength. (Hegde et al., 2004).

Most of the cotton production in the United States (US) is concentrated within the region
commonly referred to as the Cotton Belt, encompassing the southeastern states. Among these
states, Georgia ranks second in terms of cotton production with Texas leading the way and
contributing approximately 40% of the total cotton production in the United States in recent
years. (Meyer, 2018) and (USDA, 2022b).

Cotton, like other agriculturally significant crops encounters various pathogenic threats
from nematodes, fungi, viruses, and bacteria. Among these, cotton bacterial blight (CBB)
induced by Xanthomonas citri pv. malvacerum (Xcm) stands as the predominant bacterial
disease of paramount economic importance in cotton cultivation because it not only leads to
yield reduction but also diminishes the marketable quality of cotton fiber (Rothrock et al., 2015).
This pathogen has been controlled by classical resistance genes and acid delinting of seeds for
more than 50 years but its re-emergence in the southeastern US instigated an evaluation of
current cotton production practices (Phillips et al., 2017; Rothrock et al., 2015). Modern

molecular and genomic technologies can now be used to deduce the underlying cause of this



disease re-emergence and pinpoint optimized routes towards the development of durable
resistance. (Phillips et al., 2017; Rothrock et al., 2015).

The objective of this study is to incorporate resistance against cotton bacterial blight
(CBB) into cotton lines by introduction of EFR and TF1IIA4y-like disease resistance traits,
employing transgenic and genome editing methodologies. Concurrently, this study seeks to
examine the role of inoculated CBB-resistant seed in the dissemination of CBB and evaluate the
potential for seed-to-seed transmission of the disease. By addressing these research aims, we aim
to bridge existing knowledge gaps pertaining to the reemergence of CBB, its epidemiology, and
contribute to the development of enduring, broad-spectrum resistance. The outcomes of this
study will offer significant benefits to cotton growers, as it will mitigate yield losses and
minimize disease management expenses, thereby augmenting their profitability.
INTRODUCTION
Host
Production, origin and traits of cultivated cotton

Cotton (Gossypium sp.) holds a preeminent position as the primary natural fiber utilized
in global textile production, representing approximately 50% of the total fibers employed in the
textile industry (Hegde et al., 2004) and (Krifa & Stevens, 2016). Taxonomically, it falls within
the Malvaceae family and the Gossypium genus. The basic chromosome number of Gossypium is
13 and seven genomes of Gossypium species designated A, B, C, D, E, F, and G, have been
identified according to chromosomal size and affinity at meiosis. (Acquaah, 2012).

The Gossypium (G.) genus comprises over 60 species with 45 of them being diploid and
the remaining fifteen species being tetraploid (Emani, 2016). Furthermore, the genus can be

categorized into two groups based on ploidy: diploid (2n = 2x = 26) and tetraploid (2n = 4x = 52)



(Wendel et al., 2012) and (Emani, 2016). The old-world cotton (2n=26) consists of diploids with
A, B, E, or F genomes. The cultivated types have the AA genome and comprise Gossypium
herbaceum which has five races that originated in Africa and Asia and G. arboretum which has
six races of tree cotton found in India. (Acquaah, 2012).

New world cotton (2n=52) consists of tetraploids with the genome AADD (13 pairs of
each of large and small chromosomes). The dominant species are Gossypium barbadense (Sea
Island and Egyptian cotton) and G. hirsutum (upland cotton) of which 90 per cent of the current
world production use this species. (Acquaah, 2012).

According to (Ritchie et al., 2007) wild cotton exhibits an indeterminate fruiting pattern
wherein it continues to produce vegetative tissue even after transitioning into its reproductive
development stage. This characteristic poses a disadvantage to the crop production system as it
diverts valuable plant resources away from seed and lint production. To mitigate this issue,
commercial cultivation of cotton typically adopts an annual crop approach. In terms of its growth
characteristics, cotton plants can reach heights of 1.5 to 2.0 meters. The emergence of the first
true leaf occurs approximately eight days after seedling establishment, while the appearance of
the initial flower takes place around 59 days after planting. Harvesting of the cotton crop can be
conducted approximately 128 days after the initial planting, as reported by (Chaudhry et al.,
2003), The growth and development of cotton are significantly influenced by temperature.

Cotton growth rates were reported to be slower on cooler days compared to warmer days,
highlighting the importance of temperature measurements throughout the crop's growing season
to estimate developmental stages accurately. Cultivated cotton plants exhibit a well-defined
developmental pattern under favorable conditions of moisture, temperature, and light as described

by (Ritchie et al., 2007). Notably, a significant portion of the cotton plant's growth cycle is



dedicated to the development and maturation of cotton bolls. To achieve successful cotton
cultivation, extended periods of abundant sunlight, high temperatures, and moderate rainfall
between 60-120 cm has been reported as requirements for cotton plant growth by (Khan & Khalig,
2004; Rahman et al., 2018; Usman, 2009).
Importance of cotton

Cotton production holds significant importance in numerous economies worldwide
because it serves as a key contributor to economic growth and development. (Ahmad &
Hasanuzzaman, 2020) highlights that cotton's annual economic impact is estimated to be around
$600 billion globally. This substantial figure underscores the fact that cotton is the foremost natural
fiber produced and traded on a global scale. The economic influence of cotton production extends
to various sectors and encompasses aspects such as agriculture, manufacturing, trade, and
employment opportunities. According to the United States Department of Agriculture (USDA,
2022a), in the year 2022, the planted acreage of cotton in the United States was reported to be
approximately 13.8 million acres. This extensive cultivation area produced a total of 14.7 million
bales of cotton. Among the states within the US, Texas, Georgia, Mississippi, Oklahoma,
Alabama, and Arkansas emerged as the leading cotton-producing states. These states were
responsible for a significant portion of cotton production, highlighting their prominence in the
cotton industry within the country. According to Food and Agriculture Organization (FAO.,
2021), cotton plays a vital role in sustaining the livelihoods of over 100 million families globally
by serving as a source of income and employment particularly in some of the world's most
impoverished regions. In terms of its productivity, a single bale of cotton, weighing around 480
pounds of cleaned cotton lint holds immense potential as this amount of cotton can be utilized to

produce more than 200 pairs of jeans or 1,200 t-shirts. (USDA, 2022b). These statistics emphasize



the significant economic and social contributions of the cotton industry, highlighting its capacity
to support millions of families worldwide while also serving as a key raw material to produce
various textile products.

In addition to its fiber, cotton provides valuable seed and byproducts that offer a range of
feed ingredients which can effectively reduce the cost of beef cattle production. For instance, both
cottonseed meal and whole cottonseed can be utilized as components in cattle rations across
different classes of cattle (Mullenix & Stewart, 2021). This shows the versatility of cotton
byproducts in the livestock industry particularly in supporting cost-effective and nutritious feed
options for beef cattle.

Disease
CBB causal agent and taxonomy

Xanthomonas citri pv. malvacearum (Xcm) is the causal agent of cotton bacterial blight
(CBB), a disease that encompasses various manifestations including seedling blight, black arm,
stem canker, angular leaf spot, and bacterial boll rot. CBB was regarded as the most destructive
disease of cotton and leads to substantial yield losses, particularly during the rainy season
(Delannoy et al., 2005). The first reported occurrence of CBB dates to 1891 in Alabama, United
States as documented by (Atkinson, 1891). Since then, the disease has been a significant concern
for cotton growers due to its detrimental impact on crop productivity. The various manifestations
of CBB affect different parts of the cotton plant, leading to reduced yields and quality of bolls
thereby posing a significant threat to cotton cultivation.

This pathogen has undergone several name changes over time. In 1978, Dye named it as
Xanthomonas campestris pv. malvacearum based on physiological and biochemical

characteristics, DNA-DNA (deoxyribonucleic acid) hybridization, and host specificity (Dye,



1978). Later, (Vauterin et al., 1995) renamed it as Xanthomonas axonopodis pv. malvacearum,
considering 16S rDNA and DNA-DNA hybridization. (Schaad et al., 2006), further revised the
name to Xanthomonas citri subsp. malvacearum considering DNA-DNA hybridization, repetitive-
PCR (re-PCR), serology, internal transcribed spacer (ITS), and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Finally, (Ah-You et al., 2009) settled on the
name Xanthomonas citri pv. malvacearum, based on DNA-DNA hybridization, amplified
fragment length polymorphism (AFLP), and multilocus sequence analysis (MLSA) involving 16S
rDNA, gyrB, atpD, and dnaK. These name changes reflect the advancements in molecular
techniques and the refinement of taxonomic classification methods, allowing for a more accurate
understanding of the bacterial pathogen's identity and its relationship with other Xanthomonas
species.
Symptoms

CBB begins as small water-soaked lesions on leaves, seedlings, mature plants and most
importantly boll rot. The lesions progress into characteristic angular shapes when leaf veins limit
bacterial movement (Brinkerhoff, 1970). Unlike many other lesions on cotton leaves, those
associated with bacterial blight are more triangular or rectangular, although the shape may be more
difficult to distinguish with leaf aging. It can occur at any stage in the plant’s life cycle and on any
aerial organ. (Hillocks, 1992; Mohan, 1983; Rothrock et al., 2015; Verma, 1986a).

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. The bacteria

can spread internally to the seed and survive for many years. (Ritchie et al., 2007).



Genus Xanthomonas

Xanthomonas, a gram-negative, rod-shaped bacterium belonging to the family
Xanthomonadaceae, encompasses numerous pathovars primarily associated with infections in
diverse plants, including 124 monocots and 268 dicots (An et al., 2020). Its impact is particularly
significant in regions characterized by warm and humid climates (Chan & Goodwin, 1999; Leyns
et al., 1984). This genus exhibits an extensive host range, demonstrating remarkable diversity in its
ability to infect various plant species (Brunings & Gabriel, 2003). One distinctive feature of
Xanthomonas is the production of a yellow pigment known as xanthomonadin which serves as an
important chemotaxonomic and diagnostic marker for the identification and classification of the
genus. The population structure and diversity of Xanthomonas pathogens are influenced by
processes such as recombination and horizontal gene transfer across different Xanthomonas
pathosystems (Mansfield et al., 2012). Several factors have been identified to play a role in host
specificity and bacterial pathogenicity in various Xanthomonas species. These include the type IlI
secretion system (T3SS) and its associated effectors, lipopolysaccharides, adhesins, transcription
factors, and TonB-dependent receptors (Mansfield et al., 2012; White et al., 2009).

Xanthomonas spp. use the T3SS, encoded by the hrp (hypersensitive reaction and
pathogenicity) cluster to translocate proteins referred to as type 111 secreted effectors (T3SES) into
plant host cells. (Rossier et al., 1999; White et al., 2009). Xanthomonas T3SEs are generally called
Xanthomonas outer proteins (Xops), except for AvrBsl, AvrBs2 and AvrBs3, which are
traditionally associated with their respective avirulence phenotype, recognized by corresponding R
proteins from hosts, resulting in effector-triggered immunity (ETI) (Buttner & He, 2009; White et

al., 2009). The T3SS plays a significant role in suppressing host defenses and facilitating disease



progression in Xanthomonas and other bacterial pathogens. However, other pathogenicity factors
also contribute to the overall virulence and fitness of the pathogen. These factors include cell wall-
degrading enzymes secreted by the type Il secretion system (T2SS), type IV secreted effectors such
as VirB1 to VirB11 and VirD4, the type VI secretion system (T6SS) and its associated effectors,
adhesins, lipopolysaccharides, small RNAs, and various transcriptional regulators such as Rpf,
HrpG, HrpX, HpaR, Clp, Zur, FhrR, and RsmA (Mansfield et al., 2012; Timilsina et al., 2020).
Although not all these secretion systems and factors are directly involved in the pathogen's
virulence, they can impact the overall fitness and success of the pathogen (Buttner & Bonas, 2010;
Mansfield et al., 2012).

Disease cycle and Epidemiology

The life cycle of Xcm can be divided into active and quiescent stages. During the active
stages, moisture plays a critical role in the spread of the bacterium and its ability to infect plants. In
this stage, favorable environmental conditions including moisture facilitate the growth and
dissemination of the pathogen (Weindling, 1948). On the other hand, during the quiescent stages,
dry tissues and debris from previously harvested cotton crops provide the most suitable conditions
for the survival of Xcm. The pathogen can persist in dry plant materials, such as crop residues,
facilitating its survival between growing seasons (Schnathorst, 1968). The understanding to these
active and quiescent stages of Xcm life cycle has been crucial in implementation of appropriate
management strategies to control the disease, such as crop rotation, sanitation practices, and the use
of disease-free seeds. However, the initial inoculum of the pathogen is seed-borne, meaning it can
be present in infected seeds and serve as a source of infection for subsequent plantings (Mohan,

1983). Weeds can also serve as a potential source of inoculum for Xcm, this is evident from a field



survey conducted by (Koczan et al., 2017) where they reported the isolation of Xcm from weed
samples. Their finding suggests that weeds can harbor the pathogen and contribute to its spread
within agricultural ecosystems.
Mode of Transmission

Studies by (Faulwetter, 1917; Rolfs, 1915; Wickens, 1956) provide valuable insights into
the transmission of the disease through seed contamination. (Rolfs, 1915) reported that the
bacterium could be transmitted by cotton seeds that were externally and/or internally contaminated.
This suggests that both surface contamination and internal colonization of the seeds can contribute
to disease development in cotton seedlings. (Faulwetter, 1917) demonstrated that surface
contamination of cotton seeds can lead to disease development in cotton seedlings. This indicates
that the presence of Xcm on the seed surface can result in infection and subsequent disease
symptoms in young plants. (Wickens, 1956) observed seed-to-seedling transmission of CBB by
artificially inoculating cotton seeds with Xcm. The study demonstrated that when the seeds were
inoculated with the pathogen, symptom development occurred in the resulting seedlings,
confirming the ability of the bacterium to be transmitted from seed to seedling.
Secondary Spread

Many abiotic and biotic and factors contribute to the secondary pathogen spread of Xcm.
Including rain, wind, wind-blown rain, irrigation water, and plant-to-plant contact (Faulwetter,
1917). However, there is a discrepancy in the literature regarding the role of insects in the
dissemination of Xcm. While (Faulwetter, 1917) reported that insects do not play a role in the
transmission of Xcm, suggesting that they are not involved in the dissemination of the pathogen. A

contrasting finding was reported by (Thaxton & EI-Zik, 2001) they reported that insects can indeed



act as vectors for the transmission of Xcm. According to their research, insects are responsible for
carrying and spreading the pathogen, contributing to its dissemination within and between cotton
plants. Observations made during the 1945 experiments by (Weindling, 1948), indicated that most
of the natural spread of bacterial blight in the seedling stage in the field was brought about by
movement of inoculum in drainage water at the time of washing rains late in May.

Factors affecting Infection and Disease enhancement.

The aperture of stomata, which regulate gas exchange in plants plays a crucial role in the
infection process of Xcm. It has been observed that the successful invasion of mature cotton leaves
by Xcm occurs predominantly when stomata are open (Weindling, 1948). Regardless of whether
bacterial suspensions were applied to the upper or lower leaf surface, the pathogen was able to
invade the host through stomata. Additionally, (Innes, 1983) noted that Xcm can enter the host plant
through natural openings or wounds and rapidly disseminate throughout the vascular tissues,
causing localized vascular infections in any aerial parts of cotton plants at any growth stage.

Furthermore, the presence of water congestion in intercellular spaces, which are normally
filled with air and the initial concentration of bacteria in these intercellular spaces are additional
factors that can influence the duration of the incubation period and the progression of the disease.
(Weindling, 1948). The ability of the pathogen to penetrate the host through stomata, as well as
other natural openings and wounds allows it to access the vascular tissues and rapidly spread within
the host. The presence of water congestion and the initial bacterial concentration in the intercellular
spaces might further contribute to the disease development. Susceptibility of cotton to bacterial
blight is also affected by the stage of development and the condition of leaves and plants. (Smith,

1921) in his recognized that juicy or succulent tissues favor disease development.
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Environmental factors

(Voloudakis et al., 2006) conducted a study on cotton bacterial blight and observed that the
severity of the disease was more pronounced in subhumid regions compared to semiarid regions.
They found that regions with higher wind activity, rainfall ranging from 25.4 to 76.2 mm and dust
events during the growing season were more susceptible to the disease. Additionally, (Kirkpatrick
et al., 2001) reported that disease infestation was higher in areas with high humidity as it created
favorable conditions for the growth and spread of the pathogen.
Asymptomatic infection

Asymptomatic infection refers to the presence of a pathogen within a host plant without any
visible symptoms or signs of disease. Research conducted by (Stoughton, 1930) provided insights
into the phenomenon of asymptomatic infection in cotton plants by Xcm. Stoughton's work
suggested that infected plants may remain symptomless until environmental conditions become
favorable for the development of visible lesions (Stoughton, 1930). Additionally, Stoughton's report
proposed that these types of infections can lead to the presence of the pathogen in internally infected
seeds. (Wickens, 1956) expanded on the understanding of Xcm's infection process by observing the
movement of bacteria from symptomatic cotyledons through the petiole and documenting the
progression of symptoms. Recent studies, such as the one conducted by (Gluck-Thaler et al., 2020)
have indicated that Xcm is considered a non-vascular pathogen of cotton. This conclusion is
supported by the absence of the cbsA gene, which is associated with a vascular colonization
lifestyle, as well as the lack of clear evidence demonstrating vascular colonization and spread by

Xcm which has now been demonstrated by (Mijatovic et al., 2021).
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Morphology and physical properties of Xanthomonas citri pv. malvacearum

Xcm is classified as a gram-negative bacterium. As a characteristic feature of gram-
negative bacteria, it possesses a lipopolysaccharide cell wall constituent that serves as a selective
barrier, offering protection against certain antimicrobial compounds (Innes, 1983).
Morphologically, Xcm appears as rod-shaped cells with a single flagellum located at one end,
enabling the bacteria to exhibit motility and move short distances within a liquid environment
through rotational motion. (Showmaker et al., 2017).

The colonies of Xanthomonas spp., including Xcm, exhibit a distinct appearance
characterized by a yellow coloration, fluidity, stickiness, and sliminess which can be attributed to
the abundant production of extracellular polysaccharides (EPS). EPS are high-molecular-weight
carbohydrates that adhere to the outer surface of bacterial cells and play a significant role in
promoting the disease process (Schumann & D'Arcy, 2010).

The identification and characterization of Xcm strains have revealed the existence of
multiple physiological races. Based on their reaction to a set of 11 host differential strains, a total
of 22 physiological races of Xcm have been identified (El-Zik & Thaxton, 1994; Hunter et al.,
1968). Among these races, Race 18 has been observed to be the most virulent and prevalent in
various countries including the United States (Thaxton & EI-Zik, 2001; Verma & Singh, 1975).
Pathogenicity and virulence factors of Xanthomonas

Xanthomonas were predicted to employ a range of virulence factors to enhance its
pathogenicity and adapt to host environments. These factors include exopolysaccharides,
lipopolysaccharides, adhesins, protein secretion systems, siderophores, quorum sensing, biofilms,
chemotactic sensors, and degradative enzymes (Buttner & Bonas, 2010). The type 11l secreted

effector (T3SE) proteins have been found to play a crucial role in bacterial pathogenicity. In the
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case of Xanthomonas spp., T3SE proteins have been identified and implicated in their
pathogenicity (Melotto & Kunkel, 2013). These proteins are believed to contribute to the ability
of Xanthomonas spp. to colonize host tissues, manipulate host immune responses, and facilitate
disease development.

The Type Il secretion system (T3SS) plays a crucial role in the pathogenicity of
Xanthomonas spp. by facilitating the translocation of effector proteins from the bacterial cytosol
into host cells (Ghosh, 2004). These effector proteins are responsible for interfering with immune
responses in the host, including the recognition of Microbe-Associated Molecular Patterns
(MAMPs), thereby promoting a favorable environment for bacterial proliferation within host
tissues (Gala'n & Collmer, 1999). Xanthomonas spp. possess hrp genes that encode a functional
hrp T3SS, which is essential for their pathogenic behavior. Studies by (Cornelis & Van Gijsegem,
2000) demonstrated that mutation of any of the hrp genes resulted in a complete loss of
pathogenicity, highlighting the critical role of these genes in encoding components of the T3SS.
Among the T3SEs, transcriptional activator like effector (TALE) proteins have been extensively
studied.

These TALE proteins are delivered into the plant cell via the needle-like T3SS and
contribute to the pathogenicity and manipulation of host cellular processes by interacting with
specific host targets. (Gala'n & Collmer, 1999). TALE proteins, functionally resemble eukaryotic
transcription factors (Buttner & Bonas, 2010) are translocated to the host plant nucleus where they
bind to specific promoter sequences known as effector-binding elements (EBES) and regulate host
gene (UPA20, Os8N3, OsTFIIAgl, or OsTFX1) expression (Boch & Bonas, 2010; Boch et al.,
2009). TALEs belong to the avrBs3/pthA gene family which is highly conserved among

different Xanthomonas spp. However, closely related proteins have been found in several biovars
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of Ralstonia solanacearum. (Boch et al., 2014a). TALEs contain an N-terminal T3S signal domain,
a central repeat region (CRR), C-terminal nuclear localization signals (NLS) that guide the
protein’s translocation into the nucleus of the host cell (Boch et al., 2009; Huang et al., 2017; Kay
& Bonas, 2009) and an acid activation domain (AD) that allows the TAL effector protein to start
transcription (Boch et al., 2009; Buttner & Bonas, 2010; Huang et al., 2017). CRRs contain tandem
repeats of 33-35 amino acids that differ only at residues 12 and 13; these are designated repeat
variable di-residues (RVDs) and determine the specificity of DNA binding (Boch & Bonas, 2010;
Boch et al., 2009; Deng et al., 2012). TALE-mediated activation of EBEs can induce host
susceptibility (S) or resistance (R) genes (Boch & Bonas, 2010).
Resistant varieties

Resistance to CBB is currently characterized by the hypersensitive response (HR), a rapid
localized cell death at the sites of infection. A significant number of resistance genes, known as B
genes, have been identified in cotton to confer resistance against Xcm. Currently, over 20 major
BB resistance genes have been identified, including B1, B2, B3, B4, B5, B6, B7, B8, BOK, BIL,
B10K, B10L, B11, B12, BIn, Bn, Bs, and four unnamed genes. These resistance genes have been
documented in various studies such as (Brinkerhoff, 1970; Innes, 1983; Jalloul et al., 2015; Knight,
1948; Knight & Clouston, 1939; Verma, 1986a; Zhang et al., 2020), among these resistance genes,
B12 is of particular significance as it confers resistance to all races of Xcm, including the highly
virulent HV1 strain from Africa and Race 18. The broad-spectrum B12 resistance gene was
initially identified in the upland cotton cultivar S295, which originated from Africa, as reported by
(Wallace & EI-Zik, 1989). Minor genes, such as Bsm and Dsm, which consist of polygene
complexes, also contribute to resistance against Xcm, albeit in a more specific manner, targeting

different races of Xcm. (Bird & Hadley, 1958). Disease resistance gene(s) in plant cultivars can
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break down in the field due to the evolution of pathogens under high selection pressure. Thus, the
protection of crop plants against pathogens is a continuous arms race (Kankanala et al., 2019).

Xcm strains can evolve to overcome the resistance conferred by a single gene but cotton
possesses a limited amount of resistant genes within its genome underscoring the imperative for
the development of enhanced strategies to ensure adequate protection of the plant. For example,
the pyramiding of multiple B genes to enhance resistance against multiple races of Xcm through
the combination of B2 with B3 and other polygenic complexes has proven effective in providing
significant protection against broad races of Xcm in the United States, as documented by
(Essenberg et al., 2014).

Cotton defense against Xcm

Microscopic examination of hypersensitive response (HR) tissues revealed distinct cellular
changes at the infection sites. These changes included the rapid collapse of cells with retracted
plasmalemma, condensed cytoplasm, disorganized organelles such as chloroplasts and nuclei, and
the accumulation of electron-dense material. These observations has documented by (Al-Mousawi
et al., 1982), provided insights into the cytological responses associated with Xcm-cotton
interactions.

Reactive oxygen species (ROS) are generated through the oxidative burst, which is
involved in various physiological processes throughout the life of a plant. In cotton, ROS
production has been observed during fiber elongation, as documented by (Mei et al., 2009). In the
context of HR-like resistance, the oxidative burst is considered a crucial event. For instance, in
cotyledons of the Réba B50 cultivar containing the B2B3 genes and challenged by Xcm race 18,
a significant peak in the burst was observed at 3 hours post-inoculation (hpi). It has been suggest

by (Jalloul et al., 2002) that the oxylipin pathway likely plays a central role in the defense strategy
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of cotton. They suggest that jasmonic acid (JA) mediates HR cell death in response to Xcm by
regulating several defense responses, including the transcriptional activation of GhLox1 gene.

Work done by (Wang et al., 2020) identified Gossypium hirsutum GhWAKT7A, a wall-
associated kinase, that positively regulates cotton response to both Verticillium dahliae (\Vd)
and Fusarium oxysporum sp. vasinfectum (Fov) Vd and Fov infections by directly interacting
with both GhLYK5 and GhCERK1 to promote chitin-induced GhLYK5-GhCERK?1 dimerization
and suggest that GhWAKT7A might perceive an unknown ligand from Vd and Fov to activate
defense signaling. (Li et al., 2020; Saud & Wang, 2022) also report that cotton shows a specific
response and resistance to the threat of non-biological adversity with a response pathway from
perception to expression of resistance-associated genes.
Management

In addition to seed treatments and resistant varieties, various agronomic practices have
been implemented in certain regions to control bacterial blight of cotton. These practices include
crop rotation to reduce the amount of inoculum that survives between cotton crops, appropriate
land preparation to ensure adequate drainage, balanced fertilization, efficient irrigation, destruction
of infected plant parts and deep soil processing to bury plant residues (Hussain et al., 2014;
Kemerait et al., 2017). These strategies aim to minimize the availability of favorable conditions
for the pathogen and reduce disease incidence. The presence of Xcm in weeds has reported by
(Koczan et al., 2017) underscores the importance of implementing effective weed management
practices as part of integrated disease management strategies for cotton bacterial blight.
Controlling weeds in and around cotton fields can help reduce the potential reservoirs of the

pathogen and minimize its transmission to cotton plants, thereby aiding in disease prevention and
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control because, a single infected plant in cotton field can create wild spread diseases within that
particular area under favorable environmental conditions (Jalloul et al., 2015).

To manage the presence of cotton diseases, farmers have adopted various strategies to keep
disease levels under control. Two practical methods for controlling bacterial blight of cotton are
seed treatments like acid delinting and treatment with specific germicidal dusts and the utilization
of resistant varieties.

Acid delinting

One commonly employed seed treatment approach is acid delinting, which involves the
removal of fuzz from ginned cottonseed and surface sterilization (Verma, 1986a). Acid delinting
systems can be categorized into three major types: wet-acid, gas-acid, and dilute wet-acid
(Delouche, 1981). The wet-acid and gas-acid systems yield lint-free seed with excellent
flowability, while the dilute wet-acid process results in lint-free "black” seed or partially-but
uniformly-delinted seed. (Duggar & Cauthen, 1914) observed that treating the seed coat with
concentrated sulfuric acid, a process known as "charring," reduced the percentage of cotton bolls
infected with "boll rot" or anthracnose from 11.3 to 5.9 percent. (Mooers et al., 1926; Young,
1942), also reported the beneficial effects of acid delinting in controlling various diseases.

In contrast to earlier research suggesting that acid delinting effectively removes Xcm and
other bacteria from the seed surface, subsequent studies by (Alexander et al., 2012; Hunter &
Brinkerhoff, 1964) have indicated that the bacterium can persist at low inoculum levels following
these treatments, thus, complete elimination of Xcm through acid delinting may not always be

achieved.
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Reemergence of CBB in USA

Prior to 2011, CBB was effectively controlled in the United States through various
measures such as seed sterilization, classical resistance genes, and agricultural practices
including crop rotation and equipment sterilization (Alexander et al., 2012). These strategies
successfully prevented the disease from posing significant economic concerns. However, during
the 2011 growing season, an outbreak of CBB was observed in Missouri, Mississippi, and

Arkansas, marking a re-emergence of the disease.

(Phillips et al., 2017) conducted a study shedding light on the re-emergence of CBB as an
agronomic problem in the United States. Their research indicated that the resurgence of CBB
was not attributed to a substantial genetic change or race shift in the bacterial pathogen. Instead,
agricultural factors were identified as the likely cause, specifically the extensive planting of
susceptible cultivars. Their study highlighted the importance of deploying new resistance loci to
prevent further spread of the disease as many of the popular cultivars preferred by farmers lacked
resistance traits. These findings of (Phillips et al., 2017) underscored the need for proactive
measures in managing CBB and suggested the incorporation of novel and durable resistance loci
into cotton breeding programs. By utilizing varieties with enhanced/new resistance traits, the
plant can be prepared for when new Xcm strain emerges that is no longer recognized by the
current single locus resistance and curtail the impact and spread of CBB within agricultural
systems. These recommendations are crucial for addressing the re-emergence of CBB as an
ongoing agronomic concern in the United States.

Biotechnological improvement of cotton

Crop improvement through conventional breeding methods, such as mass selection,

recurrent selection, top crossing and pedigree method has traditionally played a vital role in
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agriculture. However, these methods are associated with significant challenges, including the
lengthy duration of around 7-8 years making the process tedious, laborious, time-consuming, and
costly (Hussain et al., 2012; Minhas et al., 2018). In contrast, genetic engineering, a biotechnology
approach that involves the direct manipulation of an organism's genetic material offers several
advantages over conventional breeding methods. One key advantage is the ability to introduce,
remove, or modify specific genes of interest while minimizing undesired changes to the rest of the
crop genome. This targeted approach allows for precise genetic modifications, potentially
accelerating the development of desired traits in crops (Christou, 2013).

As a result, crops exhibiting desired agronomic traits can be obtained in fewer generations
compared with conventional breeding. Secondly, genetic engineering allows for interchange of
genetic material across species. Thus, the raw genetic materials that can be exploited for this
process is not restricted to the genes available within the species. Furthermore, plant
transformation during genetic engineering allows the introduction of new genes into vegetatively
propagated crops such as banana (Musa sp.) (Adero et al., 2023), cassava (Manihot esculenta)
(Schopke et al., 2001), and potato (Solanum tuberosum) (Bradshaw, 2021).

These features make genetic engineering a powerful tool for enhancing resistance against plant
pathogens. Most cases of plant genetic engineering rely on conventional transgenic approaches or
the more recent genome-editing technologies i.e. clustered regularly interspaced short palindromic
repeats (CRISPR) and CRISPR associated protein (CRISPR-Cas9). In conventional transgenic
methods, genes that encode desired agronomic traits are inserted into the genome at random
locations through plant transformation (Lorence & Verpoorte, 2004). In contrast, genome editing
allows changes to the endogenous plant DNA, such as deletions, insertions, and replacements of

DNA of various lengths at designated targets (Barrangou & Doudna, 2016).
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In the context of cotton, transgenic methods have been widely employed to transfer genes
that confer resistance to biotic and abiotic stresses. Numerous studies by (Farooq et al., 2019; Hao
et al., 2018; Mishra et al., 2017; Wang et al., 2015; Zhang et al., 2008; Zhang et al., 2017) have
demonstrated the success of this approach in enhancing stress tolerance in cotton.

The CRISPR-Cas9 system has emerged as a powerful tool for gene editing and is among
the latest methods for engineering plant traits. Its application in cotton transformation has shown
promising results particularly in the areas of disease resistance and gene function determination
(Gao et al., 2017). One notable advantage of the CRISPR-Cas9 system is its effectiveness in
inducing mutations in homoeologous cotton genes. Cotton been an allotetraploid crop contains
multiple sets of homoeologous genes derived from its ancestral species. The ability to precisely

edit these homoeologous genes is crucial for achieving desired trait modifications in cotton.

By leveraging the CRISPR/Cas9 system, we can introduce specific genetic modifications,
such as gene knockouts or targeted mutations in cotton, thereby providing a more efficient and
precise approach to engineering desirable traits in cotton varieties like enhancing its disease
resistance and improved understanding of gene functions.

RESEARCH OBJECTIVES

The overall goals of this project is to investigate seed-borne dissemination of CBB under field
conditions and explore strategies for translational resistance in cotton. Findings from these
studies will provide further knowledge on the relationship between Xcm and cotton and aid in
the management of CBB.

Two objectives are:

1. Recovery and characterization of homozygous cotton lines with the EFR and xa5-like

disease resistance traits
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2. Test if resistant cotton seeds can serve as an inoculum source for Xanthomonas citri pv

malvacearum under field conditions.

REFERENCES

Acquaah, G. p. (2012). Principles of Plant Genetics and Breeding, Second Edition. 658-662.

Adero, M., Tripathi, J. N., Oduor, R., Zipfel, C., & Tripathi, L. (2023). Transgenic expression of
Arabidopsis ELONGATION FACTOR-TU RECEPTOR (AtEFR) gene in banana
enhances resistance against Xanthomonas campestris pv. musacearum. PLoS One, 18(9),

€0290884. https://doi.org/10.1371/journal.pone.0290884

Ah-You, N., Gagnevin, L., Grimont, P. A., Brisse, S., Nesme, X., Chiroleu, F., Bui Thi Ngoc, L.,
Jouen, E., Lefeuvre, P., Verniére, C., & Pruvost, O. (2009). Polyphasic characterization
of xanthomonads pathogenic to members of the Anacardiaceae and their relatedness to
species of Xanthomonas. Int J Syst Evol Microbiol, 59(Pt 2), 306-318.

https://doi.org/10.1099/ijs.0.65453-0

Ahmad, S., and Hasanuzzaman, M. (2020). Cotton Production and Uses : Agronomy, Crop
Protection, and Postharvest Technologies (1st 2020. ed.). Springer Singapore.

https://doi.org/10.1007/978-981-15-1472-2

Al-Mousawi, A. H., Richardson, P., Essenberg, M., & Johnson, W. (1982). Ultrastructural
Studies of a Compatible Interaction Between Xanthomonas campestris pv. malvacearum
and Cotton. Phytopathology, 72(9), 1222-1230.

Alexander, A. S., Woodward, J. E., Boman, R. K., Wheeler, T. A., & Hopper, N. W. (2012).
Effect of the Easiflo Cottonseed Processing Method on Recovery of Xanthomonas
axonopodis pv. malvacearum. Texas Journal of Agriculture and Natural Resources, 25,

13-23.

21


https://doi.org/10.1371/journal.pone.0290884
https://doi.org/10.1099/ijs.0.65453-0
https://doi.org/10.1007/978-981-15-1472-2

An, S. Q., Potnis, N., Dow, M., Vorhélter, F. J., He, Y. Q., Becker, A., Teper, D., Li, Y., Wang,
N., Bleris, L., & Tang, J. L. (2020). Mechanistic insights into host adaptation, virulence
and epidemiology of the phytopathogen Xanthomonas. FEMS Microbiol Rev, 44(1), 1-

32. https://doi.org/10.1093/femsre/fuz024

Atkinson, C. (1891). Some disease of cotton. Frenching. Bull Alabama Agric Exp Station 3.(41),
19-29.

Bai, J., Choi, S.-H., Ponciano, G., Leung, H., & Leach, J. E. (2000). Xanthomonas oryzae pv.
oryzae Avirulence Genes Contribute Differently and Specifically to Pathogen
Aggressiveness. MPMI, 13(12), 1322-1329.

Barrangou, R., and Doudna, J. A. (2016). Applications of CRISPR technologies in research and

beyond. Nat Biotechnol, 34(9), 933-941. https://doi.org/10.1038/nbt.3659

Bezrutczyk, M., Yang, J., Eom, J. S., Prior, M., Sosso, D., Hartwig, T., Szurek, B., Oliva, R.,
Vera-Cruz, C., White, F. F., Yang, B., & Frommer, W. B. (2018). Sugar flux and
signaling in plant-microbe interactions. Plant J, 93(4), 675-685.

https://doi.org/10.1111/tpj.13775

Bird, L. S., and Hadley, H. H. (1958). A STATISTICAL STUDY OF THE INHERITANCE OF
STONEVILLE 20 RESISTANCE TO THE BACTERIAL BLIGHT DISEASE OF
COTTON IN THE PRESENCE OF XANTHOMONAS MALVACEARUM RACES 1

AND 2. Genetics, 43(4), 750-767. https://doi.org/10.1093/genetics/43.4.750

Boch, J., and Bonas, U. (2010). Xanthomonas AvrBs3 family-type 111 effectors: discovery and

function. Annu Rev Phytopathol, 48, 419-436. https://doi.org/10.1146/annurev-phyto-

080508-081936

22


https://doi.org/10.1093/femsre/fuz024
https://doi.org/10.1038/nbt.3659
https://doi.org/10.1111/tpj.13775
https://doi.org/10.1093/genetics/43.4.750
https://doi.org/10.1146/annurev-phyto-080508-081936
https://doi.org/10.1146/annurev-phyto-080508-081936

Boch, J., Bonas, U., & Lahaye, T. (2014a). TAL effectors - pathogen strategies and plant
resistance engineering. New Phytologist, 204(4), 823-832.

https://doi.org/10.1111/nph.13015

Boch, J., Bonas, U., & Lahaye, T. (2014b). TAL effectors—pathogen strategies and plant
resistance engineering. New Phytologist, 204(4), 823-832.

Boch, J., Scholze, H., Schornack, S., Landgraf, A., Hahn, S., Kay, S., Lahaye, T., Nickstadt, A.,
& Bonas, U. (2009). Breaking the Code of DNA Binding Specificity of TAL-Type IlI

Effectors. Science, 326(5959), 1509. https://doi.org/10.1126/science.1178811

Bogdanove, A. J., Schornack, S., & Lahaye, T. (2010). TAL effectors: finding plant genes for
disease and defense. Curr Opin Plant Biol, 13(4), 394-401.

https://doi.org/10.1016/j.pbi.2010.04.010

Boschi, F., Schvartzman, C., Murchio, S., Ferreira, V., Siri, M. I., Galvan, G. A., Smoker, M.,
Stransfeld, L., Zipfel, C., Vilaro, F. L., & Dalla-Rizza, M. (2017). Enhanced Bacterial
Wilt Resistance in Potato Through Expression of Arabidopsis EFR and Introgression of
Quantitative Resistance from Solanum commersonii. Front Plant Sci, 8, 1642.

https://doi.org/10.3389/fpls.2017.01642

Bradshaw, J. E. (2021). Potato breeding: theory and practice. Springer.
Brinkerhoff, L. A. (1970). Variation in Xanthomonas Malvacearum and its Relation to Control.
Annual Review of Phytopathology, 8(Volume 8, 1970), 85-110.

https://doi.org/https://doi.org/10.1146/annurev.py.08.090170.000505

Brunings, A. M., and Gabriel, D. W. (2003). Xanthomonas citri: breaking the surface. Mol Plant

Pathol, 4(3), 141-157. https://doi.org/10.1046/].1364-3703.2003.00163.x

23


https://doi.org/10.1111/nph.13015
https://doi.org/10.1126/science.1178811
https://doi.org/10.1016/j.pbi.2010.04.010
https://doi.org/10.3389/fpls.2017.01642
https://doi.org/https:/doi.org/10.1146/annurev.py.08.090170.000505
https://doi.org/10.1046/j.1364-3703.2003.00163.x

Buttner, D., and Bonas, U. (2010). Regulation and secretion of Xanthomonas virulence factors.

FEMS Microbiol Rev, 34(2), 107-133. https://doi.org/10.1111/].1574-6976.2009.00192.x

Buttner, D., and He, S. Y. (2009). Type Il protein secretion in plant pathogenic bacteria. Plant
physiology, 150(4), 1656-1664.
Chan, J. W., and Goodwin, P. H. (1999). The molecular genetics of virulence of Xanthomonas

campestris. Biotechnol Adv, 17(6), 489-508. https://doi.org/10.1016/s0734-

9750(99)00025-7

Chaudhry, M. R., Guitchounts, A., Commodities, C. F. f., & Committee, I. C. A. (2003). Cotton

Facts. International Cotton Advisory Committee. https://books.google.com/books?id=-

FEAtWAACAAJ

Christou, P. (2013). Plant genetic engineering and agricultural biotechnology 1983-2013. Trends
in biotechnology, 31(3), 125-127.

Cornelis, G. R., and Van Gijsegem, F. (2000). Assembly and Function of Type Il Secretory
Systems. Annual Review of Microbiology, 54(Volume 54, 2000), 735-774.

https://doi.org/https://doi.org/10.1146/annurev.micro.54.1.735

Cox, K. L., Meng, F., Wilkins, K. E., Li, F., Wang, P., Booher, N. J., Carpenter, S. C. D., Chen,
L.-Q., Zheng, H., Gao, X., Zheng, Y., Fei, Z., Yu, J. Z., Isakeit, T., Wheeler, T.,
Frommer, W. B., He, P., Bogdanove, A. J., & Shan, L. (2017). TAL effector driven
induction of a SWEET gene confers susceptibility to bacterial blight of cotton. Nature

Communications, 8(1), 15588. https://doi.org/10.1038/ncomms15588

Delannoy, E., Lyon, B. R., Marmey, P., Jalloul, A., Daniel, J. F., Montillet, J. L., Essenberg, M.,

& Nicole, M. (2005). Resistance of cotton towards Xanthomonas campestris pv.

24


https://doi.org/10.1111/j.1574-6976.2009.00192.x
https://doi.org/10.1016/s0734-9750(99)00025-7
https://doi.org/10.1016/s0734-9750(99)00025-7
https://books.google.com/books?id=-FFAtwAACAAJ
https://books.google.com/books?id=-FFAtwAACAAJ
https://doi.org/https:/doi.org/10.1146/annurev.micro.54.1.735
https://doi.org/10.1038/ncomms15588

malvacearum. Annu Rev Phytopathol, 43, 63-82.

https://doi.org/10.1146/annurev.phyto.43.040204.140251

Delouche, J. C. (1981). Harvest and post-harvest factors affecting the quality of cotton planting
seed and seed quality evaluation.

Deng, D., Yan, C., Pan, X., Mahfouz, M., Wang, J., Zhu, J. K., Shi, Y., & Yan, N. (2012).
Structural basis for sequence-specific recognition of DNA by TAL effectors. Science,

335(6069), 720-723. https://doi.org/10.1126/science.1215670

Duggar, J. F., and Cauthen, E. F. (1914). Experimants with cotton. Alabama Agricultural College
Experiment Station, . 153,, 15-40. .

Dye, D. W. (1978). A taxonomic study of the genus Xanthomonas and related organisms.
Journal of General Microbiology, 109(1), 33-72.

El-Zik, K., and Thaxton, P. (1994). Breeding for resistance to bacterial blight of cotton in
relation to races of the pathogen. Paper presented at the Challenging the future.
proceedings of the paper presented at World Cotton Research Conference-I, Brisbane,
Australia.

Emani, C. (2016). Transgenic Cotton for Agronomical Useful Traits. In K. G. Ramawat & M. R.
Ahuja (Eds.), Fiber Plants: Biology, Biotechnology and Applications (pp. 201-216).

Springer International Publishing. https://doi.org/10.1007/978-3-319-44570-0 10

Engelhardt, S., Stam, R., & Huickelhoven, R. (2018). Good Riddance? Breaking Disease
Susceptibility in the Era of New Breeding Technologies. Agronomy, 8(7).

https://doi.org/10.3390/agronomy8070114

25


https://doi.org/10.1146/annurev.phyto.43.040204.140251
https://doi.org/10.1126/science.1215670
https://doi.org/10.1007/978-3-319-44570-0_10
https://doi.org/10.3390/agronomy8070114

Essenberg, M., Bayles, M. B., Pierce, M. L., & Verhalen, L. M. (2014). Pyramiding B genes in
cotton achieves broader but not always higher resistance to bacterial blight.

Phytopathology, 104(10), 1088-1097. https://doi.org/10.1094/phyto-06-13-0167-r

FAO. (2021). Recent trends and prospects in the world cotton market and policy developments.

Rome. . https://doi.org/https://doi.org/10.4060/ch3269en

Farooq, M., Shakeel, A., Atif, R. M., & Saleem, M. (2019). Genotypic variations in salinity
tolerance among Bt cotton. Pakistan Journal of Botany, 51.

https://doi.org/10.30848/PJB2019-6(9)

Faulwetter, R. C. (1917). Dissemination of the angular leafspot of cotton. Journal of Agricultural
Research, 7(12), 457-475.

Gala'n, J. E., and Collmer, A. (1999). Type I1l Secretion Machines: Bacterial Devices for
Protein Delivery into Host Cells. Science, 284(5418), 1322-1328.

Gao, W., Long, L., Tian, X., Xu, F., Liu, J., Singh, P. K., Botella, J. R., & Song, C. (2017).
Genome Editing in Cotton with the CRISPR/Cas9 System. Front Plant Sci, 8, 1364.

https://doi.org/10.3389/fpls.2017.01364

Ghosh, P. (2004). Process of Protein Transport by the Type Il Secretion System. Microbiology
and Molecular Biology Reviews, 68(4), 771-795.

https://doi.org/doi:10.1128/mmbr.68.4.771-795.2004

Gluck-Thaler, E., Cerutti, A., Perez-Quintero, A. L., Butchacas, J., Roman-Reyna, V.,
Madhavan, V. N., Shantharaj, D., Merfa, M. V., Pesce, C., Jauneau, A., Vancheva, T.,
Lang, J. M., Allen, C., Verdier, V., Gagnevin, L., Szurek, B., Beckham, G. T., De La

Fuente, L., Patel, H. K.,...Jacobs, J. M. (2020). Repeated gain and loss of a single gene

26


https://doi.org/10.1094/phyto-06-13-0167-r
https://doi.org/https:/doi.org/10.4060/cb3269en
https://doi.org/10.30848/PJB2019-6(9
https://doi.org/10.3389/fpls.2017.01364
https://doi.org/doi:10.1128/mmbr.68.4.771-795.2004

modulates the evolution of vascular plant pathogen lifestyles. Sci Adv, 6(46).

https://doi.org/10.1126/sciadv.abc4516

Gu, K., Tian, D., Qiu, C., & Yin, Z. (2009). Transcription activator-like type Il effector
AvrXa27 depends on OsTFIIAYS for the activation of Xa27 transcription in rice that
triggers disease resistance to Xanthomonas oryzae pv. oryzae. Molecular Plant
Pathology, 10(6), 829-835.

Hao, Y.-q., Lu, G.-q., Wang, L.-h., Wang, C.-l., Guo, H.-m., Li, Y.-f., & Cheng, H.-m. (2018).
Overexpression of AmMDUF1517 enhanced tolerance to salinity, drought, and cold stress
in transgenic cotton. Journal of Integrative Agriculture, 17(10), 2204-2214.

https://doi.org/https://doi.org/10.1016/52095-3119(17)61897-5

Hegde, R., Dahiya, A., Gao, X., Jangala, P., & MG., K. (2004). Cotton fibers. Tickle College of
Engineering, University of Tennessee, Knoxville, TN.
Hillocks, R. J. (1992). Bacterial blight. In (pp. 39-85). Centre for Agriculture and Bioscience

International. https://www.cabdirect.org/cabdirect/abstract/19932328298

Hgaiby, T., Zhou, H., Mitsiou, D. J., & Stunnenberg, H. G. (2007). A facelift for the general
transcription factor TFIIA. Biochimica et Biophysica Acta (BBA) - Gene Structure and
Expression, 1769(7), 429-436.

https://doi.org/https://doi.org/10.1016/j.bbaexp.2007.04.008

Huang, R., Hui, S., Zhang, M., Li, P., Xiao, J., Li, X,, Yuan, M., & Wang, S. (2017). A
Conserved Basal Transcription Factor Is Required for the Function of Diverse TAL
Effectors in Multiple Plant Hosts. Front Plant Sci, 8, 1919.

https://doi.org/10.3389/fpls.2017.01919

27


https://doi.org/10.1126/sciadv.abc4516
https://doi.org/https:/doi.org/10.1016/S2095-3119(17)61897-5
https://www.cabdirect.org/cabdirect/abstract/19932328298
https://doi.org/https:/doi.org/10.1016/j.bbaexp.2007.04.008
https://doi.org/10.3389/fpls.2017.01919

Hunter, R., Brinkerhoff, L., & Bird, L. (1968). The development of a set of Upland cotton lines
for differentiating races of Xanthomonas malvacearum.

Hunter, R. E., and Brinkerhoff, L. A. (1964). Longevity a Xanthomonas malvacearum in on and
in Cotton Seed. Phytopathological notes, 617.

Hussain, A., Kumar, D., Dwivedi, B., Rana, D., & Gangaiah, B. (2014). Relative response of Bt
cotton (Gossypium hirsutum) to balanced fertilization in irrigated cotton-wheat cropping
system. Afr J Agric Res, 9, 21-33.

Hussain, B., Khan, M. A., Ali, Q., & Shaukat, S. (2012). Double haploid production is the best
method for genetic improvement and genetic studies of wheat. Int J Agro Vet Med Sci,
6(4), 216-228.

Innes, N. L. (1983). Bacterial blight of cotton. Biological reviews, 58, 157-176.

lyer, A. S., and McCouch, S. R. (2004). The rice bacterial blight resistance gene xa5 encodes a
novel form of disease resistance. Molecular Plant-Microbe Interactions, 17(12), 1348-
1354.

Jalloul, A., Montillet, J., Assigbetsé, K., Agnel, J., Delannoy, E., Triantaphylides, C., Daniel, J.-
F., Marmey, P., Geiger, J.-P., & Nicole, M. (2002). Lipid peroxidation in cotton:
Xanthomonas interactions and the role of lipoxygenases during the hypersensitive
reaction. The Plant Journal, 32(1), 1-12.

Jalloul, A., Sayegh, M., Champion, A., & Nicole, M. (2015). Bacterial blight of cotton.

Phytopathologia Mediterranea, 54, 3-20. https://doi.org/10.14601/Phytopathol Mediterr-

14690
Jiang, G.-H., Xia, Z.-H., Zhou, Y.-L., Wan, J., Li, D.-Y., Chen, R.-S., Zhai, W.-X., & Zhu, L.-H.

(2006). Testifying the rice bacterial blight resistance gene xa5 by genetic

28


https://doi.org/10.14601/Phytopathol_Mediterr-14690
https://doi.org/10.14601/Phytopathol_Mediterr-14690

complementation and further analyzing xa5 (Xa5) in comparison with its homolog
TFIIAy1 [journal article]. Molecular Genetics and Genomics, 275(4), 354-366.

https://doi.org/10.1007/s00438-005-0091-7

Jones, J. D., and Dangl, J. L. (2006). The plant immune system. Nature, 444(7117), 323-329.

https://doi.org/10.1038/nature05286

Kankanala, P., Nandety, R. S., & Mysore, K. S. (2019). Genomics of Plant Disease Resistance in
Legumes [Review]. Frontiers in Plant Science, 10.

https://doi.org/10.3389/fpls.2019.01345

Kay, S., and Bonas, U. (2009). How Xanthomonas type 11 effectors manipulate the host plant.

Curr Opin Microbiol, 12(1), 37-43. https://doi.org/10.1016/].mib.2008.12.006

Kemerait, B., Allen, T., Lu, S., Rothrock, C., Faske, T., Woodward, J., Wheeler, T., Isakeit, T.,
Bart, R., Phillips, A., Lawrence, K., Hagan, A., Price, P., Mehl, H., Dufault, N., Kelly,
H., & Nichols, R. (2017). Identification and Management of

Bacterial Blight of Cotton. Cotton Incorporated

Khan, M. B., and Khalig, A. (2004). STUDY OF MUNGBEAN INTERCROPPING IN
COTTON PLANTED WITH DIFFERENT TECHNIQUES.

Kirkpatrick, T. L., Rothrock, C. S., & Society, A. P. (2001). Compendium of Cotton Diseases.

APS Press. https://books.google.com/books?id=IdANAQAAMAAJ

Knight, R. L. (1948). The genetics of blackarm resistance; transference of resistance from
Gossypium arboreum to G. barbadense. J Genet, 48(3), 359-369.

https://doi.org/10.1007/bf02986636

Knight, R. L., and Clouston, T. W. (1939). The genetics of blackarm resistance. Journal of

Genetics, 38(1), 133-159. https://doi.org/10.1007/BF02982168

29


https://doi.org/10.1007/s00438-005-0091-7
https://doi.org/10.1038/nature05286
https://doi.org/10.3389/fpls.2019.01345
https://doi.org/10.1016/j.mib.2008.12.006
https://books.google.com/books?id=ldAnAQAAMAAJ
https://doi.org/10.1007/bf02986636
https://doi.org/10.1007/BF02982168

Koczan, J., Albers, D. W., & ., K. G. (2017). Identification of an alternative source of inoculum
causing

bacterial blight in cotton. In Proceedings of the Beltwide Cotton Conference, 4-6 Jan., Dallas,
TX 2017. , Pp. 248-249.

Kottapalli, K. R., Kottapalli, P., Agrawal, G. K., Kikuchi, S., & Rakwal, R. (2007). Recessive
bacterial leaf blight resistance in rice: complexity, challenges and strategy. Biochemical
and biophysical research communications, 355(2), 295-301.

Krifa, M., and Stevens, S. (2016). Cotton Utilization in Conventional and Non-Conventional
Textiles—A Statistical Review. Agricultural Sciences, 07, 747-758.

https://doi.org/10.4236/as.2016.710069

Kunwar, S., Iriarte, F., Fan, Q., Evaristo da Silva, E., Ritchie, L., Nguyen, N. S., Freeman, J. H.,
Stall, R. E., Jones, J. B., Minsavage, G. V., Colee, J., Scott, J. W., Vallad, G. E., Zipfel,
C., Horvath, D., Westwood, J., Hutton, S. F., & Paret, M. L. (2018). Transgenic
Expression of EFR and Bs2 Genes for Field Management of Bacterial Wilt and Bacterial

Spot of Tomato. Phytopathology, 108(12), 1402-1411. https://doi.org/10.1094/phyto-12-

17-0424-r

Lacombe, S., Rougon-Cardoso, A., Sherwood, E., Peeters, N., Dahlbeck, D., van Esse, H. P.,
Smoker, M., Rallapalli, G., Thomma, B. P., Staskawicz, B., Jones, J. D., & Zipfel, C.
(2010). Interfamily transfer of a plant pattern-recognition receptor confers broad-
spectrum bacterial resistance. Nat Biotechnol, 28(4), 365-369.

https://doi.org/10.1038/nbt.1613

Leyns, F., Cleene, M., Swings, J., & Ley, J. (1984). The host range of the genus Xanthomona.

The Botanical Review, 50, 308-356. https://doi.org/10.1007/BF02862635

30


https://doi.org/10.4236/as.2016.710069
https://doi.org/10.1094/phyto-12-17-0424-r
https://doi.org/10.1094/phyto-12-17-0424-r
https://doi.org/10.1038/nbt.1613
https://doi.org/10.1007/BF02862635

Li, S., Chen, H., Hou, Z., Li, Y., Yang, C., Wang, D., & Song, C. P. (2020). Screening of abiotic
stress-responsive cotton genes using a cotton full-length cDNA overexpressing
Arabidopsis library. J Integr Plant Biol, 62(7), 998-1016.

https://doi.org/10.1111/jipb.12861

Li, Y.-F., Le Gourierrec, J., Torki, M., Kim, Y.-J., Guerineau, F., & Zhou, D.-X. (1999).
Characterization and functional analysis of Arabidopsis TFIIA reveal that the
evolutionarily unconserved region of the large subunit has a transcription activation
domain. Plant molecular biology, 39, 515-525.

Lorence, A., and Verpoorte, R. (2004). Gene transfer and expression in plants. Methods Mol

Biol, 267, 329-350. https://doi.org/10.1385/1-59259-774-2:329

Mansfield, J., Genin, S., Magori, S., Citovsky, V., Sriariyanum, M., Ronald, P., Dow, M.,
Verdier, V., Beer, S. V., Machado, M. A., Toth, I., Salmond, G., & Foster, G. D. (2012).
Top 10 plant pathogenic bacteria in molecular plant pathology. Mol Plant Pathol, 13(6),

614-629. https://doi.org/10.1111/].1364-3703.2012.00804.x

Mei, W., Qin, Y., Song, W., Li, J., & Zhu, Y. (2009). Cotton GhPOX1 encoding plant class IlI
peroxidase may be responsible for the high level of reactive oxygen species production
that is related to cotton fiber elongation. J Genet Genomics, 36(3), 141-150.

https://doi.org/10.1016/s1673-8527(08)60101-0

Melotto, M., and Kunkel, B. N. (2013). Virulence Strategies of Plant Pathogenic Bacteria. In E.
Rosenberg, E. F. DeLong, S. Lory, E. Stackebrandt, & F. Thompson (Eds.), The

Prokaryotes: Prokaryotic Physiology and Biochemistry (pp. 61-82). Springer Berlin

Heidelberg. https://doi.org/10.1007/978-3-642-30141-4 62

Meyer, L. A. (2018). Cotton and Wool Outlook.

31


https://doi.org/10.1111/jipb.12861
https://doi.org/10.1385/1-59259-774-2:329
https://doi.org/10.1111/j.1364-3703.2012.00804.x
https://doi.org/10.1016/s1673-8527(08)60101-0
https://doi.org/10.1007/978-3-642-30141-4_62

Mijatovié, J., Severns, P. M., Kemerait, R. C., Walcott, R. R., & Kvitko, B. H. (2021). Patterns
of Seed-to-Seedling Transmission of Xanthomonas citri pv. malvacearum, the Causal
Agent of Cotton Bacterial Blight. Phytopathology®, 111(12), 2176-2184.

https://doi.org/10.1094/phyto-02-21-0057-r

Minhas, R., Shah, S. M., Akhtar, L. H., Awais, S., & Shah, S. (2018). Development of a new
drought tolerant cotton variety “BH-167" by using pedigree method. J. Environ. Agric.
Sci, 14, 54-62.

Mishra, N., Sun, L., Zhu, X., Smith, J., Prakash Srivastava, A., Yang, X., Pehlivan, N., Esmaeili,
N., Luo, H., Shen, G., Jones, D., Auld, D., Burke, J., Payton, P., & Zhang, H. (2017).
Overexpression of the Rice SUMO E3 Ligase Gene OsSIZ1 in Cotton Enhances Drought
and Heat Tolerance, and Substantially Improves Fiber Yields in the Field under Reduced
Irrigation and Rainfed Conditions. Plant Cell Physiol, 58(4), 735-746.

https://doi.org/10.1093/pcp/pcx032

Mitre, L. K., Teixeira-Silva, N. S., Rybak, K., Magalhdes, D. M., de Souza-Neto, R. R.,
Robatzek, S., Zipfel, C., & de Souza, A. A. (2021). The Arabidopsis immune receptor
EFR increases resistance to the bacterial pathogens Xanthomonas and Xylella in
transgenic sweet orange. Plant Biotechnol J, 19(7), 1294-1296.

https://doi.org/10.1111/pbi.13629

Mohan, S. K. (1983). Seed transmission and epidemiology of Xanthomonas campestris pv.
malvacearum. Seed Sci. & Technol., 11, 895-865.
Mooers, C. A., Sherbakoff, C. D., McClintock, J. A., Essary, S. H., & Marcovitch, S. (1926). An

Improved Method of Delinting Cotton Seed with Sulphuric Acid. University of Tennessee,

32


https://doi.org/10.1094/phyto-02-21-0057-r
https://doi.org/10.1093/pcp/pcx032
https://doi.org/10.1111/pbi.13629

Agricultural Experiment Station.

https://books.google.com/books?id=MmVRAQAAMAAJ

Mullenix, K. K., and Stewart, L. (2021). Cotton Byproduct Use in Southeastern Beef Cattle
Diets: Quality, Intake, and Changes in Feed Characteristics. Journal of Animal Science,

99(Supplement_2), 18-19. https://doi.org/10.1093/jas/skab096.031

Pavan, S., Jacobsen, E., Visser, R. G., & Bai, Y. (2010). Loss of susceptibility as a novel
breeding strategy for durable and broad-spectrum resistance. Mol Breed, 25(1), 1-12.

https://doi.org/10.1007/s11032-009-9323-6

Pessina, S., Lenzi, L., Perazzolli, M., Campa, M., Dalla Costa, L., Urso, S., Vale, G., Salamini,
F., Velasco, R., & Malnoy, M. (2016). Knockdown of MLO genes reduces susceptibility
to powdery mildew in grapevine. Horticulture Research, 3(1), 16016.

https://doi.org/10.1038/hortres.2016.16

Phillips, A. Z., Berry, J. C., Wilson, M. C., Vijayaraghavan, A., Burke, J., Bunn, J. ., Allen, T.
W., Wheeler, T., & Bart, R. S. (2017). Genomics-enabled analysis of the emergent
disease cotton bacterial blight. PLOS Genetics, 13(9), e1007003.

https://doi.org/10.1371/journal.pgen.1007003

Piazza, S., Campa, M., Pompili, V., Costa, L. D., Salvagnin, U., Nekrasov, V., Zipfel, C., &
Malnoy, M. (2021). The Arabidopsis pattern recognition receptor EFR enhances fire

blight resistance in apple. Hortic Res, 8(1), 204. https://doi.org/10.1038/s41438-021-

00639-3
Rahman, M. H. u., Ahmad, A., Wang, X., Wajid, A., Nasim, W., Hussain, M., Ahmad, B.,
Ahmad, 1., Ali, Z., Ishaque, W., Awais, M., Shelia, V., Ahmad, S., Fahd, S., Alam, M.,

Ullah, H., & Hoogenboom, G. (2018). Multi-model projections of future climate and

33


https://books.google.com/books?id=MmVRAQAAMAAJ
https://doi.org/10.1093/jas/skab096.031
https://doi.org/10.1007/s11032-009-9323-6
https://doi.org/10.1038/hortres.2016.16
https://doi.org/10.1371/journal.pgen.1007003
https://doi.org/10.1038/s41438-021-00639-3
https://doi.org/10.1038/s41438-021-00639-3

climate change impacts uncertainty assessment for cotton production in Pakistan.
Agricultural and Forest Meteorology, 253-254, 94-113.

https://doi.org/https://doi.org/10.1016/j.agrformet.2018.02.008

Ritchie, G. L., Bednarz, C. W., Jost, P. H., & Brown, S. M. (2007). Cotton growth and
development. In: University of Georgia.

Rolfs, F. M. (1915). Angular leaf spot of cotton (Vol. 184). South Carolina Agricultural
Experiment Station.

Rossier, O., Wengelnik, K., Hahn, K., & Bonas, U. (1999). The Xanthomonas Hrp type IlI
system secretes proteins from plant and mammalian bacterial pathogens. Proc Natl Acad

Sci U S A, 96(16), 9368-9373. https://doi.org/10.1073/pnas.96.16.9368

Rothrock, C. S., Woodward, J. E., & Kemerait, R. C. (2015). Diseases. In Cotton (pp. 465-508).
American Society of Agronomy, Inc., Crop Science Society of America, Inc., and Soil

Science Society of America, Inc. https://doi.org/10.2134/agronmonogr57.2014.0071

Saud, S., and Wang, L. (2022). Mechanism of cotton resistance to abiotic stress, and recent
research advances in the osmoregulation related genes. Front Plant Sci, 13, 972635.

https://doi.org/10.3389/fpls.2022.972635

Schaad, N. W., Postnikova, E., Lacy, G., Sechler, A., Agarkova, I., Stromberg, P. E., Stromberg,
V. K., & Vidaver, A. K. (2006). Emended classification of xanthomonad pathogens on

citrus. Syst Appl Microbiol, 29(8), 690-695. https://doi.org/10.1016/j.syapm.2006.08.001

Schnathorst, W. (1968). Introduction of Xanthomonas malvacearum into California in acid-
delinted and fumigated Cotton seed.
Schoonbeek, H. J., Wang, H. H., Stefanato, F. L., Craze, M., Bowden, S., Wallington, E., Zipfel,

C., & Ridout, C. J. (2015). Arabidopsis EF-Tu receptor enhances bacterial disease

34


https://doi.org/https:/doi.org/10.1016/j.agrformet.2018.02.008
https://doi.org/10.1073/pnas.96.16.9368
https://doi.org/10.2134/agronmonogr57.2014.0071
https://doi.org/10.3389/fpls.2022.972635
https://doi.org/10.1016/j.syapm.2006.08.001

resistance in transgenic wheat. New Phytol, 206(2), 606-613.

https://doi.org/10.1111/nph.13356

Schopke, C., Taylor, N. J., Carcamo, R., Gonzalez, A. E., Masona, M. V., & Fauquet, C. M.
(2001). Transgenic Cassava (Manihot esculenta Crantz). In Y. P. S. Bajaj (Ed.),
Transgenic Crops Il (pp. 234-254). Springer Berlin Heidelberg.

https://doi.org/10.1007/978-3-642-56901-2_16

Schumann, G. L., and D'Arcy, C. J. (2010). Essential Plant Pathology. APS Press.

https://books.google.com/books?id=ZG5FAQAAIAA]

Schwessinger, B., Bahar, O., Thomas, N., Holton, N., Nekrasov, V., Ruan, D., Canlas, P. E.,
Daudi, A., Petzold, C. J., Singan, V. R., Kuo, R., Chovatia, M., Daum, C., Heazlewood,
J. L., Zipfel, C., & Ronald, P. C. (2015). Transgenic expression of the dicotyledonous
pattern recognition receptor EFR in rice leads to ligand-dependent activation of defense

responses. PLoS Pathog, 11(3), e1004809. https://doi.org/10.1371/journal.ppat.1004809

Showmaker, K. C., Arick, M. A., 2nd, Hsu, C. Y., Martin, B. E., Wang, X., Jia, J., Wubben, M.
J., Nichols, R. L., Allen, T. W., Peterson, D. G., & Lu, S. E. (2017). The genome of the
cotton bacterial blight pathogen Xanthomonas citri pv. malvacearum strain MSCT1.

Stand Genomic Sci, 12, 42. https://doi.org/10.1186/s40793-017-0253-3

Smith, G. R. R. (1921). An Introduction to Bacterial Diseases of Plants. Nature, 107(2684), 168-

168. https://doi.org/10.1038/107168b0

Sprinzl, M. (1994). Elongation factor Tu: a regulatory GTPase with an integrated effector.
Trends in Biochemical Sciences, 19(6), 245-250.

https://doi.org/https://doi.org/10.1016/0968-0004(94)90149-X

Stoughton, R. H. (1930). Angular Leaf-Spot Disease of Cotton. Nature, 125, 350-351.

35


https://doi.org/10.1111/nph.13356
https://doi.org/10.1007/978-3-642-56901-2_16
https://books.google.com/books?id=ZG5FAQAAIAAJ
https://doi.org/10.1371/journal.ppat.1004809
https://doi.org/10.1186/s40793-017-0253-3
https://doi.org/10.1038/107168b0
https://doi.org/https:/doi.org/10.1016/0968-0004(94)90149-X

Sugio, A., Yang, B., Zhu, T., & White, F. F. (2007). Two type 111 effector genes of Xanthomonas
oryzae pv. oryzae control the induction of the host genes OsTFIIA y 1 and OsTFX1
during bacterial blight of rice. Proceedings of the National Academy of Sciences,
104(25), 10720-10725.

Thaxton, P. M., and EI-Zik, K. M. (2001). Bacterial Blight. In: Kirk Patrick, T.L. and Rothrock,
C.S., Eds., Compendium of Cotton Diseases. American Phytopathological Society(2), 34-
35.

Timilsina, S., Potnis, N., Newberry, E. A., Liyanapathiranage, P., Iruegas-Bocardo, F., White, F.
F., Goss, E. M., & Jones, J. B. (2020). Xanthomonas diversity, virulence and plant-
pathogen interactions. Nat Rev Microbiol, 18(8), 415-427.

https://doi.org/10.1038/s41579-020-0361-8

USDA. (2022a). Crop Production 2022 Summary, ISSN: 1057-7823.

USDA. (2022b). Crop Outlook 2023 Summary. . THE WORLD AND UNITED STATES
COTTON OUTLOOK.

Usman, M. (2009). Development and application of crop water stress index for scheduling
irrigation in cotton (Gossypium hirsutum L.) under semiarid environment. Journal of

Food Agriculture and Environment, 7, 386-391. https://doi.org/10.1234/4.2009.2603

Vauterin, L., HOSTE, B., KERSTERS, K., & SWINGS, J. (1995). Reclassification of
Xanthomonas. International Journal of Systematic and Evolutionary Microbiology,

45(3), 472-489. https://doi.org/https://doi.org/10.1099/00207713-45-3-472

Verma, J., and Singh, R. (1975). Studies on the distribution of races of Xanthomonas
malvacearum in India.

Verma, J. P. (1986). Bacterial blight of cotton. CRC Press.

36


https://doi.org/10.1038/s41579-020-0361-8
https://doi.org/10.1234/4.2009.2603
https://doi.org/https:/doi.org/10.1099/00207713-45-3-472

Voloudakis, A. E., Marmey, P., Delannoy, E., Jalloul, A., Martinez, C., & Nicole, M. (2006).
Molecular cloning and characterization of Gossypium hirsutum superoxide dismutase
genes during cotton—Xanthomonas campestris pv. malvacearum interaction.
Physiological and Molecular Plant Pathology, 68(4), 119-127.

https://doi.org/https://doi.org/10.1016/j.pmpp.2006.09.001

Wallace, T. P., and EI-Zik, K. M. (1989). Inheritance of Resistance in Three Cotton Cultivars to
the HV1 Isolate of Bacterial Blight. Crop Science, 29(5),
cropscil1989.0011183X002900050003x.

https://doi.org/https://doi.org/10.2135/cropscil1989.0011183X002900050003x

Wang, J., Chen, Y., Yao, M.-h., Li, Y., Wen, Y., Zhang, X., & Chen, D.-h. (2015). The effects of
high temperature level on square Bt protein concentration of Bt cotton. Journal of

Integrative Agriculture, 14, 1971-1979. https://doi.org/10.1016/S2095-3119(15)61049-8

Wang, P., Zhou, L., Jamieson, P., Zhang, L., Zhao, Z., Babilonia, K., Shao, W., Wu, L., Mustafa,
R., Amin, I., Diomaiuti, A., Pontiggia, D., Ferrari, S., Hou, Y., He, P., & Shan, L. (2020).
The Cotton Wall-Associated Kinase GhWAK7A Mediates Responses to Fungal Wilt
Pathogens by Complexing with the Chitin Sensory Receptors. Plant Cell, 32(12), 3978-

4001. https://doi.org/10.1105/tpc.19.00950

Weindling, R. (1948). Bacterial Blight of Cotton Under Conditions of Artificial Inoculation.
Technical Bulletin (956 ).

Wendel, J. F., Flagel, L. E., & Adams, K. L. (2012). Jeans, Genes, and Genomes: Cotton as a
Model for Studying Polyploidy. In P. S. Soltis & D. E. Soltis (Eds.), Polyploidy and
Genome Evolution (pp. 181-207). Springer Berlin Heidelberg.

https://doi.org/10.1007/978-3-642-31442-1 10

37


https://doi.org/https:/doi.org/10.1016/j.pmpp.2006.09.001
https://doi.org/https:/doi.org/10.2135/cropsci1989.0011183X002900050003x
https://doi.org/10.1016/S2095-3119(15)61049-8
https://doi.org/10.1105/tpc.19.00950
https://doi.org/10.1007/978-3-642-31442-1_10

White, F. F., Potnis, N., Jones, J. B., & Koebnik, R. (2009). The type 111 effectors of

Xanthomonas. Mol Plant Pathol, 10(6), 749-766. https://doi.org/10.1111/].1364-

3703.2009.00590.x

Wickens, G. M. (1956). VASCULAR INFECTION OF COTTON BY XANTHOMONAS
MALVACEARUM (E. F. SMITH) DOWSON. Annals of Applied Biology, 44(1), 129-

137. https://doi.org/https://doi.org/10.1111/.1744-7348.1956.th06851.x

Young, D. H. (1942). Cottonseed treatments and angular leaf spot control. Phytopathologia
Mediterranea, 32, 651.

Zhang, H., Dong, H., Sun, Y., Chen, S., & Xianggiang, K. (2008). Increased glycine betaine
synthesis and salinity tolerance in AhCMO transgenic cotton lines. Molecular Breeding,

23, 289-298. https://doi.org/10.1007/s11032-008-9233-z

Zhang, J., Bourland, F., Wheeler, T., & Wallace, T. (2020). Bacterial blight resistance in cotton:
genetic basis and molecular mapping. Euphytica, 216, 111.

https://doi.org/10.1007/s10681-020-02630-w

Zhang, J., Yin, Z., & White, F. (2015). TAL effectors and the executor R genes [Mini Review].

Frontiers in Plant Science, 6(641). https://doi.org/10.3389/fpls.2015.00641

Zhang, X.-b., Tang, Q.-l., Wang, X.-j., & Wang, Z.-x. (2017). Development of glyphosate-
tolerant transgenic cotton plants harboring the G2-aroA gene. Journal of Integrative

Agriculture, 16(3), 551-558. https://doi.org/https://doi.org/10.1016/S2095-

3119(16)61458-2

Zimaro, T., Thomas, L., Marondedze, C., Garavaglia, B. S., Gehring, C., Ottado, J., & Gottig, N.
(2013). Insights into xanthomonas axonopodis pv. citri biofilm through proteomics. BMC

Microbiol, 13, 186. https://doi.org/10.1186/1471-2180-13-186

38


https://doi.org/10.1111/j.1364-3703.2009.00590.x
https://doi.org/10.1111/j.1364-3703.2009.00590.x
https://doi.org/https:/doi.org/10.1111/j.1744-7348.1956.tb06851.x
https://doi.org/10.1007/s11032-008-9233-z
https://doi.org/10.1007/s10681-020-02630-w
https://doi.org/10.3389/fpls.2015.00641
https://doi.org/https:/doi.org/10.1016/S2095-3119(16)61458-2
https://doi.org/https:/doi.org/10.1016/S2095-3119(16)61458-2
https://doi.org/10.1186/1471-2180-13-186

Zipfel, C., Kunze, G., Chinchilla, D., Caniard, A., Jones, J. D., Boller, T., & Felix, G. (2006).
Perception of the bacterial PAMP EF-Tu by the receptor EFR restricts Agrobacterium-
mediated transformation. Cell, 125(4), 749-760.

https://doi.org/10.1016/j.cell.2006.03.037

39


https://doi.org/10.1016/j.cell.2006.03.037

CHAPTER 2
RESISTANT COTTON SEEDS CAN SERVE AS AN INOCULUM SOURCE FOR

COTTON BACTERIA BLIGHT UNDER FIELD CONDITIONS!

! Adepoju, P. O., Kemerait, R. C., Mijatovié, J., and B. H. Kvitko (2024). " Resistant cotton seeds
can serve as an inoculum Source for cotton bacteria blight under field conditions " To be submitted
to Phytopathology
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ABSTRACT

The reemergence of cotton bacterial blight caused by Xanthomonas citri pv. malvacearum
(Xcm) after a multi-decade absence raises questions regarding the factors underlying its resurgence
and possible reservoirs of the pathogen. In our prior work we determined that Xcm can effectively
colonizes CBB-resistant cotton after seed inoculation. In this study we investigated whether seed-
inoculated CBB-resistant cotton cultivars could additionally serve as an inoculum source for CBB-
susceptible plants under field conditions. Over two field seasons in Tifton, Georgia, we planted
24 plots with the CBB-susceptible DP 2141NR B3XF. Plots measured 25 feet containing eight
rows with 36-inch row spacing and 4-inch seed spacing. Using a randomized complete block
design, seedlings between 12 and 15 feet in the fourth and fifth rows were removed and replaced
with Xcm inoculated CBB-resistant (PHY 411 W3FE) seed in 8 plots, Xcm inoculated CBB-
susceptible (DP 2141NR B3XF) seed in 8 plots while 8 plots were left untouched. To facilitate
inoculum source tracking, the CBB-resistant and CBB-susceptible seed were each inoculated with
Xcm strains carrying distinct spontaneous antibiotic resistance mutations. Leaves from six plants
were collected from each plot at 40, 60, and 80 days after planting (DAP) corresponding to two
locations with seed-inoculated plants (rows IV and V) and four locations surrounding the
inoculated plants. From each leaf sample, ten 0.2 cm diameter leaf punches were macerated and
plated on selective media to recover Xcm. Colonies were confirmed as Xcm by PCR and source
tracking was accomplished by antibiotic resistance profiling and genotyping. Over two years Xcm
originating from the seed inoculated CBB-resistant plants and CBB-susceptible plants were
recovered in roughly equal numbers from the non-inoculated DP 2141NR B3XF CBB-susceptible
plants. In both years Xcm recovery was highest at 40 DAP and declined at both 60 DAP and 80

DAP. In addition, CBB symptoms were only observed sporadically and were more prevalent at 40
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DAP. Our work supports the model that Xcm-infested CBB-resistant resistant cotton seed can
serve as inoculum source for Xcm susceptible cotton and provides evidence for latent
asymptomatic Xcm infection.

KEYWORDS: Xanthomonas citri pv. malvacearum, Cotton, Seeds, Bacteria, Resistant

INTRODUCTION

Cotton is an economically important crop in the United States and a major export
commodity generating substantial revenue through global textile industries and contributing
significantly to the overall agricultural sector. This significant crop encounters various
pathogenic threats from nematodes, fungi, viruses, and bacteria. Among these, cotton bacterial
blight (CBB) caused by Xanthomonas citri pv. malvacearum (Xcm) stands as the predominant
bacterial disease of economic importance in cotton cultivation because it leads to both yield

reduction and diminishes the marketable quality of cotton fiber (Rothrock et al., 2015).

The first reported occurrence of CBB dates to 1891 in Alabama, United States,
(Atkinson, 1891). Since then, the disease has been a significant concern for cotton growers due
to its detrimental impact on crop productivity and it is regarded as the most destructive disease of
cotton leading to substantial yield losses particularly during the rainy season (Delannoy et al.,
2005). CBB begins as small water-soaked lesions (spots) on the leaves of seedling and mature
plants and can led to boll rot. Unlike many other lesions on cotton leaves, those associated with
bacterial blight are more triangular or rectangular, although the shape may be more difficult to
distinguish with leaf aging. CBB can occur at any stage in the plant’s life cycle and on any aerial
organ. (Hillocks, 1992; Mohan, 1983; Rothrock et al., 2015; Verma, 1986a, 1986b). (Innes,

1983) noted that Xcm can enter the host plant through natural openings or wounds and rapidly
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disseminate throughout the vascular tissues causing localized vascular infections in any aerial
parts of cotton plants at any growth stage. Many abiotic and biotic and factors contribute to the
secondary pathogen spread of Xcm, Including rain, wind, wind-blown rain, irrigation water and
plant-to-plant contact (Faulwetter, 1917).

Seed infection is a critical factor in the spread, persistence and management of cotton
bacterial blight. Previous studies have revealed that Xcm can infect cotton seeds and survive within
seeds thereby facilitating the spread of the disease. and seed infestation has been proposed as
primary means of transmission between seasons (Innes, 1983; Thaxton & EI-Zik, 2001; Verma,
19864a, 1986b). The infection rates of cotton seed can vary widely from less than 1% to 10-20% of
seeds (Archibald, 1927; Bain, 1939; Chester, 1938; Rolfs, 1915; Schnathorst, 1968).

Research by (Rolfs, 1915) demonstrated the transmission of CBB through externally and/or
internally seed contamination, (Faulwetter, 1917) showed that surface contamination can lead to
disease development in cotton seedlings while (Wickens, 1956) observed seed-to-seedling
transmission of CBB by artificially inoculating cotton seeds with Xcm. These studies underscore

the importance of preventing seed-borne transmission of CBB.

Historical records highlight the severe yield losses caused by Xcm in the early 20th
century, which were mitigated with the development of resistant cultivars. Surprisingly, after an
interval of approximately 60-70 years, the CBB has resurfaced in cotton fields. Research by
(Phillips et al., 2017) uncovered a trend among growers to favor susceptible cotton cultivars over
resistant ones. Additionally, their findings revealed that the reemergent Xcm isolates (MS14002
and MS14003) exhibited an unaltered repertoire of virulence proteins, making them

indistinguishable from the historical race 18 isolate. Experimental studies focusing on seed-to-

43



seedling transmission of Xcm have indicated that both susceptible and resistant cotton cultivars

can be effectively colonized by this pathogen (Mijatovi¢ et al., 2021).

The reemergence of the pathogen after a significant eclipse period raises several
intriguing questions including the possible reservoirs of the pathogen during this time frame and
the factors that facilitated its resurgence. If it can be concluded that neither the host, the pathogen
nor the environment have undergone significant changes then it becomes apparent that our
understanding of this system remains incomplete and limited. The available literature is deficient
in terms of providing comprehensive insights into the potential transmission capabilities of Xcm

by resistant cotton cultivars.

To address some of this knowledge gap, further research is needed to explore the
potential reservoir role of covertly infected plants in pathogen dissemination and disease spread.
Our objective is to investigate whether inoculated CBB resistant cotton seeds grown under field
conditions can serve as a potential source of inoculum and spread to CBB susceptible plants. We
conducted field experiments in Tifton, Georgia, over two growing seasons to investigate the
spread of Xcm from inoculated cotton seed. Twenty-four plots of eight rows each were
established, with susceptible cotton (DP 2141NR B3XF) planted in all plots. In eight plots,
seedlings in rows 1V and V were replaced with Xcm-inoculated resistant (PHY 411 W3FE), In
another eight plots, seedlings in rows IV and V were replaced with Xcm-inoculated susceptible
seeds (DP 2141NR B3XF). Leaf samples were collected in six locations per plot at 40, 60, and
80 days after planting (DAP) and analyzed for Xcm presence and symptoms. In both years Xcm
recovery was highest at 40 DAP and declined at both 60 DAP and 80 DAP. Xcm originating
from resistant plant were recovered from uninoculated susceptible plants while CBB symptoms

were only observed sporadically and more prevalent at 40 DAP.
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Our results support the interpretation that Xcm can persist within resistant cultivars which
may have facilitated the rapid CBB reemergence coinciding with trends in planting CBB
susceptible cultivars in the mid-to-late 2010s. We also explore the possible indications of vertical
transmission of Xcm through the from seed to seed.

MATERIALS AND METHOD

Recovery of Xcm 4.02RfSm

To isolate Xcm 4.02 RfSm , dense culture suspension of spontaneous rifampicin resistant
Xcm 4.02Rf that was previously isolated by (Mijatovic et al., 2021) was plated onto LB agar
plates augmented streptomycin at 40pg/ml and incubated for 48 hours at 30°C. Single colonies
were recovered and streaked to isolation. Isolates were reconfirmed using Xcm-specific PCR
(Wang et al., 2019). Cotton cotyledons inoculated with Xcm 4.02 RfSm developed water-
soaking lesions similar to those observed on seedlings inoculated with the Xcm 4.02Rf.

Bacterial Inoculation

Xcm 4.02Rf and Xcm 4.02RfSm were streaked from glycerol stock onto LB agar plates
supplemented with only 40pg/ml of rifampicin and LB agar plates supplemented with 40pg/ml
of rifampicin and streptomycin respectively and incubated for 72 hours at 30°C. Xcm growth
from this plate were scrapped with a sterile loop in diluted in water to make a suspension of Xcm
with an optical density (ODsoo) of 0.3. The seeds were then immersed in each suspension for 20
minutes according to experimental design ensuring thorough contact between the seeds and the
Xcm solution. After the dipping process, the treated seeds were placed in glass petri dishes lined
with sterile cotton cloth squares. Approximately 15-20 mL of sterile water was added to each

petri dish to provide a suitable environment for seed germination.
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Planting and Field Plot Design

The study was conducted at the intersection of Zion Hope road and Carpenter road in
Tifton, Georgia in United States with geographical coordinates of 31.4945150 latitude and -
83.5429700 longitude. The first-year trial was between May 17th 2023 and October 3rd 2023
while the second year trial was between June 7th 2024 and September 17th 2024. The field plot
layout in both years consisted of a total of 24 plots in a randomized complete block design. DP
2141INR B3XF (CBB-susceptible) and PHY 411 W3FE (CBB-resistant) were used in this field
experiment. Each plot measured 25 feet in length with 8 rows. The entire field was planted with
susceptible cotton cultivar DP 2141NR B3XF, 2 weeks later, plants between 12ft and 15ft in the
4™ and 5" rows of 8 plots (see figure 2.1) each are uprooted and supplied with resistant seeds
PHY 411 W3FE and susceptible seeds DP 2141NR B3XF inoculated with either Xcm 4.02Rf or

Xcm 4.02RfSm.

The planting method for inoculated seed involved creating three 1-inch-deep holes in the
soil, spaced 3 to 4 inches apart. The seeds were then placed into these holes and covered with
soil. Two seeds were planted per hole during this replanting process, two weeks after the
replanting, the plants were thinned, and additional inoculated seeds were planted in place of non-

germinated seeds to ensure expected inoculated plant density.
Sampling

Samples were collected by randomly selecting two leaves from both the upper and lower
regions of a plant from surrounding inoculated plants i.e. a plant from row 3 (beside row 4), row
6 (beside row 5), front of inoculated plots, back of inoculated plots, inoculated plants from rows

4 and 5 in 16 plots, and uninoculated plants from rows 4 and 5 of the remaining 8 plots. A total
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of 6 plants were sampled from each of the 24 plots. Sampling took place approximately 40 days,
and 80 days after the initial planting of inoculated seeds. At maturity, bolls were harvested from
each plot in the field. The bolls were carefully collected to ensure accurate representation of all
treatments and plots by removing the mature bolls from the plants.

Imaging

Before processing each leave sample, front and back images of the leaves were captured
for analysis of symptoms. This step aimed to visually assess and identify any water-soaked
lesion characteristics that may indicate symptoms of cotton bacterial blight (CBB). The leaves
were carefully placed on a flat surface, ensuring that both the front and back sides were clearly
visible. High-resolution images were taken using a smartphone camera, under suitable lighting
conditions. The captured images provided a visual record of the leaves condition before
maceration, these images were subsequently analyzed and compared to determine the presence
and severity of CBB symptoms in different plots using the standard in figure 2.5 and correlating
it with the other data collected such as colony growth, PCR result and seed to seed extraction
results.

Xcm isolation, identification and genotyping

10 leave punches/discs (~0.1-cm radius) were collected per sample using a biopsy punch.
These leaf discs were then placed in plastic maceration tubes containing 400pl of sterilized
water. Three high-density zirconium beads measuring 3 mm in diameter (Glen Mills) were added
to each tube. Maceration was performed once for 2 minutes using a speedmill (analytikjena)
operating at a frequency of 50/60 Hz. After maceration, 100ul of the maceration fluid was plated
onto LB agar media supplemented with 40ug/ml of rifampicin and 200 ug/ml of cycloheximide

(CHX) to select for Xcm. After incubating the plates for 72 hours in 30°C incubator, plates with
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growth circular, mucoid with glistening yellow colonies consistent with Xcm were selected for
further analysis. Colonies were streaked to isolated to pure culture on fresh LB agar plates
amended with CHX 200ug/ml and rifampicin 40pg/ml, Xcm candidates was aseptically collected
using a cocktail stick and diluted in 20 pL of sterile water. The resulting suspension was boiled
for 10 minutes to obtain an Xcm solution from which 1-2 uL was utilized as a template for
polymerase chain reaction (PCR) amplification. previously described by(Wang et al., 2019). For
PCR amplification, a standard protocol was employed. The PCR reaction mixtures with a total
volume of 25 pl, comprised 1-2 pl of the Xcm solution, 12.5 pl of a 2x Green GoTaq DNA
polymerase mix containing GoTaq DNA polymerase, MgCI2, and dNTPs, 1.5 pl of each specific
primer (MSCT1-P2F: TATTTATTTATCCCACCAGAGG, MSCTI-P2R:
TCAGAGTATTCAGAGTAAGTGCC) targeting the noncoding region of the MSCT1
chromosome, and 8.5 pl of sterilized water. The PCR reactions were conducted using
FlexCycler2 PCR Thermal Cyclers manufactured by Analytik Jena. Aliquots of 5 L from the
PCR reactions were subjected to electrophoresis in a 1.5% (w/v) agarose gel prepared in TAE
buffer. Following electrophoresis, the agarose gels were stained with invitrogen syber safe, a
DNA-specific fluorescent dye. The stained gels were visualized using the Syngene PXi gel
imager which enables the capture of high-resolution images of the DNA bands in the gel.

Antibiotic resistance phenotyping and genotyping

All isolates from years 1 and 2 were patch plated into 3 plates containing LB, LB and
rifampicin, LB, rifampicin, and streptomycin to check for their markers. Isolates from sampling at
41DAP in year 1were confirmed for the presence serine (TCC) to phenylalanine (TTC) mutation
on codon 559 of rpoB gene which has been reported to be responsible for rifampicin resistant
bacteria using customed designed primers (forward: 5'-CGCGATCAAGGAATTCTTCGGC-3,

Reverse: 5-GTGCAGACGCGGCCGTAATG-3"). The isolates were also genotyped for lysine
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(AAG) to AGG (arginine) mutation at codon 43 or 88 in rpsL gene which has been reported to
induce streptomycin resistance in Xanthomonas oryzae pv. oryzicola and Xanthomonas oryzae pv.
oryzae by (Zhang et al., 2015a) using primers 5-CGGACGAGGAGTAAGCG-3' and 5-AT
GAAGC G GGCAATGGT-3' published by (Zhang et al., 2015a). PCR products from both
genotyping were sequenced by sanger sequencing and resulting DNA sequence were then analyzed
using Geneious prime software to check for specific mutations in the genes. Information from
antibiotic resistance phenotyping and genotyping was used to plot Xcm recovery maps in figures
2.2and 2.3.

Seed Testing

Bolls of plants from susceptible and resistant inoculated seeds were harvested, ginned
and seeds planted out on flat trays in a plant growth room. At two weeks, cotyledons were tested
for Xcm contamination using the previously described isolation method. Afterwards, PCR
confirmed Xcm from harvested seeds from resistant inoculated seeds were sequenced to check
for mutations on codon 559 of their rpoB gene using customed designed primers (forward: 5'-
CGCGATCAAGGAATTCTTCGGC-3', Reverse: 5-GTGCAGACGCGGCCGTAATG-3) and
mutations on codons 43 and 88 of the rpsL gene using primers 5-CGGACGAGGAGTAAGCG-

3'and 5'-AT GAAGC G GGCAATGGT-3' published by (Zhang et al., 2015a).
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RESULTS
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Figure 2.1: Idealized figure of 16 out of 24 treated plots, entire field was initially planted with DP 2141NR B3XF
susceptible cotton plants at 4 inches spacing between plants 36 inches row spacing, each plot was 25ft long and
18ft wide. Established plants between 12ft and 15ft in rows IV and V of 16 plots were uprooted after 2 weeks and
replaced with resistant or susceptible seeds already inoculated with Xcm 4.02 RfSm or Xcm 4.02 Rf with an
optical density (ODsgo) of 0.3 while the remaining 8 plots were left untouched. pseudorandom leaf samples were
taken around the inoculated plants at four locations I11, VI, F and B and on inoculated plants on rows IV and V.

This sampling pattern was also done for uninoculated plots.

Plant Growth

In the first year (2023) of this experiment, we noted lower germination rates in some
plots inoculated with susceptible (DP 2141NR B3XF) seeds. To address this, we replanted these
plots with inoculated seeds. In the second year, this issue did not arise. However, in both years,

we observed a general reduction in plant height among the inoculated plants compared to the

uninoculated plants.
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Xcm recovery rates and distribution
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Figure 2.2: Year 1 Xcm recovery map showing which Xcm strain was confirmed by PCR and antibiotic marker
profiling in each sampling location at 40 DAP, 60 DAP and 80 DAP in all 24 plots when resistant seeds were
inoculated with Xcm 4.02 Rf and susceptible seeds with Xcm 4.02 RfSm. Locations where no Xcm was confirmed

were left empty.

Twenty-four plots were established each measuring 25 feet by 18 feet with 36-inch row
spacing and 4-inch seed spacing. The susceptible cotton cultivar DP 2141NR B3XF was initially
planted in all plots. Two weeks later, in eighteen plots, established plants between 12 and 15 feet
in rows 1V and V were replaced after with Xcm-inoculated seeds, CBB resistant seeds PHY 411
W3FE inoculated with Xcm 4.02 Rf in year 1 and Xcm 4.02 RfSm in year 2 and CBB

susceptible seeds DP 2141NR B3XF inoculated with Xcm 4.02 RfSm in year 1 and Xcm 4.02 Rf
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in year 2. The remaining eight plots served as uninoculated controls. Leaf samples were collected
at six locations per plot, from inoculated plants in rows IV and V and four locations (11, VI, F
and B) surrounding the inoculated plants at 41, 62, and 82 days after initial planting of inoculated
seeds for year 1 and 44, 62 and 83 days after initial planting of inoculated seeds for year 2. An
idealized plot map is shown in Figure 1.

In 2023 (Y1), CBB-resistant seed was inoculated with Xcm 4.02 Rf while CBB-
susceptible seed was inoculated with 4.02 RfSm. We collected leaf samples 41, 62 and 82 days
after planting to monitor the spread of our inoculum strains under field conditions. We recovered
and confirmed Xcm from 49 samples collected 41 DAP (See Figure 2.2 and Table 2.1). Of these
isolates, 40 were recovered from un- inoculated plants (see figure 2.4) with 23 identified as Xcm
4.02 Rf indicating that they originated from resistant inoculated seeds while 26 Xcm 4.02 RfSm
indicating that they originated from susceptible inoculated seeds. A total of 33 Xcm isolates were
confirmed during the second sampling 62 DAP. Out of these 33, 13 were Xcm 4.02 Rf and 20
Xcm 4.02 RfSm. Out of these same 33 isolates, 25 were recovered from non-inoculated plants.
Among the 13 Xcm 4.02 Rf, 10 were from un-inoculated susceptible plants. Out of the 20 Xcm
4.02 RfSm 15 were recovered from un-inoculated susceptible plants. At 82 DAP, a total of 20
Xcm isolates were confirmed of which 15 were recovered from non-inoculated plants Among
these 8 were Xcm 4.02 Rf, were from and 7 were Xcm 4.02 RfSm,. Notably, Xcm recovered
from inoculated plants always correlated with their respective inoculated strains.

We collected 12 bolls produced by CBB-resistant seed inoculated plants from each plot.
Bolls were harvested, ginned and seeds planted out on flat trays in a plant growth room. At two
weeks, cotyledons were tested for Xcm colonization using the previously described isolation and

genotyping method. Result of Xcm recovery from this experiment is shown in Table 2.4 where
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out of 8 plots where Xcm 4.02 Rf inoculated CBB-resistant seeds were planted in year 1, we
recovered 4 Xcm 4.02 Rf in two plots. Two isolates from plot 7 where Xcm 4.02 Rf was
recovered from leave samples of seed-inoculated plant taken 41 DAP and two isolates from plot
19 where no Xcm was recovered from leave samples of seed-inoculated plant taken throughout
the 3 sampling periods in year 1. The overall Xcm recovery rate was 0.13% of 3011 cotyledons

tested in 8 plots where Xcm 4.02 Rf inoculated CBB-resistant seeds were planted in year 1.
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Figure 2.3: Year 2 Xcm recovery map showing which Xcm strain was confirmed by PCR and antibiotic marker
profiling in each sampling location at 44 DAP, 62 DAP and 83 DAP in all 24 plots when resistant seeds were
inoculated with Xcm 4.02 RfSm and susceptible seeds with Xcm 4.02 Rf. Locations where no Xcm was confirmed
were left empty.
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2023 (Y1) Recovery from uninoculated plants 2024 (Y2) Recovery from uninoculated plants
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mTotal Xcm 4.02 Rf from resistant seed source recovered from uninoculated plants = Total Xcm 4.02 RfSm from resistant seed source recovered from uninoculated plants
Total Xcm 4.02 RfSm from suscetible seed source recovered from uninoculated plants Total Xem 4.02 Rf from ible seed source from unis plants

Figure 2.4: Xcm recovery from uninoculated plants at ~ 40, 60 and 80 DAP in 2023 and 2024 field trials

To address potential biases associated with specific strain characteristics, we strategically
alternated the strains between the two cultivars in the second year of the experiment. This
approach allowed us to assess whether the observed recovery trends were primarily influenced
by the strains themselves or by other factors.

In 2024 (Y2), the Xcm strains were inverted with CBB-resistant seed being inoculated
with Xcm 4.02 RfSm while CBB-susceptible seed was inoculated with 4.02 Rf. We collected
leaf samples 44, 62 and 83 days after planting to monitor the spread of our inoculum strains
under field conditions. We recovered and confirmed Xcm from 60 samples collected 44
DAP(See Figure 2.3 and Table 2.2). Of these isolates, 43 were recovered from un- inoculated
plants (see figure 2.4) with 39 identified as Xcm 4.02 RfSm indicating that they originated from
resistant inoculated seeds while 21 Xcm 4.02 Rf indicating that they originated from susceptible
inoculated seeds. A total of 44 Xcm isolates were confirmed during the second sampling 62
DAP. Out of these 44, 22 were Xcm 4.02 Rf and 22 Xcm 4.02 RfSm. Out of these same 44

isolates, 27 were recovered from non-inoculated plants. Among the 22 Xcm 4.02 RfSm, 13 were
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from un-inoculated susceptible plants. Out of the 22 Xcm 4.02 Rf 13 were also recovered from
un-inoculated susceptible plants. At 83 DAP, a total of 35 Xcm isolates were confirmed of
which 22 were recovered from non-inoculated plants. Of these 13 were Xcm 4.02 Rf and 9 were
Xcm 4.02 RfSm. notably, as in Y1, Xcm recovered directly from seed-inoculated plants always
corresponded with their respective inoculated strains. CBB symptoms were observed in only 16
samples in Y1 (8, 6, and 2 sample at 41, 62 and 82 DAP respectively) and 28 samples in Y2 (15,
6, and 7 samples at 44, 62 and 83 DAP respectively). Of these, 10 were associated with recovery

of Xcm in year 1 and 18 in year 2 (see table 2.3 and figure 2.6).
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Table 2.1: Xcm recovery and disease score sheet overlap for year 1

41 DAP 62 DAP 82 DAP
Plot Location Recovery Symptoms Recovery Symptoms Recovery Symptoms
11

1
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Table 2.1 Contd.: Xcm recovery and disease score sheet for year 1

41 DAP

62 DAP

82 DAP

Plot

Location Recovery Symptoms

Recovery Symptoms

Recovery Symptoms

13
13
13
13
13
13

14
14
14
14
14
14

15
15
15
15
15
15

16
16
16
16
16
16

17
17
17
17
17
17

18
18
18
i8
18
18

19
19
19
19
19
19

20
20
20
20
20
20

21
21
21
21
21
21

22
22
22
22
22
22

23
23
23
23
23
23

24
24
24
24
24
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Table 2.2: Xcm recovery and disease score sheet overlap for year 2

44 DAP 62 DAP 83 DAP
Plot Location Recovery Symptoms Recovery Symptoms Recovery Symptoms
1 1

VOO WOVWOoVI®OWOMWEOINNNNNNIOOOGOOOOULOUOOIDDADDDEDIMIVWWWWWINNNNNNIRRRRR

58



Table 2.2 Contd: Xcm recovery and disease score sheet overlap for year 2

44 DAP

62 DAP

83 DAP

Plot

Location

Recovery Symptoms

Recovery Symptoms

Recovery Symptoms

13
13
13
13
13
13

14
14
14
14
14
14

15
15
15
15
15
15

16
16
16
16
16
16

17
17
17
17
17
17

i8
i8
i8
18
i8
18

19
19
19
19
19
19

20
20
20
20
20
20

21
21
21
21
21
21

22
22
22
22
22
22

23
23
23
23
23
23

24
24
24
24
24
24
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Table 2.3: Analysis table of year 1 and 2 Xcm recoveries and disease scoring

Total Rf
Recovered

Total RfSm.
Recovered

Total Rf +
RfSm
Recovered
Total Rf
Recovered
from
inoculated
plants
Total RfSm.
Recovered
from
inoculated
plants
Total Rf
Recovered
from
uninoculated
plants
Total RfSm.
Recovered
el
uninoculated

21 15 29 14
Disease symptom Krequency in each li Disease symptom Frequency in each
ratings 62 DAP ratings 62 DAP

1 4 1 3

Rfsm= Xcm with Rifampicin and
streptomycin marker was recovered 2

0 2 0
0 = no disease symptom was observed 3 0 3 0
0 4 0

N=no Xcm was confimed 4

Total symtomatic Total symtomatic
samples associated samples associated
with recovery of Xcm with recovery of Xcm

Total asymtomatic Total asymtomatic
samples associated samples associated
with recovery of Xcm with recovery of Xcm
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Disease symptoms scoring reference and rating
Figure 2.5 below shows the reference that was followed in scoring the sample leaves for
symptoms of CBB, while figure 2.6 shows the ratings of samples associated with Xcm recovery

in 2023 and 2024 trial, while figure 2.7 shows observed symptoms on the field on July 10", 2023

(26 days after planting).

Figure 2.5: Disease symptom scoring reference, “0” when no visible symptom on the leave,
“1” when less than half of the leave area with angular lesions, “3” when about half of the leaves
with symptoms and “4” when more than half of the leave with symptom but not entire leave area.
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In 2023 (Y1), most severe symptoms was observed at 41 DAP In 2024 (Y2), most severe symptoms was observed at 44 DAP
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Figure 2.6: Disease symptom rating of samples associated with Xcm recovery in 2023 and
2024 trial

Figure 2.7: Observed symptoms on the field on July 10, 2023 (26 days after planting).
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Seed testing

Of the 3011 cotyledons tested from seeds harvested from 8 resistant seed-inoculated
plots, Xcm was confirmed in only 4 cotyledons from plots 7R and 19R. Notably, Xcm was not
detected in the parent leaf samples from plot 19R. The recovered Xcm strains exhibited the same
mutations as the original inoculum suggesting seed-to-seed transmission. This represents a
recovery rate of 0.13% (see Table 2.4).

Table 2.4: Xcm testing result of cotyledons from harvested seed of inoculated resistant

plants

Resistant Xcm recovered  Number of cotyledons Number of cotyledons
seed - from leavesof ~ with Xcm recovery  tested
inoculated  seed-
plot inoculated

plants in 2023

trial
6R N 0 468 (0%)
15R N 0 408 (0%)
22R N 0 327 (0%)
19R N 2 401 (0.5%)
11R Y 0 376 (0%)
7R Y 2 294 (0.68%)
18R Y 0 360 (0%)
3R N 0 377 (0%)
Total 4 3011 (0.13%)

Summary of rpoB and rpsL genotyping results
All 49 Xcm isolates sequenced from the sampling at 41DAP exhibited the S559P

mutation on their rpoB gene, suggesting a common origin. 24 out of 26 Xcm 4.02 RfSm have the
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Lysine (AAG) to AGG (Arginine) mutation at codon 43 of there rpsL gene while the remaining 2
isolates have it on codon 88. We confirmed the origin of these 2 isolates by sequencing 20 PCR-
amplified colonies from our Xcm control (with rifampicin and streptomycin resistant) strain and
discovered that 3 of them also carried the lysine (AAG) to AGG (arginine) mutation at codon 88.
The four Xcm 4.02 Rf recovered from cotyledons from harvested seed of inoculated resistant
plants also have the S559P mutation on their rpoB gene and lack the Lysine (AAG) to AGG

(Arginine) mutation at codon 43 of there rpsL gene.

DISCUSSION

Cotton Bacterial blight caused by Xanthomonas citri pv. malvacearum (Xcm), is a major
disease of cotton. While historically a chronic problem in the United States, the deployment of
resistant cotton varieties and acid-delinted seed has significantly reduced its impact However,
outbreaks can still occur in susceptible varieties. Early-season rain has been proposed to promote
pathogen spread, followed by heavy wind-driven rains after canopy formation, high humidity,
and warm temperatures, all favoring disease development (Isakeit, 2016). Xcm survives on
infected crop residue and can be disseminated by wind, water, and thunderstorm fronts beyond
the initial infection point (Thaxton & EI-Zik, 2001). The bacterium enters plants through stomata
or wounds and blowing dust and sand events have also been linked to bacterial blight epidemics.
Seedborne bacterial pathogens pose a significant threat to crop production, particularly due to the
limited efficacy of available chemical control measures compared to fungal diseases.

Seedborne pathogens pose a significant and ongoing threat to agriculture. They can
contribute to the resurgence of historical diseases and the introduction of novel pathogens to new
regions. In today's globalized economy, seeds have become a major vector for the long-distance

dispersal of plant pathogens, transcending geographical barriers. Bacterial pathogens present a
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significant challenge because unlike seedborne fungal diseases, effective management strategies
for bacterial diseases are limited. (Gitaitis & Walcott, 2007). While seedborne transmission of
Xcm is well-established, we investigate whether CBB-resistant plants can contribute to Xcm
spread under filed conditions.

Xcm Recovery rates and distribution

We documented that Xcm disseminated under field conditions from resistant seed
inoculated plants to surrounding susceptible plants. The use of different markers for susceptible
and resistant inoculated seeds enabled the tracking of the bacterial source during recovery.

In year 1, In two plots during the first sampling, one plot in second sampling and third
sampling, recovered Xcm isolates from these plots contained both were from both resistant and
susceptible seed source

Similarly, in year 2, in four plots during the first sampling, two plots during the second
sampling, Xcm 4.02 RfSm and Xcm 4.02 Rf were recovered from these plots, which suggests
transmission from both resistant and susceptible inoculated plants in both years. In the year 1
first sampling at 40 DAP, out of 49 Xcm isolates recovered only 9 isolates (18.36%) were
recovered from inoculated plants and this plants are in only 6 out of 16 inoculated plots this can
be indicative of the pathogens ability to be vary in its establishment and attachment of the same
host. In both years of this trial, Xcm recovered from inoculated plants corresponded with the
source and we recovered from non-inoculated plants Xcm in roughly equal numbers from both
resistant and susceptible inoculated plants. A gradual decline in recovery was observed over the
sampling period from 49 in the first sampling to 33 in the second sampling and 20 in the last
sampling for year 1 and similar pattern in second year. The observed gradual decline in Xcm

recovery over the sampling period may suggests that the population of the pathogen is decreasing
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or becoming less detectable. Several factors could contribute to this decline. For instance, Xcm
populations may naturally decline over time due to environmental factors, competition with other
microorganisms or internal factors such as senescence or as the plants grow and develop, they
may become more resistant to Xcm infection, limiting the pathogen's ability to spread and
multiply. Changes in environmental conditions, such as temperature, humidity, or rainfall can
affect the survival and activity of Xcm. For example, extreme hot or cold weather conditions
may reduce the pathogen's viability or interfere with its ability to infect plants. Our experiment
supports this interpretation because, no disease management practice like fungicides or
bactericides application was implemented during this period. Therefore, the host and or the
environment are the most likely factors contributing to this decline in Xcm.

As (Kemerait et al., 2017) noted, Xcm can survive in infected crop residue and soil, potentially
serving as a source of inoculum for future infections. However, the duration of survival is not
well understood and maybe influenced by various factors including environmental conditions.
Understanding the factors that influence Xcm survival and population dynamics may be crucial
for developing effective disease management strategies.

It is also important to note that the inoculated areas (6ft) in each plot (200ft) represents
only 3% of the plot area and this small percentage was responsible for the spread within and
between plots. For example, all samples from plots 7, 8 and 12 in the year 1 first sampling
(Figure 2) were positive for Xcm. Though plot 12 was a control and untreated plot, we still
recovered 100% Xcm recovered. From the six samples collected randomly in the plot probably
because of the plots proximity to inoculated resistant plants 7 and 11 where the Xcm recovered

from the plots probably originated from because of the marker. similar thing was observed in
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control plot 5 with 5 positive Xcm from 6 samples collected, the recovered Xcms also probably
originated from surrounding inoculated susceptible plants in plots 4 and 10.

This might be an indication of the potency of the pathogen to spread from very few
infected plants regardless of whether they of resistant or susceptible cultivar to surround healthy
plants. Hence revealing that resistant and susceptible cultivar can almost equally spread the
pathogen. For instance, In the year 1 first sampling, 82.61% Xcm 4.02 Rf originating from
inoculated resistant plant were recovered from several uninoculated susceptible plants compared
to 80.77% of Xcm 4.02 RfSm that originated inoculated susceptible plants recovered from
several uninoculated susceptible plants. Similarly in the year 2 first sampling, despite swapping
of the strains, 71.79% Xcm 4.02 RfSm originating from inoculated resistant plant were recovered
from several uninoculated susceptible plants compared to 66.67% of Xcm 4.02 Rf that originated
inoculated susceptible plants recovered from several uninoculated susceptible plants. This
suggests that the resistance mechanisms present in the resistant cultivars may be compromised or
overcome by certain Xcm pressure/population or the epidemics of Xcm strains may vary with
some strains being more aggressive and capable of overcoming the resistance mechanisms of
certain cultivars. Additionally, some resistant cultivar might exhibit partial resistance, allowing
some Xcm strains to establish infections only at limited conditions or delaying the establishment
of infection. These delayed infected plants could still serve as a source of inoculum for
surrounding susceptible plants. For instance, in year 1 first sampling, no Xcm was recovered
from plots 19 and plots 22 including from inoculated plants, but in second sampling at 60 days
after planting, 4 Xcm originating from resistant plant were recovered from susceptible plants in
plot 19 while 5 Xcm from resistant plant where recovered in plot 20 similarly in the 3™ sampling

at 80 days after planting Xcm originating from resistant plant was recovered in both plots.
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Similarly in year 2, even though no Xcm originating from resistant plant was recovered in both

inoculated and uninoculated plants in plot 23 from the first sampling, they were later in the plot
during second and third sampling. It is unknown if this pattern holds for other resistant cultivars
of cotton.

Given our low limit of detection because we sampled very limited tissue of 10 leaf
punches (each of ~0.1-cm radius), and plated only 100ul of the maceration fluid, the absence of
Xcm in certain plots or tissues cannot be interpreted to mean absence of the pathogen, because
might contain low-density Xcm populations below our limit of detection or missed by our
random sampling techniques.

Disease Symptoms

Our observed symptoms primarily consisted of angular leaf spots with occasional water-
soaked lesions, aligning with the descriptions of (Kemerait et al., 2017) who described bacterial
blight symptoms as starting with small, water-soaked lesions on leaves, progressing to
characteristic angular shapes as the bacteria spread, the lesions are typically more triangular or
rectangular than lesions caused by other diseases. In our study, the highest symptom severity was
observed during the first sampling at approximately 40 DAP in both years. For instance, in year
1, Only 5 of 24 samples exhibited visible symptoms (see figure 2.6 and Table 2.3). Two samples
(5111 and 12111) received a score of 1 (less than half of the leaves with symptoms). Samples from
9VI and 201V received a score of 3 (half of the leaves with symptoms). The highest symptom
severity (score of 4, indicating more than half of the leaves with symptoms) was observed in a
susceptible inoculated plant (20V). Notably, the number of symptomatic samples declined
throughout the study with only 4 samples showing symptoms during the second sampling at

approximately 60 DAP and 1 sample from susceptible inoculated plant during the third sampling
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at approximately 80 DAP. Similar decline in symptomatic samples was observed in year 2 from
10 symptomatic samples in at 44 DAP to 5 symptomatic samples at 83 DAP. Surprisingly, Xcm
was recovered and confirmed in a higher number of samples (44, 29, and 19) that did not exhibit
any visible symptoms during any of the sampling stages. Also, many samples from inoculated
plants showed no symptoms of bacteria blight. This finding further suggests the possibility of
latent Xcm infections within the plants.

The decline in visible symptoms over time could be attributed to several factors,
including leaf age as (Kemerait et al., 2017) reported, symptom distinctiveness, particularly the
angular shape might diminish as leaves age. This may explain the decrease in observed
symptoms despite potentially ongoing infections. Environmental factors such as temperature,
humidity, and rainfall can also influence disease progression and symptom expression. Cotton
plants may also possess defense mechanisms that limit symptom development even in the
presence of Xcm infection.

Our result and previous research suggests that asymptomatic infections in cotton might be
more prevalent than previously thought and highlights the need for further research to understand
the prevalence of latent Xcm infections of other pathogens in cotton, there impact on cotton yield
and boll quality, strategies for managing latent infections and reducing the risk of disease spread,
investigate the factors influencing symptom development and decline over time.

This study reveals the need to accurately detect CBB in the asymptomatic phase by
convenient means. Hyperspectral technology, fluorescence imaging, and infrared thermal
imaging have greatly improved the detection of other leaf pathogens like Xylella fastidiosa and
Ips typographus in asymptomatic phase (Camino et al., 2021; Huo et al., 2021; Zarco-Tejada et

al., 2018).
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Xcm contaminated Seeds

Xcm is a well-established seedborne pathogen that can survive on cotton lint and be
transmitted to emerging seedlings (Innes, 1983; Verma, 1986b). However, the exact location of
Xcm within or on the seed coat remains a subject of debate. Some studies have reported its
presence on the seed coat (Hunter & Brinkerhoff, 1964), while others haven't been able to detect
it within the embryo (Hunter & Brinkerhoff, 1964; Verma, 1986b). This inconsistency highlights
the need for further investigation into the precise location of Xcm within the seed. Our research
provides some evidence for the potential of seed-to-seed transmission of Xcm. We successfully
recovered by isolation and confirmed by PCR the pathogen from seedlings grown from seeds
harvested from both susceptible and resistant inoculated plots. Notably, the recovery rate was
lower (0.13%) in 3011 seedlings from resistant inoculated plants tested compared to 0.3% in
2355 seedlings from susceptible inoculated plants. The 4 PCR confirmed Xcms recovered from
seedlings from resistant inoculated plants were sequenced for rpoB and rpsL mutations and they
match in phenotype and genotype to the strain that was used to inoculate the plots i.e. they have
Serine (TCC) to Phenylalanine (TTC) mutation on Codon 559 (S559P) of rpoB gene and no
Lysine (AAG) to AGG (Arginine) mutation at codon 43" or 88th of there rpsL gene. Indicating
that they are likely from the plants that emanated from seeds that were inoculated with
rifampicin only resistant and not from the susceptible inoculated once. While this is not
sufficient evidence for seed-to-seed transmission, It suggests that Xcm can persist within and/or
on cotton seeds, even in resistant cultivars and Xcm contaminated resistant and susceptible
cotton seeds can contribute to the spread of bacterial blight in agricultural systems. This may

imply that cotton growers who decides to keep seeds from previous years for planting in the next
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growing season may be building CBB inoculum on their fields even if no symptom was observed
on the parent plants.

Notably, no symptom was observed in any of the cotyledons tested for CBB making it
evident that the ability of Xcm to be transmitted through seeds poses significant challenges for
disease management because infected seeds acting as hidden source of inoculum can facilitate
the introduction of the pathogen into previously uninfected areas and compromising the
effectiveness of traditional control measures. Therefore, understanding the location of Xcm
within the seed is crucial for developing targeted strategies to prevent seed-to-seed transmission.
Further research is necessary to determine if Xcm primarily colonizes the seed coat or can also
reside within the embryo. This knowledge, combined with studies on the impact of seed-to-seed
transmission on disease outbreaks in the field can guide the development of effective strategies
to manage bacterial blight in cotton.

(Mijatovi¢ et al., 2021) demonstrated the ability of Xcm strains to systemically colonize
both resistant and susceptible cotton seedlings. (An et al., 2020) also highlighted the lack of
consistent data on the location of seedborne pathogens in different plant species. They discussed

examples of both external and internal colonization by various Xanthomonas species.

This study highlights the importance of time in disease epidemiology, alongside the
traditional disease triangle of host, pathogen, and environment. Plant age significantly influences
the outcome of host-pathogen interactions (Hu & Yang, 2019).Throughout their life cycle, plants
undergo dynamic changes that create distinct environments for pathogen interactions. Plants
have evolved to integrate developmental signals with pathogen responses, optimizing defense
timing and intensity (Hu & Yang, 2019). Our findings support this concept. We observed a

gradual decline in Xcm recovery rates from cotton plants, with the highest recovery at 40 days
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after planting (seedling stage) and the lowest at 80 days after planting (mature stage). This
pattern was consistent in both years, regardless of the Xcm strain used. This suggests that plant
age plays a crucial role in Xcm recovery, potentially due to changes in plant defense
mechanisms. However, further investigation is needed to determine the impact on cotton yield
and boll formation. The findings of this study highlights the importance of considering latent
infections in disease management strategies because resistant cotton cultivars, despite showing
no visible symptoms can harbor Xcm and act as a reservoir or source of inoculum thereby

contributing to the spread of the pathogen.

Our study suggests that the re-emergence of bacterial blight (CBB) in the southern United
States in 2015 may be attributed to a combination of factors among which is latent infections
where resistant cotton cultivars could have harbored latent infections of the bacteria, which were
transmitted to susceptible cotton cultivars. However, a potential limitation of our study was the
variable growth of inoculated seedlings which could have led to reduced inoculum levels,

delayed disease development and spread.

In conclusion, the understanding role of latent infections in spread of cotton bacterial
blight is crucial for effective disease management because even when resistant cotton cultivars
are planted the can still harbor the bacteria without showing symptoms. By implementing
strategies to address latent infections and prevent the spread of Xcm from resistant cultivars, we

can mitigate the impact of this pathogen and protect cotton crops.
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ABSTRACT

Cotton faces significant threats from various diseases including cotton bacterial blight
(CBB) caused by Xanthomonas citri pv. malvacearum (Xcm). Here, we explored two strategies to
improve cotton's resistance to Xcm.

First by introducing the AtEFR pattern recognition receptor (PRR) construct into cotton,
this receptor confers broad-spectrum resistance by recognizing a wide range of pathogen-
associated molecular patterns (PAMPs) and has been demonstrated to effective against
Xanthomonas pathogens of other crops. 136 EFR candidate plants that were genotype lack the
transgene implying lack of integration or expression of the transgene.

Our second strategy is to disrupt susceptibility gene expression by Xcm Transcription-
activator-like (TAL) effectors, we introduced mutations in GhTFIIAy to prevent the interaction
between the bacterial effector and host protein thereby leading to disease resistance. 17 out of 23
genotyped candidate lines were found to have the transgene based on PCR genotyping but only 2
have a high edit efficiency. Unfortunately, the infertility of these 2 lines precludes their use and

further development.

INTRODUCTION

The mitigation of infectious disease outbreaks remains a significant concern for cotton
growers who strive to attain sustainable and profitable cotton production. Particularly, the
absence of effective chemical control measures against cotton bacterial blight, a prevalent
disease, has led to increased focus on strategies such as breeding for disease resistance. To
develop enduring resistance to cotton bacterial blight, a comprehensive understanding of the
genetic aspects governing the host-pathogen interactions is crucial in identifying vulnerable

points within this system that can be exploited.
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Plants possess a two-tiered immune system. The first layer involves transmembrane
pattern recognition receptors (PRRs) that recognize conserved microbial-associated molecular
patterns (MAMPS) like flagellin. The second layer relies on intracellular resistance (R) proteins
encoded by R genes, which detect pathogen-derived effector proteins (Jones & Dangl, 2006). To
successfully infect host plants, bacterial pathogens must adhere to plant surfaces, invade
intercellular spaces, acquire nutrients, and suppress host defense responses. These processes
often rely on bacterial protein secretion systems which deliver effector proteins into the
extracellular milieu or directly into host cells a process that is referred to as translocation
(Buttner & Bonas, 2010). Xcm uses a needle-like Type I11 Secretion System (T3SS) to inject a
repertoire of virulence effector proteins directly into host cells. These effectors manipulate host
cellular and or immune processes to facilitate infection and suppress host defenses in order to
create conditions that is suitable for disease progression and proliferation (Buttner & Bonas,
2010). A prominent component of Xcm effector repertoire is Transcription Activator-Like (TAL)
effectors, which can bind to specific DNA sequences within the host genome to alter gene
expression (Phillips et al., 2017). For instance, the Xcm effector Avrb6 targets the GhSWEET10
gene, encoding a sucrose transporter, to promote bacterial growth by providing a carbon source

(Cox etal., 2017).

To defend against this attack, Plant R proteins activate defense responses upon direct
recognition of effector proteins like Avrb6 or by detecting effector-induced modifications to host
proteins. This effector-triggered immunity (ETI) often results in a hypersensitive response (HR),
a localized cell death response that limits pathogen spread. Effector proteins that trigger HR in
resistant plants are termed Avr proteins (Jones & Dangl, 2006). From this understanding of the

pathogen’s infection mechanism, it is evident that targeting conserved and stable pathogen traits,
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such as T3SS or TAL effectors, can lead to more durable and sustainable disease resistance
strategies partly because the pathogen cannot easily evolve from this protein without a fitness

cost.

In this experimental study, we aim to employ two strategies at enhancing cotton
resistance to Xanthomonas citri pv. malvacearum (Xcm). Our first approach involves the
introduction of a surface immune receptor gene (EFR) from Arabidopsis into cotton plants to
enhances the recognition of not only Xcm but other bacterial pathogens. EFR, which is specific
to the Brassicaceae family, has been shown to recognize the N-terminal peptide motif elf18
found in bacterial elongation factor thermal unstable (EF-Tu). EF-Tu is an abundant protein in
bacteria and serves a critical role in protein synthesis by facilitating the binding of aminoacyl
transfer RNA to the ribosome (Sprinzl, 1994; Zipfel et al., 2006), and also present in the biofilm
of Xanthomonas (Zimaro et al., 2013). Upon activation, EFR induces plant defense responses
against a wide range of bacteria. This recognition and binding mechanism mediated by EFR has
found significant applications in engineering crops with enhanced resistance against various

bacterial diseases.

The potential of enhancing plant resistance through the expression of AtEFR has been
demonstrated in several plant species, such as tomato (Solanum lycopersicum) and sweet orange
(Citrus sinensis). In tomato, the introduction of EFR, has shown by (Lacombe et al., 2010) and
(Kunwar et al., 2018) resulted in increased resistance against phytopathogenic bacteria from
different genera including Pseudomonas syringae pv. syringae and Ralstonia solanacearum.
Transgenic tomato plants expressing EFR were reported to exhibit greater resistance to
Xanthomonas perforans when compared to wild-type tomato plants. Similarly, in sweet orange,

the expression of EFR has been found to confer ligand-dependent activation of defense
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responses, thereby improving resistance against two citrus bacterial pathogens, namely

Xanthomonas citri and Xylella fastidiosa (Mitre et al., 2021).

Furthermore, in a study conducted by (Piazza et al., 2021) The stable expression of EFR
in transgenic apple plants resulted in the activation of the PAMP-triggered immune response in
apple leaves upon treatment with supernatant from Erwinia amylovora, a pathogenic bacterium
causing fire blight. This immune response was evidenced by the production of reactive oxygen
species and the induction of known defense genes. Moreover, the extent of tissue necrosis
associated with E. amylovora infection was significantly reduced in the transgenic apple

rootstocks compared to the wild-type plants.

Other crops where transgenic expression of AtEFR has been demonstrated to effectively
enhance resistance against various bacterial pathogens include wheat (Triticum aestivum),
(Schoonbeek et al., 2015), where the expression of AtEFR increased resistance against
Pseudomonas syringae pv. oryzae, in rice (Oryza sativa), where AtEFR expression conferred
enhanced resistance against Xanthomonas oryzae pv. oryzae (Schwessinger et al., 2015) and
potato (Solanum tuberosum) where transgenic plants expressing AtEFR exhibited increased
resistance to Ralstonia solanacearum (Boschi et al., 2017).These findings highlight the potential
of utilizing EFR-mediated recognition and defense mechanisms to enhance resistance in various
plant species against diverse bacterial pathogens. This interfamily transfer highlights the
potential of utilizing pattern recognition receptors (PRRs) like EFR to increase resistance in

different plant species.

Since our objective is to enhance cotton resistance against Xcm, the utilization of PRRs

such as EFR, which have established functional roles in other plant families could prove to be an
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effective strategy. This approach capitalizes on the knowledge gained from the documented
function of PRRs in other plant species, providing a promising avenue to achieve improved

resistance against Xcm in cotton.

The second strategy involves disrupting the host's susceptibility to TAL effector
regulation. According to (Pessina et al., 2016), the concepts of resistance and susceptibility are
inherently interconnected. Shifting the focus from resistance to susceptibility offers a distinctive
perspective centering on S-genes. An S-gene is characterized as such when its loss-of-function
results in recessively inherited resistance (Pavan et al., 2010).

Susceptibility genes (S-genes) represent the direct or indirect targets of pathogen effectors
and in many cases they encode either negative regulators of host defenses (Engelhardt et al., 2018)
or promoters of pathogen growth (Bai et al., 2000; Bezrutczyk et al., 2018). The disruption of the
S-genes can lead to induction of recessive resistance. However, since S-genes often play a crucial
role in the host, their disruption may lead to pleiotropic effects in the host plant (Engelhardt et al.,
2018) as in potatoes where the tetra-allelic Stdnd1 mutant lines, although showed strong resistance
phenotype, also showed reduced growth, long and thin stems, as well as necrosis of all leaves.
(Engelhardt et al., 2018). It has been demonstrated that many Xanthomonas sp. and some other
bacteria can directly induce the expression of S-genes of their hosts (Zhang et al., 2015b) like
GhSWEET genes of cotton by (Cox et al., 2017) utilizing its TAL effectors just like bacteria in
other genera e.g. Ralstonia (Bogdanove et al., 2010). TAL effectors have a modular structure
(Huang et al., 2017).

Currently, two distinct mechanisms mediate the interaction between TAL effectors and
host gene expression factors. First, the central repeat region of the TAL effector directly binds to

specific DNA sequences in the host promoter via its repeat variable di-residues (RVDs) (Yuan et
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al., 2016). Second, the ubiquitous transcription factor binding motif of the TAL effector interacts
with the host's basal transcription factor IIA gamma (TFIIAy) (Hui et al., 2019). TFIIA is a basal
transcription factor of eukaryotes and it is essential for polymerase Il-dependent transcription
(Hgiby et al., 2007). It consists of two subunits, the large subunit TFIIAaf and the small subunit
TFIIAy (Li et al., 1999) which is highly conserved among eukaryotes.

Rice TFIIAy5 has been implicated as a key factor in plant-pathogen interactions,
particularly in response to Xanthomonas infections. While it was initially suggested to be a
cofactor for TAL effector activity (lyer & McCouch, 2004)either as a helper of TALE function
(Boch et al., 2014b) or as a TALE-targeted host gene (Gu et al., 2009).

Rice TFIIAY5 has been suggested to be a cofactor that directly enables TALEs to induce
host gene expression (lyer & McCouch, 2004) either as a helper of TALE function (Boch et al.,
2014b), or as a TALE-targeted host gene (Gu et al., 2009). In rice, Xanthomonas oryzae pv. oryzae
(Xo0) causes bacterial blight and X. oryzae pv. oryzicola (Xoc) causes bacterial streak both of
which are highly devastating diseases.

The recessive resistance gene xa5is widely used to improve rice resistance
to Xoo (Kottapalli et al., 2007). There are two copies of this gene, one on chromosome 1 and one
on chromosome 5. Xa5 is a natural allele of the gene for the transcription factor 1A gamma subunit
5 (TFIIAYS), changing a valine to a glutamine (TFIIAy5V3%) ((lyer & McCouch, 2004) (lyer &
McCouch, 2004) (Sugio et al., 2007)). Because The TFIIAyV39E mutation did not lead to the loss
of function of the TFIIAy gene (Jiang et al., 2006). despite preventing its recruitment by
Xanthomonas TAL effectors, Xa5 also, presents a promising disease resistance strategy.
Transcriptionally suppressing the TFIIAy in citrus and tomato have led to an increase in resistance

to Xanthomonas citri pv. citri and Xanthomonas campestris pv. vesicatoria respectfully and rice
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carrying this resistance has been effectively deployed in the field (Huang et al., 2017). This finding
further supports the idea that targeting TFIIAy components can be a promising approach for
developing durable disease resistance against Xcm and other pathogens in the Xanthomonadaceae
family.

MATERIALS AND METHODS

Construct development

pBIN19 35S:EFR::HA vector, GhTFIIAy guide RNA design, Ghxab transgene construct
design and cloning, assembly of pDIRECT_22A g4 and pDIRECT_22A g4 Ghxa5 vectors were
carried out by (Mijatovic et. al., 2022) (unpublished). pBIN19 35S:EFR::HA vector contained a
EFR transgene, under a CaMV 35S promoter to drive the expression of EFR transgene, a
kanamycin marker (apha-3), aph(3’)-I1 that confers resistance to neomycin and kanamycin for
the selection of E.coli DH5a cells containing the vector under NOS Promoter and coding
sequences for tetracycline resistance regulatory protein ( TetR), origin of replication (OriV), trf-
A which produces a trans-acting replication protein that binds to and activates the origin of
replication, CAP binding to bind the catabolite activator protein (CAP) and also influencing gene
expression, lac operon and promoter for lactose metabolism, and NOS Terminator to signal the
end of transcription while pBIN19 35S:AEFR:HA with the EFR gene deleted is a derivative of
the original EFR vector described by (Lacombe et al., 2010) serves as a control. The
pDIRECT _22A g4 Ghxa5 vectors contained xa5 transgene, coding sequence for Cas9 to produce
Cas9 (Csnl) endonuclease from the Streptococcus pyogenes Type Il CRISPR/Cas system
responsible for generating RNA-guided double strand breaks expression of which is driving by
CaMV 35S promoter, xa5 transgene promoted by StUBI3, a kanamycin marker (apha-3),

aph(3)-11 promoted by CaMV 35S to confer resistance to neomycin and kanamycin for the
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selection of cells containing the vector, origin of replication, CAP binding to bind the catabolite
activator protein (CAP) and also influencing gene expression, lac operon and promoter for
lactose metabolism, coding sequence for pVS1 RepA that codes for a replication protein pVS1

StaA that codes for stability protein and NOS Terminator to signal the end of transcription,

Management of transgenic lines

Candidate (T1) cotton seeds putatively expressing AtEFR were received from our
collaborators from University of North Texas, planted in flat trays and grown in growth room at
Kvitko Laboratory for a month before DNA extraction. Twenty-one candidate cotton plants
putatively expressing Ghxab were received from our collaborators from Clemson university,
additionally, twelve control plants out of which ten were putatively expressing only Cas9, and
two putatively expressing only Cas9 and the guide. They were all subjected to acclimatization in
the greenhouse for a period of three to five days. During this acclimatization phase, the plants
were exposed to a controlled light environment with a photoperiod of 16 hours of light and 8

hours of darkness.

To supplement light when natural light levels dropped below 300 umol. m—2.s—1, the
plants were provided with 16 hours of supplemental light. The greenhouse conditions were
maintained at a temperature of 30°C during cooling periods and 16°C during heating periods to
ensure optimal growth and development of the cotton plants.

Transplanting

Following the acclimatization period, the candidate cotton plants which had developed 4
to 5 leaves, were transplanted into pots containing promix BK25 potting medium after which the

plants were watered daily in the early morning to ensure proper hydration and growth.
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Fertilizer Application

Twice weekly applications of Peter's 15-5-15 Cal Mag with Iron and Peter's 20-20-20
fertilizers were carried out to provide essential nutrients to the plants. We selected this fertilizers
for their balanced nutrient composition which includes elements such as nitrogen (N),
phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and iron (Fe) that are important
for plant growth and development.

Pest Management

To address the issue of thrips infestation, which was prevalent in the greenhouse, several
measures were implemented for pest control. First, Triact 70, a product containing a clarified
hydrophobic extract of neem oil was utilized as a treatment against thrips. Neem oil has been
known for its insecticidal properties and is effective in managing various pests. Additionally,
marathon 1% granular which contains the active ingredient imidacloprid, was employed as a
systemic insecticide for thrips control. To complement these treatments, sticky traps were
strategically placed to capture and monitor thrips activity. These traps are coated with a sticky
substance that attracts and traps the pests, helping to reduce their population. Moreover, sticks
intended for staking were thoroughly washed and disinfected before being used.

Controlled Pollination

To ensure controlled pollination and prevent cross-pollination in the cotton plants, a
method using white pollen bags was employed. These bags were placed over the flowers at the
candle stage, which is a critical stage of flower development before pollination occurs to
minimize the chances of cross-pollination there is still a potential for natural cross-pollination to

occur although cotton is primarily considered a self-pollinating crop.
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DNA Extraction

The DNA extractions were carried out using modified hexadecyltrimethylammonium
bromide (CTAB) protocol described by (Doyle & Doyle, 1987). Briefly, the process begins with
weighing approximately 100-150 mg young leaves exhibiting a brighter green color, these tissue
samples were immediately frozen in liquid nitrogen for 3-5 minutes. Subsequently, the frozen
leaves were ground to a fine powder using a speed mill (analytikjena) operating at 50/60 Hz for
approximately 10 minutes. Following leaf grinding, the tissue is partitioned into a 2ml tube, and
1mL of prewarmed (65°C) 2X CTAB was added. A brief vortexing of 10 seconds was performed
before incubating the mixture for 30 minutes at 65°C. A midway vortexing step, lasting 10
seconds, was done to enhance the efficiency of the extraction process. After this, 800uL of
chloroform was added and thorough vortexed to achieve homogenization of the sample followed
by centrifugation at 15000 rpm for 10 minutes to separate the aqueous layer, which is carefully
pipetted off and transferred to a new sterile, DNase-free 1.7mL tube. To precipitate the genomic
DNA, 480uL (0.6X volume) of pre-cooled Isopropanol was added to the aqueous layer. Slow,
progressive inversion by hand was done ensure the proper mixing of Isopropanol and supernatant
until the DNA becomes visible followed by centrifugation at full speed for 5 minutes to facilitate
the precipitation of genomic DNA, which was then carefully poured off. The next steps involved
two rounds of washing the DNA pellet with 70% Ethanol. Finally, to eliminate RNA
contamination, 100uL of 0.1X TE buffer, along with a 1:1000 dilution of an RNase A cocktail

was added to the pellet and incubated at 37°C for 30 minutes to ensure thorough RNA digestion.
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Genotyping

DNA samples extracted from both xa5 and EFR candidate line was used as templates in
the PCR reaction. The PCR amplification for EFR confirmation were expected to generate an
amplicon of the expected size 262bp corresponding to the presence of the AtEFR transgene using
the extracted plasmid from agrobacterium strain caring the plasmid as positive control and
received AEFR lines (from University of North Texas) as negative control and previously
reported primers by (Piazza et al., 2021) in Table 3.4. While The PCR amplification for Ghxa5
confirmation was expected to generate an amplicon of the expected size of 750bp using TFIIAy
gene is positive control and pDIRECT_22A lines (Cas9 only) has negative control. In both
experiments, a standard PCR protocol was followed for the amplification process where each
PCR reaction mixture (25 pl) contained approximately 1-2 ul of template DNA at a
concentration of approximately 50 pg/ml. Additionally, the mixture included 12.5 pl of 2x PCR
mix, which consisted of Tag DNA polymerase, MgCl,, and dNTPs. The specific primers for each

target region were added at a concentration of 1-2 pul each.

Finally, sterilized water was added to bring the total reaction volume to 25 pl and the
reactions were carried out using FlexCycler2 PCR thermal cyclers manufactured by Analytik
Jena. The PCR cycling parameters, including denaturation, annealing, and extension
temperatures and times, were optimized based on the specific primer sequences and target
regions.

Gel electrophoresis

PCR product aliquots of 5 pl were subjected to electrophoresis using a 1.5% (w/v)

agarose gel prepared in TAE buffer. The TAE buffer was prepared by diluting 40 ml of 50X
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TAE buffer in 1960 ml of water. The gel electrophoresis was conducted at a constant voltage of
80 V for a duration of 40 minutes. Following electrophoresis, the agarose gels were stained with
Invitrogen SYBR Safe, a fluorescent DNA stain commonly used for visualization of nucleic
acids. The stained gels were then imaged using the syngene PXi gel documentation system,
which allows for precise and accurate visualization of the gel and its contents. (see table 3 for

genotyping results).

PCR Clean-up for Sequencing

After PCR confirmation of Ghxa5, we purify amplicons from the agarose gel using the
Monarch spin PCR & DNA cleanup kit produced by New England Biolab (NEB). The
purification process was carried out according to the instructions provided by the manufacturer
using a column-based purification method to efficiently isolate and purify the DNA fragments of
interest from the gel, remove unwanted impurities and contaminants. The PCR products were
sent to Eurofins genomics for sanger sequencing and the received sequencing data were then
compared to the expected sequences. To perform this comparison, the BLAST tool available on
the National Center for Biotechnology Information (NCBI) website

(https://blast.nchi.nlm.nih.gov/Blast.cqgi) was utilized.

TIDE Sequencing

The PCR products obtained from the candidate xa5 lines that tested positive for TF2Ay,
Cas9, guide and xa5 were sent to Eurofins Genomics for TIDE analysis. TIDE (Tracking of
Indels by Decomposition) is a method developed by (Brinkman et al., 2014) that enables

accurate identification and quantification of insertions and deletions (indels) resulting from the

93


https://blast.ncbi.nlm.nih.gov/Blast.cgi

introduction of double-strand breaks (DSBs). This method utilizes a pair of standard Sanger

sequence traces from two PCR products.

To analyze the sequence traces, a TIDE analysis tool provided by the ShinyApps website

at http://shinyapps.datacurators.nl/tide/ was used. This tool performs chromatogram

deconvolution of the edited and control samples allowing for the determination of the total
editing efficiency and distribution of indels generated by Cas9. We used this to evaluate the
efficiency and accuracy of the Cas9-mediated editing process in the candidate xa5 lines. (See

table 3.1 for mutation efficiency results).

Crossing

Efforts were made to cross the flowering control/cas9 only lines with the non-flowering
xab candidate lines to induce seed production. Unfortunately, the cross between these lines only
lead to production of very small bolls in few plants and no bolls in most crosses.

Creating Additional edits by Viral-induced gene editing

To address the low editing efficiency observed in line 29, we employed a one
agrobacterium/two-vector approach as described by (Uranga et al., 2023) and (Aragonés et al.,
2022). This approach involves the use of T-DNA vectors namely pLX-TRV1 and pLX-TRV2
which have compatible replication origins. These vectors enable simultaneous agroinoculation of
viral genomic components also known as multipartite virus components or joinTRV, using a
single agrobacterium strain. In this approach, pLX-TRV1 serves as the replicase function while
pLX-TRV2 contains an engineered TRV RNAZ2 sequence with a heterologous sub-genomic
promoter derived from pea early browning virus (PEBV). This promoter is responsible for

driving the expression of the desired insert. Both viral systems are based on compact T-DNA
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binary vectors of the pLX series, which have been successfully utilized for initiating RNA and
DNA virus infections through Agrobacterium-mediated inoculation, also known as
agroinoculation. The recombinant viral replicons carrying the single guide RNA (SgRNA)
constructs will be assembled and delivered into plants expressing the Cas9 protein through

agroinoculation.

By utilizing this one agrobacterium/two-vector approach, we aim to enhance the editing
efficiency in line 29 and improve the recovery of highly edited progeny. The use of these viral
replicons and agroinoculation as a delivery system has been demonstrated to be effective in
facilitating efficient genome editing in tobacco, making it a promising strategy for our
experimental purposes. We obtained vectors pLX-TRV1 and pLX-TRV2 and cloned guide
sequences for inactivation of TF2Agamma into pLX-TRV2 and constructed vectors for editing

the TF2Agamma gene in line 29 (E10P2) cotton seedlings.

Plasmid construction

We used pLX-TRV2 as the backbone vector and designed cloning guide sequences to
edit TF2Ay, using phytoene desaturase (PDS) as control because of easy identification of
transformed plants (bleached phenotype). Gene fragments were ordered from IDT based on
designs recommendation by (Uranga et al., 2023) while the PDS guide sequence was obtained

from (Gao et al., 2017).

Plasmid Extraction and Linearization
Obtained pLX-TRV2 vector was streaked out on LB plate supplemented with Kanamycin
at 50pg/ml and plasmid was extracted using thermo scientific genejet plasmid Miniprep kit

according to manufacturer’s recommendations. The extracted plasmid was linearized with Bsal-
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HF enzyme by making a mix of 20 pl consisting of 1ul of BsalHFv2 (added last), 2 ul of
rCutSmart buffer, 1ug of extracted TRV2 plasmid and 16ul autoclaved ultrapure water. This
linearization mix was incubated in water bath for 1 hour after which x4 loading dye was added
and run on 1% agarose gel for 40 minutes after which expected band size of about 6kb was
confirmed on gel imager. Viewed DNA was cut from gel and DNA extracted using Monarch
DNA Gel Extraction according to manufacturer’s protocol and used for Gibson assembly to

transform E. coli MaHI cells.

Gibson Assembly

The eluted DNA and resuspended gene fragment was used for gibson assembly. we
resuspended the DNA in filtered TE Buffer and the constructs were spinned for few seconds
before suspending in 10ul TE Buffer. We then make a gibson-mix that contains 0.5 ul of the
insert, lul of digested vector, 10 ul of gibson assembly master mix reaction and 9.5 ul of water.
This reaction was run for 15minutes at 50°C. after which chemically competent E. coli maHi
cells were used. we selected 3 mahi cells (2 for constructs and 1 for no DNA control). we then
added 10pl of the gibson mix in the cells and leave on ice for 30 minutes after which they were
incubated at 42 °C for 2 minutes and 30 seconds. 950 ul of LB was then added to cell plus
gibson-mix mixture and incubated in 37 °C for 2 hours with continuous shaking after which
300ul of the mixture was plated on LB plate supplemented with kanamycin at 50ug/ml and

incubated at 37 °C. After 48 hours plates were observed colonies.

Confirmation of recombinant plasmids

Liquid culture supplemented with kanamycin at 50ug/ml of recovery colonies were made

and TRV2 plasmid was extracted from them using Thermo scientific genejet plasmid miniprep
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kit according to manufacturer’s recommendations and sent for whole plasmid sequencing to

confirm insert.

Agrobacterium transformation by Electroporation

Agrobacterium tumefaciens EHA105 strain were grown in LB liquid culture
supplemented with rifampicin and spectinomycin at 40ug/ml for 24 hours. The next day, the
cells were made electrocompetent by four series of sucrose washing and resuspension with 1ml,
0.5ml (twice) and 0.4ml filter sterilized 300mM Sucrose. 10ul of 500ng of plasmid DNA and
100 pl of Agrobacterium tumefaciens EHA105 washed suspension were added to a 1mm gap
electroporation cuvette and electroporated at 1.8 kV, 200 ohms, 2.5 uF (at time constant over
3.7) after which 900 pl of LB liquid were added to the cuvette and remove as much volume as
possible to a labeled culture tube. We also electroporated 100ul of washed suspension with no
added DNA as a control. The labeled culture tube was incubated at 30°C with continuous
shaking for 3 hours after which 400 pl of the culture plated in LB plates supplemented with
rifampicin, spectinomycin at 40ug/ml and kanamycin at 50ug/ml and incubated at 30°C for 3
days. After which plates were checked for recombinants.

TRV1 + TRV?2

TRV1 plasmid was again transformed into successful transformants already carrying the
TRV2 plasmid evident by growth on LB+RIF+SPEC+KM plates by the aforementioned method
by remaking electrocompetent cell of Agrobacterium tumefaciens EHA105 strain with the TRV2
plasmid, electroporated with TRV1 plasmid and plating 400 pl of the electroporated cultures onto
LB plates supplemented with rifampicin at 50 pg/ml, spectinomycin at 40 pug/ml, gentamycin at

40 ug/ml, kanamycin at 50 pg/ml and incubated at 30°C for 3 days. After which plates were
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checked for recombinants. Single colonies of this transformed strains (treatment and control) was

used to make liquid cultures and stored as 15% final concentration glycerol stocks.

ROS measurements

In order to assess the PAMP-triggered ROS burst induced by elf18 perception and
subsequent activation of defense signaling in candidate EFR expressing cotton lines, a method
previously described by (Sang & Macho, 2017) was be employed using Arabidopsis thaliana
(Col-0) as positive controls as it can recognize both flg22 by FLS2 (Flagellin sensitive 2), and
elf18 using AEFR lines as negative control. Leaf discs of cotton, measuring 4 mm?, were be
collected from 8-week-old plants and placed in individual wells of a 96-well plate. Each well
contained 100 pL of an elicitor master mix consisting of 50 nM elicitor peptide, 100 uM
luminol, and 20 pg/ml horse radish peroxidase. The measurement of ROS was performed using a
Spectramax D3 multi-mode plate reader. A Kinetics session was set up to measure luminescence
in each well at regular intervals and measurements were taken every 2 minutes for a total
duration of one hour. The luminescence data obtained from the measurements was represented as
relative luminescence units (RLU). By implementing this experimental procedure, we aim to
quantitatively evaluate the PAMP-triggered ROS burst in response to elf18 perception and
determine the activation of defense signaling pathways in candidate AtEFR expressing cotton

lines.

Total RNA extraction

Total RNA was extracted from the candidate EFR expressing lines using a modified
extraction protocol described by (Gambino et al., 2008) followed by purification to obtain high-

quality RNA samples. Briefly, we grind approximately 50-150 mg of frozen plant tissue into a
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fine powder using speed mill (analytikjena) operating at a frequency of 50/60 after which the
ground tissue was transferred to a pre-cooled 2 mL microcentrifuge tube. 20 pL of 2-
mercaptoethanol was added to prevent RNA degradation and 1 mL of preheated extraction buffer
(80°C) followed 0.8 mL of chloroform were added, we vortex the tube vigorously for 10-15
seconds and incubate at 62°C for 10 minutes with occasional vortexing and later centrifuge the
tube at maximum speed for 30 minutes at room temperature. To Precipitation RNA, we transfer
800ul of supernatant to new tube and added 1/8 volume of 10M LiCl to the supernatant and mix
well by inverting the tube. The tube was Incubated at -20°C for at least 2 hours and centrifuged
at maximum speed for 20 minutes at 4°C. The supernatant was discarded and RNA pellets were
washed twice with 70% ethanol and centrifuge at maximum speed for 1 minute after each wash.
after which the pellets was briefly air-dried. To remove residual genomic DNA, the RNA
samples were subjected an off-column DNase treatment using a TURBO DNA-free kit
(Thermofisher Scientific) following the manufacturer’s recommendations. Following DNase
treatment, the samples were cleaned using New England Biolabs (NEB) Monarch RNA clean
and concentrate kit following manufacturer’s instructions. The cDNA library was then created
using qScript cDNA supermix (Quantabio) according to manufacturer’s instructions. All RNA
and cDNA samples were tested for genomic DNA (gDNA) contamination during gPCR analysis
using cotton GhGAPDH (Glyceraldehyde 3-phosphate dehydrogenase) gene primers (see table

3.4).

Quantitative PCR

For the gPCR reaction, 1-5 ng of cDNA template was used (standardized to the same
concentration per experimental replicate). Conditions of the gPCR were kept identical

throughout all runs within experimental replicates following the protocol of (Smith et al., 2018).
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Amplification of cDNA was done in 10 pl reactions using Luna Universal gPCR Master Mix
(NEB), 0.25 uM primers and 2 pL of standardized cDNA. Master mixes and primers were pre-
aliquoted for single use and stored at -20°C. All PCR reactions were run in triplicate wells and
sample-well organization was kept identical between plates within experimental replicates. We
followed the default thermal cycling protocol in the StepOne software v2.3 (Thermo Fisher
Scientific) with real-time capture of SYBR green and ROX fluorescence as follows: 10 min at
90°C, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min, with camera capture at the end
of each cycle. A melt curve was generated after the 40th cycle, using the following parameters:
95°C for 15 s, 60°C for 1 min, then a slow ramp (0.3°C per second) to 95°C. All runs were
conducted on the Step One Plus real-time PCR system (Thermo Fisher Scientific). For
housekeeping gene controls, we used previously published GhUBQ1 primers by (Cox et al.,
2017) while for EFR amplification, EFR (gPCR) primers published by (Piazza et al., 2021) was

used (see table 3.4).

RESULTS

Genotyping and Tide Analysis result

The presence of the xa5 transgene in the regenerated putative transgenic lines was
confirmed by PCR analysis. Using Ghxa5-specific primers (see table 3.4), an amplicon of the
expected size (750bp) was obtained in 17 out of the 23 candidate lines while no amplification
was observed in the control lines. Among the 17 lines with successful amplification, only two
lines exhibited a high editing efficiency of 97% and showed the expected 4 base pair snip (table
3.1). However, these lines did not produce flowers or seeds. On the other hand, one line (line

29/E10P2) displayed a lower editing efficiency of 29%, but it contained the xa5 transgene and
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produce flowers and seeds. This line was chosen as the candidate to proceed with the

experiment.

Table 3.1: Tide analysis result of Ghxab candidate lines

Construct Lab analysis | o5 Crisper | bp. frequencies (+ =
Event number Edit insertion, - =
Description efficiency | deletion) comment
2294 =
pDIRECT_22
A g4 E1P1 11 29.1 +1
E1P1 13 27.4 -4
E1P2 14 27.1 -4
E2P1 15 0.2 0
E2P4 18 2.9 0
E2P5 19 2.6 +1
+1(19.3%) and -
E3P1 20 54 1(30.3)
No
E4P1 22 97.2 -4 | flower/seed
No
E4P2 23 95.2 -4 | flower/seed
Xa5 =
pDIRECT 22
A g4 xa5 E5P1 24 2.1 0
E7P1 25 3.2 +1
E9P1 27 34 0
E10P1 28 3.2 -1
Produced
-2(2.9%) and -4 | highest
E10P2 29 29.4 (21.1%) | bolls
E10P3 30 2.2 0
+3 (64.7%) and -
E11P1 32 88.9 1(21.5%)
-1 (12.8%) and -4
E11P2 33 33.2 (10.8%)

Only two lines displayed a high edit efficiency of 97 % and 95% with the expected for base pair

deletion at expected cut site 207 bp (figure 3.1) when compare with control samples where we

don’t expect any editing with 1% edit efficiency. Some lines had edit efficiency of 89%, 33%,

54%, 29%, 27%, 27% but did not produce flowers and or bolls except for line 29 with edit
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efficiency of 29% and produced the highest bolls. Notably, some a significant edit efficiency of

29% was observed in line 11 without the transgene but only the guide (g4).
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Figure 3.1: Comparing tide analysis result from line 22 (right) with edit efficiency of 97.2% and

4 base pair deletion to control line (left) expressing on Cas 9 with edit efficiency of 1% and no

insertion or deletion.

Flowering and Seed production results

Among the 23 candidate lines containing the xa5 transgene, only 7 lines were able to

produce seeds (See table 3.2) where line 29 produced the highest seed with a total seed weight of

66.697g. Similarly, out of the 10 control lines (carrying on Cas 9), only 7 lines produced seeds,

additionally, both g4 lines carrying only Cas 9 and the guide RNA also produced seeds.
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Table 3.2: T1 seed weights at harvest

Construct Lab.no

22 A(control)

© 00 ~N o o1 DN

o4 11
12
15
17
18
xas 19
29
31
30

Creation of additional edits by viral-induced gene editing.

Using Gibson assembly for the homology-based cloning, we successfully transformed E.
coli MaHI cells with our vectors followed by electroporation to transform Agrobacterium
tumefaciens EHAZ105 strain with same vectors. The insert sequence of the identified recombinant
viral vectors was verified through sanger sequencing using whole genome sequencing.

Agrobacterium-mediated transient transformation will be used to introduce the vectors into line

29 seedlings.

Treatment

E3P1
E6P1
E6P2
E7P1
E7P2
ESP1
E8P2

E1P1
E2P1

E2P1
E2P3
E2P4
E2P5
E10P2
E10P4
E10P3
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Seed Weight (g)

60.795
69.285
47.646
59.928
12.089
6.463
8.935

31.772
41.191

1.203
35.736
47.47
22.55
66.697
57.5
11.63



ROS measurement results

As expected, we observed flg22 and elf18-induced responses in the Arabidopsis Col-0
positive controls see (figure 3.2). Flg22 was also used as a positive control for responsiveness in
cotton. However, only plant 3 of the seven EFR candidate plants exhibited responses to either
flg22 or elf18 as measured by ROS production. Likewise, the wildtype unmodified Coker312

control samples plant did not show any response to both flagellin and elf18.

ROS production triggered by 100 nM flg22 and elf18 in leaf discs
measured as RLU over a period of 60 minutes
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Figure 3.2: Relative luminescence units (RLU) over 60 minutes for 6 candidate EFR lines,
wildtype and Arabidopsis Col 0 as positive control.
EFR Genotyping results

Out of the received T, EFR candidate seeds from our collaborators in University of North
Texas representing four transformation events designated as plants 1, 2, 5, and 6, 36, 40, 26 and
34 samples were tested from plants 1, 2, 5 and 6 respectively. All 136 samples tested positive for
the TFIIAy gene,(conducted as positive control for the DNA template) however, none of the

samples tested positive for the EFR transgene, the CaMV 35S promoter, or the kanamycin
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resistance marker. In contrast, the positive control (extracted plasmid) tested positive for all three
features.
The DNA samples extracted from these plants had acceptable quality and concentration with
260/280 ratios ranging from 1.7 to 2.1 and concentrations exceeding 95 pg/ml.
RNA Extraction and gPCR results

RNA extraction yielded low concentrations (less than 20 pg/ml) for all eight samples
with successful extraction, including six EFR candidate plants, one wild-type plant, and one
putative EFR-deleted negative control. Subsequently, cDNA synthesis resulted in low cDNA
concentrations (19-16 pg/ml) for the eight samples. No amplification was observed in the 3
candidate EFR plants, one wild-type plant, and one putative EFR-deleted negative control while
some amplification was observed in three candidate EFR plant 10, 12 and 2 with amplification
efficiencies of 1.948, cq EFR values of 23.828, 21.859 and 26.079 respectively and ratios of

0.909, 0.963 and 0.953 respectively when normalized with cq GhUBQ1. (table figure 3.3).

Table 3.3: Gene expression of 3 EFR candidate plants 10, 12 and 2

Plant 10 Plant 12 Plant 2
Eff. EFR 1.948 1.948 1.948
Cg. EFR 23.828 21.859 26.079
Cg. GhuBQ1 26.208 22.698 27.373
Ratio 0.909 0.963 0.953
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DISCUSSION

Cotton, an important crop for the global textile industry faces significant challenges from
biotic and abiotic agents. To improve cotton’s resistant to these agents, most especially the biotic
agents, classical/traditional breeding techniques has been used to develop new cotton varieties
with desired traits such as disease resistance. However, this technique can be time-consuming
sometimes taking up to 10 years thereby making the cotton plant to be disadvantaged in the
evolutionary arms race with the pathogen. To accelerate this process, genetic engineering can be
used to develop transgenic cotton varieties with enhanced resistance.

Our first strategy was to introduce a surface immune receptor gene (EFR) from Arabidopsis
into cotton plants to enhances the recognition of not only Xcm but other bacterial pathogens as
well. Here, 136 plants were planted from T, EFR candidate seeds that were received from our
collaborators in University of North Texas representing four transformation events designated as
plants 1, 2, 5, and 6. All were positive for the TFIIAy gene (positive control) but none was positive
for the EFR transgene, the CaMV 35S promoter, or the kanamycin resistance marker suggesting
that the transgene may not have integrated into the cotton genome or may have been silenced. Our
TFIIAy amplification, good quality DNA of 260/280 ratios ranging from 1.7 to 2.1 and
concentration exceeding 95 pg/ml informed our decision to rule out the possibility of DNA
template as the reason for the non-amplification of the EFR transgene.

Our collaborators at Clemson university have generated another set of EFR candidate
lines and confirmed EFR on 30 differentiated plants from 10 independent transformation events
but we were unable to transport these plants to Athens due to permit and regulatory issues so
tissue samples for ROS and RNA extraction were taking at Clemson university and transported

to Athens.
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The production of reactive oxygen species (ROS) is one of the rapid immune responses
triggered by plant in recognition of PAMPs (Couto & Zipfel, 2016). One well-studied PAMP is
the 22-amino acid peptide flg22, derived from bacterial flagellin. Upon recognition by the FLS2
receptor, a signaling cascade is initiated, leading to the activation of Nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases which is localized in the plasma membrane and
subsequent ROS production in the apoplast (Kadota et al., 2014). Monitoring ROS production
has been a valuable tool for investigating early immune responses and stress signaling pathways
in plants. For instance, recognition of another PAMP EF-TU using EF-Tu derived peptide elf18
also lead to the production of ROS burst in leaves of apple (Piazza et al., 2021) and potato
(Boschi et al., 2017). The most basic and widely used method for measurement of ROS
production is luminol-based chemiluminescence in which H20> reacts with luminol in the
presence of horseradish peroxidase, and produces an unstable intermediate that emits a photon of
light.(Smith & Heese, 2014) and (Zhu et al., 2016). The photon emission is then measured by
using a microplate reader.

In this study, Spectramax 1D3 multi-mode plate reader was used to measure ROS where
Arabidopsis Col-0 serve as a positive control for both flg22°2 and elf185°® PAMP recognition as
it possesses functional FLS2 and EFR receptors. Wild-type cotton on the other hand was used as
a control for flg22P recognition only as it lacks an EFR homolog.

As observed in figure 3.2 above, only one of the candidate EFR lines (plant 3) produced
some response to flg22™ and elf185 while other plants showed no response to flg227 and
elf185°. As expected, Arabidopsis Col-0 exhibited a robust response to both flg22°% and
elf185. However, surprisingly, the wild-type cotton Coker312 did not respond to flg22%. This

unexpected result may be attributed to the use of mature cotton plants, which might have a
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reduced PAMP-triggered immunity response compared to younger plants because we observed
response to flg22°% and elf185 in our preliminary test with younger plants. Furthermore,
previous studies have shown the suitability of 4-week-old healthy Solanum tuberosum (Boschi et
al., 2017), Arabidopsis thaliana and Nicotiana benthamiana. (Sang & Macho, 2017) for ROS
assays.

Some of leaves samples from candidate EFR lines collected at Clemson university were
also used for RNA extraction but unfortunately, we encountered difficulties in isolating quality
and concentrated RNA from the EFR candidate lines. Several factors may have contributed to
this issue including collection of tissue samples from mature plant and the use of dry ice instead
of liquid nitrogen for tissue preservation may have led to RNA degradation especially during
transportation. Furthermore, fluctuations in freezer temperature where backup samples were kept
made them unreliable for RNA extraction because the increase in temperature to 6°C may have
likely compromised the RNA quality of the backup samples. However, the three RNA that were
extracted and used for cDNA synthesis and qPCR indicates that plants 10, 12 and 2 are
expressing the EFR transgene with cq EFR values of 23.828, 21.859 and 26.079 and ratios of
0.909, 0.963 and 0.953 respectively after normalizing with cq of the reference gene GhUBQL.
While this result suggests successful transformation and expression of the EFR transgene, lack of
control plants for comparison altogether made these observations inconclusive.

Our second strategy is based on the disruption of interaction between Xcm TAL effectors
and GhTFIIA to induce are recessive resistance since the successful interaction between y subunit
of TFIIA and TAL effectors using a can lead to induction of transcription factor binding motif
and this strategy has been previous demonstrated to be successful in rice, tomato and citrus by

(Huang et al., 2017)
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In this study, cotton lines putatively expressing the designed transgene (Ghxa5) with
natural TFIIAy allele mutations were received from our collaborators in Clemson University,
acclimatized in the greenhouse and genotyped for the presence of the transgene. Only 17 out of
the 23 candidate lines were positive for the transgene and none of the control (Cas 9 only) lines
was positive for the transgene. While this may suggest a successful integration of the transgene
into cotton’s genome, the less than 100% confirmation of Ghxa5 can be due to a combination of
factors including random integration site within the plant genome under non-selective conditions
as reported by (Francis & Spiker, 2005; Kim et al., 2007; Shilo et al., 2017) and other factors like
the transformation method used, the nature of the transgene construct itself, potential DNA damage
during the process and epigenetic silencing mechanisms which can prevent proper expression of
the inserted gene even if it integrates successfully.

Among this 17 Ghxa5 lines, only two lines 22/E4P1 and 23/E4P2 had an high edit
efficiency of 97.2% and 95.2% respectively and four base pair deletion at the expected cut site
while other candidate lines have low edit efficiency between 0.2% in line 15/E2P1 to 33.2% in
line 33/E11P2. The high edit efficiency of 88.9% observed in line 32/E11P1 does not represent
the expected four base pair deletion but 3 base pair insertion and 1 base pair deletion. Several
factors can be responsible for this variation in edit efficiency including expression levels of
CRISPR Components like sgRNA and Cas9, the delivery method, features of target sequence and
the potential of off-target effects as well.

Because these plants were produced from tissue culture, the variation in flowering and seed
production in these lines, specifically the inability of lines 22/E4P1 and 23/E4P2 to produce flower
and seed can be explained by somaclonal variation a termed coined by (Larkin & Scowcroft, 1981)

for plant variants derived from any form of cell or tissue cultures. Though it can play a major role
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in crop improvement through the creation of additional genetic variability we observed here some
of the demerits of somaclonal variation. Other undesirable phenotypes that were observed while
growing the transgenic plants included stunted growth, late flowering, no seed production in some
plants that produced flowers, low seed production and inability of some plants to survive till adult
stage. Despite all this variations, line 29/E10P2 with a lower editing efficiency of 29% was
selected to further this study because of its ability to produce flower and highest seeds since seeds
are the most efficient way to propagate plants and to ensure the stability and heritability of the
transgene in subsequent generations which is essential for maintaining the newly incorporated trait.

The discrepancy in plant development between the high-efficiency lines and line 29/E10P2
highlights the complex nature of gene editing and its potential unintended consequences. While
high editing efficiency is desirable, it is also essential to consider the possible unintended impact
on plant phenotype and fitness. However, the lack of seed production in highly edited lines could
not be entirely linked to the transformation events because control (Cas 9 only) lines 8, 9 and 10
also produced lower seeds when compared to Ghxa5 candidate lines 17, 18 and 19.

We followed the Agrobacterium/two-vector approach described by (Uranga et al., 2023)
and (Aragonés et al., 2022) to address this low editing efficiency, we successfully transformed E.
coli MaHI cells with our vectors followed by electroporation to transform Agrobacterium
tumefaciens EHA105 strain with TRV1 and TRV2 which contains an engineered TRV RNA2
sequence for editing TFIIAy gene in cotton using cotton’s PDS as control. This assembled
recombinant viral replicons will be delivered into line 29/E10P2 a Cas9-expressing plant through
agroinoculation to induce a systemic viral infection which will results in germline genome editing

and recovery of edited progeny.
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In our experiment, plant with a lower editing efficiency but a viable plant phenotype proved
to be more useful for the advancement of this objective. Further investigation is needed to
understand the underlying reasons for the observed phenotypes in plants with high edit efficiency.
other alternatives could include optimizing this gene editing strategy and exploring other gene

editing strategies.

References

Acquaah, G. p. (2012). Principles of Plant Genetics and Breeding, Second Edition. 658-662.

Adero, M., Tripathi, J. N., Oduor, R., Zipfel, C., & Tripathi, L. (2023). Transgenic expression of
Arabidopsis ELONGATION FACTOR-TU RECEPTOR (AtEFR) gene in banana
enhances resistance against Xanthomonas campestris pv. musacearum. PLoS One, 18(9),

e0290884. https://doi.org/10.1371/journal.pone.0290884

Ah-You, N., Gagnevin, L., Grimont, P. A., Brisse, S., Nesme, X., Chiroleu, F., Bui Thi Ngoc, L.,
Jouen, E., Lefeuvre, P., Verniere, C., & Pruvost, O. (2009). Polyphasic characterization
of xanthomonads pathogenic to members of the Anacardiaceae and their relatedness to
species of Xanthomonas. Int J Syst Evol Microbiol, 59(Pt 2), 306-318.

https://doi.org/10.1099/ijs.0.65453-0

Ahmad, S., and Hasanuzzaman, M. (2020). Cotton Production and Uses : Agronomy, Crop
Protection, and Postharvest Technologies (1st 2020. ed.). Springer Singapore.

https://doi.org/10.1007/978-981-15-1472-2

Al-Mousawi, A. H., Richardson, P., Essenberg, M., & Johnson, W. (1982). Ultrastructural
Studies of a Compatible Interaction Between Xanthomonas campestris pv. malvacearum

and Cotton. Phytopathology, 72(9), 1222-1230.

111


https://doi.org/10.1371/journal.pone.0290884
https://doi.org/10.1099/ijs.0.65453-0
https://doi.org/10.1007/978-981-15-1472-2

Alexander, A. S., Woodward, J. E., Boman, R. K., Wheeler, T. A., & Hopper, N. W. (2012).
Effect of the Easiflo Cottonseed Processing Method on Recovery of Xanthomonas
axonopodis pv. malvacearum. Texas Journal of Agriculture and Natural Resources, 25,
13-23.

An, S. Q., Potnis, N., Dow, M., Vorhélter, F. J., He, Y. Q., Becker, A., Teper, D., Li, Y., Wang,
N., Bleris, L., & Tang, J. L. (2020). Mechanistic insights into host adaptation, virulence
and epidemiology of the phytopathogen Xanthomonas. FEMS Microbiol Rev, 44(1), 1-

32. https://doi.org/10.1093/femsre/fuz024

Aragonés, V., Aliaga, F., Pasin, F., & Daros, J. A. (2022). Simplifying plant gene silencing and
genome editing logistics by a one-Agrobacterium system for simultaneous delivery of
multipartite virus vectors. Biotechnol J, 17(7), e2100504.

https://doi.org/10.1002/biot.202100504

Archibald, R. G. (1927). BLACK ARM DISEASE OF COTTON WITH SPECIAL
REFERENCE TO THE EXISTENCE OF THE CAUSAL ORGANISM B.
MALVACEARUM WITHIN THE SEED. Soil Science, 23(1), 5-12.

https://journals.lww.com/soilsci/fulltext/1927/01000/black arm disease of cotton with

special reference.2.aspx

Atkinson, C. (1891). Some disease of cotton. Frenching. Bull Alabama Agric Exp Station 3.(41),
19-29.

Bai, J., Choi, S.-H., Ponciano, G., Leung, H., & Leach, J. E. (2000). Xanthomonas oryzae pv.
oryzae Avirulence Genes Contribute Differently and Specifically to Pathogen

Aggressiveness. MPMI, 13(12), 1322-1329.

112


https://doi.org/10.1093/femsre/fuz024
https://doi.org/10.1002/biot.202100504
https://journals.lww.com/soilsci/fulltext/1927/01000/black_arm_disease_of_cotton_with_special_reference.2.aspx
https://journals.lww.com/soilsci/fulltext/1927/01000/black_arm_disease_of_cotton_with_special_reference.2.aspx

Bain, D. C. (1939). Effect of sulphuric-acid treatment on fungi and bacteria present on Cotton
seed from diseased bolls.
Barrangou, R., and Doudna, J. A. (2016). Applications of CRISPR technologies in research and

beyond. Nat Biotechnol, 34(9), 933-941. https://doi.org/10.1038/nbt.3659

Bezrutczyk, M., Yang, J., Eom, J. S., Prior, M., Sosso, D., Hartwig, T., Szurek, B., Oliva, R.,
Vera-Cruz, C., White, F. F., Yang, B., & Frommer, W. B. (2018). Sugar flux and
signaling in plant-microbe interactions. Plant J, 93(4), 675-685.

https://doi.org/10.1111/tpj.13775

Bird, L. S., and Hadley, H. H. (1958). A STATISTICAL STUDY OF THE INHERITANCE OF
STONEVILLE 20 RESISTANCE TO THE BACTERIAL BLIGHT DISEASE OF
COTTON IN THE PRESENCE OF XANTHOMONAS MALVACEARUM RACES 1

AND 2. Genetics, 43(4), 750-767. https://doi.org/10.1093/genetics/43.4.750

Boch, J., and Bonas, U. (2010). Xanthomonas AvrBs3 family-type I11 effectors: discovery and

function. Annu Rev Phytopathol, 48, 419-436. https://doi.org/10.1146/annurev-phyto-

080508-081936

Boch, J., Bonas, U., & Lahaye, T. (2014a). TAL effectors - pathogen strategies and plant
resistance engineering. New Phytologist, 204(4), 823-832.

https://doi.org/10.1111/nph.13015

Boch, J., Bonas, U., & Lahaye, T. (2014b). TAL effectors—pathogen strategies and plant
resistance engineering. New Phytologist, 204(4), 823-832.

Boch, J., Scholze, H., Schornack, S., Landgraf, A., Hahn, S., Kay, S., Lahaye, T., Nickstadt, A.,
& Bonas, U. (2009). Breaking the Code of DNA Binding Specificity of TAL-Type IlI

Effectors. Science, 326(5959), 1509. https://doi.org/10.1126/science.1178811

113


https://doi.org/10.1038/nbt.3659
https://doi.org/10.1111/tpj.13775
https://doi.org/10.1093/genetics/43.4.750
https://doi.org/10.1146/annurev-phyto-080508-081936
https://doi.org/10.1146/annurev-phyto-080508-081936
https://doi.org/10.1111/nph.13015
https://doi.org/10.1126/science.1178811

Bogdanove, A. J., Schornack, S., & Lahaye, T. (2010). TAL effectors: finding plant genes for
disease and defense. Curr Opin Plant Biol, 13(4), 394-401.

https://doi.org/10.1016/j.pbi.2010.04.010

Boschi, Schvartzman, C., Murchio, S., Ferreira, V., Siri, M. |., Galvan, G. A., Smoker, M.,
Stransfeld, L., Zipfel, C., & Vilard, F. L. (2017). Enhanced bacterial wilt resistance in
potato through expression of Arabidopsis EFR and introgression of quantitative
resistance from Solanum commersonii. Frontiers in Plant Science, 8, 1642.

Bradshaw, J. E. (2021). Potato breeding: theory and practice. Springer.

Brinkerhoff, L. A. (1970). Variation in Xanthomonas Malvacearum and its Relation to Control.
Annual Review of Phytopathology, 8(Volume 8, 1970), 85-110.

https://doi.org/https://doi.org/10.1146/annurev.py.08.090170.000505

Brinkman, E. K., Chen, T., Amendola, M., & van Steensel, B. (2014). Easy quantitative
assessment of genome editing by sequence trace decomposition. Nucleic Acids Res,

42(22), e168. https://doi.org/10.1093/nar/gku936

Brunings, A. M., and Gabriel, D. W. (2003). Xanthomonas citri: breaking the surface. Mol Plant

Pathol, 4(3), 141-157. https://doi.org/10.1046/j.1364-3703.2003.00163.x

Buttner, D., and Bonas, U. (2010). Regulation and secretion of Xanthomonas virulence factors.

FEMS Microbiol Rev, 34(2), 107-133. https://doi.org/10.1111/].1574-6976.2009.00192.x

Buttner, D., and He, S. Y. (2009). Type Il protein secretion in plant pathogenic bacteria. Plant
physiology, 150(4), 1656-1664.
Camino, C., Calderdn, R., Parnell, S., Dierkes, H., Chemin, Y., Romén-Ecija, M., Montes-

Borrego, M., Landa, B. B., Navas-Cortes, J. A., & Zarco-Tejada, P. J. (2021). Detection

114


https://doi.org/10.1016/j.pbi.2010.04.010
https://doi.org/https:/doi.org/10.1146/annurev.py.08.090170.000505
https://doi.org/10.1093/nar/gku936
https://doi.org/10.1046/j.1364-3703.2003.00163.x
https://doi.org/10.1111/j.1574-6976.2009.00192.x

of Xylella fastidiosa in almond orchards by synergic use of an epidemic spread model
and remotely sensed plant traits. Remote Sensing of Environment, 260, 112420.
Chan, J. W., and Goodwin, P. H. (1999). The molecular genetics of virulence of Xanthomonas

campestris. Biotechnol Adv, 17(6), 489-508. https://doi.org/10.1016/s0734-

9750(99)00025-7

Chaudhry, M. R., Guitchounts, A., Commodities, C. F. f., & Committee, I. C. A. (2003). Cotton

Facts. International Cotton Advisory Committee. https://books.google.com/books?id=-

FEAtWAACAAJ

Chester, K. S. (1938). Gravity grading, a method for reducing seed-borne disease in Cotton.

Christou, P. (2013). Plant genetic engineering and agricultural biotechnology 1983-2013. Trends
in biotechnology, 31(3), 125-127.

Cornelis, G. R., and Van Gijsegem, F. (2000). Assembly and Function of Type Il Secretory
Systems. Annual Review of Microbiology, 54(Volume 54, 2000), 735-774.

https://doi.org/https://doi.org/10.1146/annurev.micro.54.1.735

Couto, D., and Zipfel, C. (2016). Regulation of pattern recognition receptor signalling in plants.
Nature Reviews Immunology, 16(9), 537-552.

Cox, Meng, F., Wilkins, K. E., Li, F., Wang, P., Booher, N. J., Carpenter, S. C. D., Chen, L.-Q.,
Zheng, H., Gao, X., Zheng, Y., Fei, Z., Yu, J. Z., Isakeit, T., Wheeler, T., Frommer, W.
B., He, P., Bogdanove, A. J., & Shan, L. (2017). TAL effector driven induction of a
SWEET gene confers susceptibility to bacterial blight of cotton. Nature Communications,

8(1), 15588. https://doi.org/10.1038/ncomms15588

Cox, K. L., Meng, F., Wilkins, K. E., Li, F., Wang, P., Booher, N. J., Carpenter, S. C. D., Chen,

L. Q., Zheng, H., Gao, X., Zheng, Y., Fei, Z., Yu, J. Z., Isakeit, T., Wheeler, T.,

115


https://doi.org/10.1016/s0734-9750(99)00025-7
https://doi.org/10.1016/s0734-9750(99)00025-7
https://books.google.com/books?id=-FFAtwAACAAJ
https://books.google.com/books?id=-FFAtwAACAAJ
https://doi.org/https:/doi.org/10.1146/annurev.micro.54.1.735
https://doi.org/10.1038/ncomms15588

Frommer, W. B., He, P., Bogdanove, A. J., & Shan, L. (2017). TAL effector driven
induction of a SWEET gene confers susceptibility to bacterial blight of cotton. Nature

communications, 8, 15588. https://doi.org/10.1038/ncomms15588

Delannoy, Lyon, B. R., Marmey, P., Jalloul, A., Daniel, J. F., Montillet, J. L., Essenberg, M., &
Nicole, M. (2005). Resistance of cotton towards Xanthomonas campestris pv.
malvacearum. Annu Rev Phytopathol, 43, 63-82.

https://doi.org/10.1146/annurev.phyto.43.040204.140251

Delouche, J. C. (1981). Harvest and post-harvest factors affecting the quality of cotton planting
seed and seed quality evaluation.

Deng, D., Yan, C., Pan, X., Mahfouz, M., Wang, J., Zhu, J. K., Shi, Y., & Yan, N. (2012).
Structural basis for sequence-specific recognition of DNA by TAL effectors. Science,

335(6069), 720-723. https://doi.org/10.1126/science.1215670

Doyle, J. J., and Doyle, J. L. (1987). A rapid DNA isolation procedure for small quantities of
fresh leaf tissue. Phytochemical bulletin.

Duggar, J. F., and Cauthen, E. F. (1914). Experimants with cotton. Alabama Agricultural College
Experiment Station, . 153,, 15-40. .

Dye, D. W. (1978). A taxonomic study of the genus Xanthomonas and related organisms.
Journal of General Microbiology, 109(1), 33-72.

El-Zik, K., and Thaxton, P. (1994). Breeding for resistance to bacterial blight of cotton in
relation to races of the pathogen. Paper presented at the Challenging the future.
proceedings of the paper presented at World Cotton Research Conference-I, Brisbane,

Australia.

116


https://doi.org/10.1038/ncomms15588
https://doi.org/10.1146/annurev.phyto.43.040204.140251
https://doi.org/10.1126/science.1215670

Emani, C. (2016). Transgenic Cotton for Agronomical Useful Traits. In K. G. Ramawat & M. R.
Ahuja (Eds.), Fiber Plants: Biology, Biotechnology and Applications (pp. 201-216).

Springer International Publishing. https://doi.org/10.1007/978-3-319-44570-0 10

Engelhardt, S., Stam, R., & Huickelhoven, R. (2018). Good Riddance? Breaking Disease
Susceptibility in the Era of New Breeding Technologies. Agronomy, 8(7).

https://doi.org/10.3390/agronomy8070114

Essenberg, M., Bayles, M. B., Pierce, M. L., & Verhalen, L. M. (2014). Pyramiding B genes in

cotton achieves broader but not always higher resistance to bacterial blight.

Phytopathology, 104(10), 1088-1097. https://doi.org/10.1094/phyto-06-13-0167-r
FAO. (2021). Recent trends and prospects in the world cotton market and policy developments.

Rome. . https://doi.org/https://doi.org/10.4060/ch3269en

Farooq, M., Shakeel, A., Atif, R. M., & Saleem, M. (2019). Genotypic variations in salinity
tolerance among Bt cotton. Pakistan Journal of Botany, 51.

https://doi.org/10.30848/PJB2019-6(9)

Faulwetter, R. C. (1917). Dissemination of the angular leafspot of cotton. Journal of Agricultural
Research, 7(12), 457-475.

Francis, K. E., and Spiker, S. (2005). Identification of Arabidopsis thaliana transformants
without selection reveals a high occurrence of silenced T-DNA integrations. Plant J,

41(3), 464-477. https://doi.org/10.1111/].1365-313X.2004.02312.x

Gala'n, J. E., and Collmer, A. (1999). Type Ill Secretion Machines: Bacterial Devices for

Protein Delivery into Host Cells. Science, 284(5418), 1322-1328.

117


https://doi.org/10.1007/978-3-319-44570-0_10
https://doi.org/10.3390/agronomy8070114
https://doi.org/10.1094/phyto-06-13-0167-r
https://doi.org/https:/doi.org/10.4060/cb3269en
https://doi.org/10.30848/PJB2019-6(9
https://doi.org/10.1111/j.1365-313X.2004.02312.x

Gambino, G., Perrone, 1., & Gribaudo, I. (2008). A Rapid and effective method for RNA
extraction from different tissues of grapevine and other woody plants. Phytochem Anal,

19(6), 520-525. https://doi.org/10.1002/pca.1078

Gao, W., Long, L., Tian, X., Xu, F., Liu, J., Singh, P. K., Botella, J. R., & Song, C. (2017).
Genome Editing in Cotton with the CRISPR/Cas9 System. Front Plant Sci, 8, 1364.

https://doi.org/10.3389/fpls.2017.01364

Ghosh, P. (2004). Process of Protein Transport by the Type Il Secretion System. Microbiology
and Molecular Biology Reviews, 68(4), 771-795.

https://doi.org/doi:10.1128/mmbr.68.4.771-795.2004

Gitaitis, R., and Walcott, R. (2007). The Epidemiology and Management of Seedborne Bacterial
Diseases. Annual Review of Phytopathology, 45(VVolume 45, 2007), 371-397.

https://doi.org/https://doi.org/10.1146/annurev.phyto.45.062806.094321

Gluck-Thaler, E., Cerutti, A., Perez-Quintero, A. L., Butchacas, J., Roman-Reyna, V.,
Madhavan, V. N., Shantharaj, D., Merfa, M. V., Pesce, C., Jauneau, A., Vancheva, T.,
Lang, J. M., Allen, C., Verdier, V., Gagnevin, L., Szurek, B., Beckham, G. T., De La
Fuente, L., Patel, H. K.,...Jacobs, J. M. (2020). Repeated gain and loss of a single gene
modulates the evolution of vascular plant pathogen lifestyles. Sci Adv, 6(46).

https://doi.org/10.1126/sciadv.abc4516

Gu, K., Tian, D., Qiu, C., & Yin, Z. (2009). Transcription activator-like type Il effector
AvrXa27 depends on OsTFIIAYS for the activation of Xa27 transcription in rice that
triggers disease resistance to Xanthomonas oryzae pv. oryzae. Molecular Plant

Pathology, 10(6), 829-835.

118


https://doi.org/10.1002/pca.1078
https://doi.org/10.3389/fpls.2017.01364
https://doi.org/doi:10.1128/mmbr.68.4.771-795.2004
https://doi.org/https:/doi.org/10.1146/annurev.phyto.45.062806.094321
https://doi.org/10.1126/sciadv.abc4516

Hao, Y.-q., Lu, G.-q., Wang, L.-h., Wang, C.-l., Guo, H.-m., Li, Y.-f., & Cheng, H.-m. (2018).
Overexpression of AmMDUF1517 enhanced tolerance to salinity, drought, and cold stress
in transgenic cotton. Journal of Integrative Agriculture, 17(10), 2204-2214.

https://doi.org/https://doi.org/10.1016/S2095-3119(17)61897-5

Hegde, R., Dahiya, A., Gao, X., Jangala, P., & MG., K. (2004). Cotton fibers. Tickle College of
Engineering, University of Tennessee, Knoxville, TN.
Hillocks, R. J. (1992). Bacterial blight. In (pp. 39-85). Centre for Agriculture and Bioscience

International. https://www.cabdirect.org/cabdirect/abstract/19932328298

Hgaiby, T., Zhou, H., Mitsiou, D. J., & Stunnenberg, H. G. (2007). A facelift for the general
transcription factor TFI1A. Biochimica et Biophysica Acta (BBA) - Gene Structure and
Expression, 1769(7), 429-436.

https://doi.org/https://doi.org/10.1016/j.bbaexp.2007.04.008

Hu, L., and Yang, L. (2019). Time to Fight: Molecular Mechanisms of Age-Related Resistance.

Phytopathology, 109(9), 1500-1508. https://doi.org/10.1094/phyto-11-18-0443-rvw

Huang, R., Hui, S., Zhang, M., Li, P., Xiao, J., Li, X,, Yuan, M., & Wang, S. (2017). A
Conserved Basal Transcription Factor Is Required for the Function of Diverse TAL
Effectors in Multiple Plant Hosts. Front Plant Sci, 8, 1919.

https://doi.org/10.3389/fpls.2017.01919

Hui, S., Liu, H., Zhang, M., Chen, D., Li, Q., Tian, J., Xiao, J., Li, X., Wang, S., & Yuan, M.
(2019). The host basal transcription factor I1A subunits coordinate for facilitating
infection of TALEs-carrying bacterial pathogens in rice. Plant Sci, 284, 48-56.

https://doi.org/10.1016/j.plantsci.2019.04.004

119


https://doi.org/https:/doi.org/10.1016/S2095-3119(17)61897-5
https://www.cabdirect.org/cabdirect/abstract/19932328298
https://doi.org/https:/doi.org/10.1016/j.bbaexp.2007.04.008
https://doi.org/10.1094/phyto-11-18-0443-rvw
https://doi.org/10.3389/fpls.2017.01919
https://doi.org/10.1016/j.plantsci.2019.04.004

Hunter, R., Brinkerhoff, L., & Bird, L. (1968). The development of a set of Upland cotton lines
for differentiating races of Xanthomonas malvacearum.

Hunter, R. E., and Brinkerhoff, L. A. (1964). Longevity a Xanthomonas malvacearum in on and
in Cotton Seed. Phytopathological notes, 617.

Huo, L., Persson, H. J., & Lindberg, E. (2021). Early detection of forest stress from European
spruce bark beetle attack, and a new vegetation index: Normalized distance red & SWIR
(NDRS). Remote Sensing of Environment, 255, 112240.

Hussain, A., Kumar, D., Dwivedi, B., Rana, D., & Gangaiah, B. (2014). Relative response of Bt
cotton (Gossypium hirsutum) to balanced fertilization in irrigated cotton-wheat cropping
system. Afr J Agric Res, 9, 21-33.

Hussain, B., Khan, M. A., Ali, Q., & Shaukat, S. (2012). Double haploid production is the best
method for genetic improvement and genetic studies of wheat. Int J Agro Vet Med Sci,
6(4), 216-228.

Innes, N. L. (1983). Bacterial blight of cotton. Biological reviews, 58, 157-176.

Isakeit, T. (2016). BACTERIAL BLIGHT OF COTTON. PLPA-FC010-2016.

https://doi.org/http://cotton.tamu.edu/Nematodes/16 FS FC010 Cot Bact Bl.pdf

lyer, A. S., and McCouch, S. R. (2004). The rice bacterial blight resistance gene xa5 encodes a
novel form of disease resistance. Molecular Plant-Microbe Interactions, 17(12), 1348-
1354.

Jalloul, A., Montillet, J., Assigbetsé, K., Agnel, J., Delannoy, E., Triantaphylides, C., Daniel, J.-
F., Marmey, P., Geiger, J.-P., & Nicole, M. (2002). Lipid peroxidation in cotton:
Xanthomonas interactions and the role of lipoxygenases during the hypersensitive

reaction. The Plant Journal, 32(1), 1-12.

120


https://doi.org/http:/cotton.tamu.edu/Nematodes/16_FS_FC010_Cot_Bact_Bl.pdf

Jalloul, A., Sayegh, M., Champion, A., & Nicole, M. (2015). Bacterial blight of cotton.

Phytopathologia Mediterranea, 54, 3-20. https://doi.org/10.14601/Phytopathol _Mediterr-

14690

Jiang, G.-H., Xia, Z.-H., Zhou, Y .-L., Wan, J., Li, D.-Y., Chen, R.-S., Zhai, W.-X., & Zhu, L.-H.
(2006). Testifying the rice bacterial blight resistance gene xa5 by genetic
complementation and further analyzing xa5 (Xa5) in comparison with its homolog
TFITAyI [journal article]. Molecular Genetics and Genomics, 275(4), 354-366.

https://doi.org/10.1007/s00438-005-0091-7

Jones, J. D., and Dangl, J. L. (2006). The plant immune system. Nature, 444(7117), 323-329.

https://doi.org/10.1038/nature05286

Kadota, Y., Sklenar, J., Derbyshire, P., Stransfeld, L., Asai, S., Ntoukakis, V., Jones, J. D.,
Shirasu, K., Menke, F., & Jones, A. (2014). Direct regulation of the NADPH oxidase
RBOHD by the PRR-associated kinase BIK1 during plant immunity. Molecular cell,
54(1), 43-55.

Kankanala, P., Nandety, R. S., & Mysore, K. S. (2019). Genomics of Plant Disease Resistance in
Legumes [Review]. Frontiers in Plant Science, 10.

https://doi.org/10.3389/fpls.2019.01345

Kay, S., and Bonas, U. (2009). How Xanthomonas type 11 effectors manipulate the host plant.

Curr Opin Microbiol, 12(1), 37-43. https://doi.org/10.1016/].mib.2008.12.006

Kemerait, B., Allen, T., Lu, S., Rothrock, C., Faske, T., Woodward, J., Wheeler, T., Isakeit, T.,
Bart, R., Phillips, A., Lawrence, K., Hagan, A., Price, P., Mehl, H., Dufault, N., Kelly,
H., & Nichols, R. (2017). Identification and Management of

Bacterial Blight of Cotton. Cotton Incorporated

121


https://doi.org/10.14601/Phytopathol_Mediterr-14690
https://doi.org/10.14601/Phytopathol_Mediterr-14690
https://doi.org/10.1007/s00438-005-0091-7
https://doi.org/10.1038/nature05286
https://doi.org/10.3389/fpls.2019.01345
https://doi.org/10.1016/j.mib.2008.12.006

Khan, M. B., and Khalig, A. (2004). STUDY OF MUNGBEAN INTERCROPPING IN
COTTON PLANTED WITH DIFFERENT TECHNIQUES.

Kim, S. I., Veena, & Gelvin, S. B. (2007). Genome-wide analysis of Agrobacterium T-DNA
integration sites in the Arabidopsis genome generated under non-selective conditions.
The Plant Journal, 51(5), 779-791.

Kirkpatrick, T. L., Rothrock, C. S., & Society, A. P. (2001). Compendium of Cotton Diseases.

APS Press. https://books.google.com/books?id=IdANAQAAMAAJ

Knight, R. L. (1948). The genetics of blackarm resistance; transference of resistance from
Gossypium arboreum to G. barbadense. J Genet, 48(3), 359-3609.

https://doi.org/10.1007/bf02986636

Knight, R. L., and Clouston, T. W. (1939). The genetics of blackarm resistance. Journal of

Genetics, 38(1), 133-159. https://doi.org/10.1007/BF02982168

Koczan, J., Albers, D. W., & ., K. G. (2017). Identification of an alternative source of inoculum
causing

bacterial blight in cotton. In Proceedings of the Beltwide Cotton Conference, 4-6 Jan., Dallas,
X

2017. , Pp. 248-249.

Kottapalli, K. R., Kottapalli, P., Agrawal, G. K., Kikuchi, S., & Rakwal, R. (2007). Recessive
bacterial leaf blight resistance in rice: complexity, challenges and strategy. Biochemical
and biophysical research communications, 355(2), 295-301.

Krifa, M., and Stevens, S. (2016). Cotton Utilization in Conventional and Non-Conventional
Textiles—A Statistical Review. Agricultural Sciences, 07, 747-758.

https://doi.org/10.4236/as.2016.710069

122


https://books.google.com/books?id=ldAnAQAAMAAJ
https://doi.org/10.1007/bf02986636
https://doi.org/10.1007/BF02982168
https://doi.org/10.4236/as.2016.710069

Kunwar, S., Iriarte, F., Fan, Q., Evaristo da Silva, E., Ritchie, L., Nguyen, N. S., Freeman, J. H.,
Stall, R. E., Jones, J. B., Minsavage, G. V., Colee, J., Scott, J. W., Vallad, G. E., Zipfel,
C., Horvath, D., Westwood, J., Hutton, S. F., & Paret, M. L. (2018). Transgenic
Expression of EFR and Bs2 Genes for Field Management of Bacterial Wilt and Bacterial

Spot of Tomato. Phytopathology, 108(12), 1402-1411. https://doi.org/10.1094/phyto-12-

17-0424-r

Lacombe, S., Rougon-Cardoso, A., Sherwood, E., Peeters, N., Dahlbeck, D., van Esse, H. P.,
Smoker, M., Rallapalli, G., Thomma, B. P., Staskawicz, B., Jones, J. D., & Zipfel, C.
(2010). Interfamily transfer of a plant pattern-recognition receptor confers broad-
spectrum bacterial resistance. Nat Biotechnol, 28(4), 365-369.

https://doi.org/10.1038/nbt.1613

Larkin, P. J., and Scowcroft, W. R. (1981). Somaclonal variation—a novel source of variability
from cell cultures for plant improvement. Theoretical and applied genetics, 60, 197-214.
Leyns, F., Cleene, M., Swings, J., & Ley, J. (1984). The host range of the genus Xanthomona.

The Botanical Review, 50, 308-356. https://doi.org/10.1007/BF02862635

Li, S., Chen, H., Hou, Z., Li, Y., Yang, C., Wang, D., & Song, C. P. (2020). Screening of abiotic
stress-responsive cotton genes using a cotton full-length cDNA overexpressing
Arabidopsis library. J Integr Plant Biol, 62(7), 998-1016.

https://doi.org/10.1111/jipb.12861

Li, Y.-F., Le Gourierrec, J., Torki, M., Kim, Y.-J., Guerineau, F., & Zhou, D.-X. (1999).
Characterization and functional analysis of Arabidopsis TFIIA reveal that the
evolutionarily unconserved region of the large subunit has a transcription activation

domain. Plant molecular biology, 39, 515-525.

123


https://doi.org/10.1094/phyto-12-17-0424-r
https://doi.org/10.1094/phyto-12-17-0424-r
https://doi.org/10.1038/nbt.1613
https://doi.org/10.1007/BF02862635
https://doi.org/10.1111/jipb.12861

Lorence, A., and Verpoorte, R. (2004). Gene transfer and expression in plants. Methods Mol

Biol, 267, 329-350. https://doi.org/10.1385/1-59259-774-2:329

Mansfield, J., Genin, S., Magori, S., Citovsky, V., Sriariyanum, M., Ronald, P., Dow, M.,
Verdier, V., Beer, S. V., Machado, M. A., Toth, I., Salmond, G., & Foster, G. D. (2012).
Top 10 plant pathogenic bacteria in molecular plant pathology. Mol Plant Pathol, 13(6),

614-629. https://doi.org/10.1111/1.1364-3703.2012.00804.x

McGarry, R. C., Prewitt, S. F., Culpepper, S., Eshed, Y., Lifschitz, E., & Ayre, B. G. (2016).
Monopodial and sympodial branching architecture in cotton is differentially regulated by
the Gossypium hirsutum SINGLE FLOWER TRUSS and SELF-PRUNING orthologs.

New Phytol, 212(1), 244-258. https://doi.org/10.1111/nph.14037

Mei, W., Qin, Y., Song, W., Li, J., & Zhu, Y. (2009). Cotton GhPOX1 encoding plant class IlI
peroxidase may be responsible for the high level of reactive oxygen species production
that is related to cotton fiber elongation. J Genet Genomics, 36(3), 141-150.

https://doi.org/10.1016/s1673-8527(08)60101-0

Melotto, M., and Kunkel, B. N. (2013). Virulence Strategies of Plant Pathogenic Bacteria. In E.
Rosenberg, E. F. DeLong, S. Lory, E. Stackebrandt, & F. Thompson (Eds.), The
Prokaryotes: Prokaryotic Physiology and Biochemistry (pp. 61-82). Springer Berlin

Heidelberg. https://doi.org/10.1007/978-3-642-30141-4 62

Meyer, L. A. (2018). Cotton and Wool Outlook.

Mijatovié, J., Severns, P. M., Kemerait, R. C., Walcott, R. R., & Kvitko, B. H. (2021). Patterns
of Seed-to-Seedling Transmission of Xanthomonas citri pv. malvacearum, the Causal
Agent of Cotton Bacterial Blight. Phytopathology®, 111(12), 2176-2184.

https://doi.org/10.1094/phyto-02-21-0057-r

124


https://doi.org/10.1385/1-59259-774-2:329
https://doi.org/10.1111/j.1364-3703.2012.00804.x
https://doi.org/10.1111/nph.14037
https://doi.org/10.1016/s1673-8527(08)60101-0
https://doi.org/10.1007/978-3-642-30141-4_62
https://doi.org/10.1094/phyto-02-21-0057-r

Minhas, R., Shah, S. M., Akhtar, L. H., Awais, S., & Shah, S. (2018). Development of a new
drought tolerant cotton variety “BH-167" by using pedigree method. J. Environ. Agric.
Sci, 14, 54-62.

Mishra, N., Sun, L., Zhu, X., Smith, J., Prakash Srivastava, A., Yang, X., Pehlivan, N., Esmaeili,
N., Luo, H., Shen, G., Jones, D., Auld, D., Burke, J., Payton, P., & Zhang, H. (2017).
Overexpression of the Rice SUMO E3 Ligase Gene OsSIZ1 in Cotton Enhances Drought
and Heat Tolerance, and Substantially Improves Fiber Yields in the Field under Reduced
Irrigation and Rainfed Conditions. Plant Cell Physiol, 58(4), 735-746.

https://doi.org/10.1093/pcp/pcx032

Mitre, L. K., Teixeira-Silva, N. S., Rybak, K., Magalhdes, D. M., de Souza-Neto, R. R.,
Robatzek, S., Zipfel, C., & de Souza, A. A. (2021). The Arabidopsis immune receptor
EFR increases resistance to the bacterial pathogens Xanthomonas and Xylella in
transgenic sweet orange. Plant Biotechnol J, 19(7), 1294-1296.

https://doi.org/10.1111/pbi.13629

Mohan, S. K. (1983). Seed transmission and epidemiology of Xanthomonas campestris pv.
malvacearum. Seed Sci. & Technol., 11, 895-865.

Mooers, C. A., Sherbakoff, C. D., McClintock, J. A., Essary, S. H., & Marcovitch, S. (1926). An
Improved Method of Delinting Cotton Seed with Sulphuric Acid. University of Tennessee,
Agricultural Experiment Station.

https://books.google.com/books?id=MmVRAQAAMAAJ

Mullenix, K. K., and Stewart, L. (2021). Cotton Byproduct Use in Southeastern Beef Cattle
Diets: Quiality, Intake, and Changes in Feed Characteristics. Journal of Animal Science,

99(Supplement_2), 18-19. https://doi.org/10.1093/jas/skab096.031

125


https://doi.org/10.1093/pcp/pcx032
https://doi.org/10.1111/pbi.13629
https://books.google.com/books?id=MmVRAQAAMAAJ
https://doi.org/10.1093/jas/skab096.031

Pavan, S., Jacobsen, E., Visser, R. G., & Bai, Y. (2010). Loss of susceptibility as a novel
breeding strategy for durable and broad-spectrum resistance. Mol Breed, 25(1), 1-12.

https://doi.org/10.1007/s11032-009-9323-6

Pessina, S., Lenzi, L., Perazzolli, M., Campa, M., Dalla Costa, L., Urso, S., Vale, G., Salamini,
F., Velasco, R., & Malnoy, M. (2016). Knockdown of MLO genes reduces susceptibility
to powdery mildew in grapevine. Horticulture Research, 3(1), 16016.

https://doi.org/10.1038/hortres.2016.16

Phillips, A. Z., Berry, J. C., Wilson, M. C., Vijayaraghavan, A., Burke, J., Bunn, J. ., Allen, T.
W., Wheeler, T., & Bart, R. S. (2017). Genomics-enabled analysis of the emergent
disease cotton bacterial blight. PLoS Genetics, 13(9), e1007003.

https://doi.org/10.1371/journal.pgen.1007003

Piazza, S., Campa, M., Pompili, V., Costa, L. D., Salvagnin, U., Nekrasov, V., Zipfel, C., &
Malnoy, M. (2021). The Arabidopsis pattern recognition receptor EFR enhances fire

blight resistance in apple. Hortic Res, 8(1), 204. https://doi.org/10.1038/s41438-021-

00639-3

Rahman, M. H. u., Ahmad, A., Wang, X., Wajid, A., Nasim, W., Hussain, M., Ahmad, B.,
Ahmad, I., Ali, Z., Ishaque, W., Awais, M., Shelia, V., Ahmad, S., Fahd, S., Alam, M.,
Ullah, H., & Hoogenboom, G. (2018). Multi-model projections of future climate and
climate change impacts uncertainty assessment for cotton production in Pakistan.
Agricultural and Forest Meteorology, 253-254, 94-113.

https://doi.org/https://doi.org/10.1016/j.agrformet.2018.02.008

Ritchie, G. L., Bednarz, C. W., Jost, P. H., & Brown, S. M. (2007). Cotton growth and

development. In: University of Georgia.

126


https://doi.org/10.1007/s11032-009-9323-6
https://doi.org/10.1038/hortres.2016.16
https://doi.org/10.1371/journal.pgen.1007003
https://doi.org/10.1038/s41438-021-00639-3
https://doi.org/10.1038/s41438-021-00639-3
https://doi.org/https:/doi.org/10.1016/j.agrformet.2018.02.008

Rolfs, F. M. (1915). Angular leaf spot of cotton (Vol. 184). South Carolina Agricultural
Experiment Station.

Rossier, O., Wengelnik, K., Hahn, K., & Bonas, U. (1999). The Xanthomonas Hrp type IlI
system secretes proteins from plant and mammalian bacterial pathogens. Proc Natl Acad

Sci U S A, 96(16), 9368-9373. https://doi.org/10.1073/pnas.96.16.9368

Rothrock, C. S., Woodward, J. E., & Kemerait, R. C. (2015). Diseases. In Cotton (pp. 465-508).
American Society of Agronomy, Inc., Crop Science Society of America, Inc., and Soil

Science Society of America, Inc. https://doi.org/10.2134/agronmonogr57.2014.0071

Sang, Y., and Macho, A. P. (2017). Analysis of PAMP-Triggered ROS Burst in Plant Immunity.

Methods Mol Biol, 1578, 143-153. https://doi.org/10.1007/978-1-4939-6859-6 11

Saud, S., and Wang, L. (2022). Mechanism of cotton resistance to abiotic stress, and recent
research advances in the osmoregulation related genes. Front Plant Sci, 13, 972635.

https://doi.org/10.3389/fpls.2022.972635

Schaad, N. W., Postnikova, E., Lacy, G., Sechler, A., Agarkova, I., Stromberg, P. E., Stromberg,
V. K., & Vidaver, A. K. (2006). Emended classification of xanthomonad pathogens on

citrus. Syst Appl Microbiol, 29(8), 690-695. https://doi.org/10.1016/j.syapm.2006.08.001

Schnathorst, W. (1968). Introduction of Xanthomonas malvacearum into California in acid-
delinted and fumigated Cotton seed.

Schoonbeek, H. J., Wang, H. H., Stefanato, F. L., Craze, M., Bowden, S., Wallington, E., Zipfel,
C., & Ridout, C. J. (2015). Arabidopsis EF-Tu receptor enhances bacterial disease
resistance in transgenic wheat. New Phytol, 206(2), 606-613.

https://doi.org/10.1111/nph.13356

127


https://doi.org/10.1073/pnas.96.16.9368
https://doi.org/10.2134/agronmonogr57.2014.0071
https://doi.org/10.1007/978-1-4939-6859-6_11
https://doi.org/10.3389/fpls.2022.972635
https://doi.org/10.1016/j.syapm.2006.08.001
https://doi.org/10.1111/nph.13356

Schopke, C., Taylor, N. J., Carcamo, R., Gonzalez, A. E., Masona, M. V., & Fauquet, C. M.
(2001). Transgenic Cassava (Manihot esculenta Crantz). In Y. P. S. Bajaj (Ed.),
Transgenic Crops Il (pp. 234-254). Springer Berlin Heidelberg.

https://doi.org/10.1007/978-3-642-56901-2_16

Schumann, G. L., and D'Arcy, C. J. (2010). Essential Plant Pathology. APS Press.

https://books.google.com/books?id=ZG5FAQAAIAAJ

Schwessinger, B., Bahar, O., Thomas, N., Holton, N., Nekrasov, V., Ruan, D., Canlas, P. E.,
Daudi, A., Petzold, C. J., Singan, V. R., Kuo, R., Chovatia, M., Daum, C., Heazlewood,
J. L., Zipfel, C., & Ronald, P. C. (2015). Transgenic expression of the dicotyledonous
pattern recognition receptor EFR in rice leads to ligand-dependent activation of defense

responses. PLoS Pathog, 11(3), e1004809. https://doi.org/10.1371/journal.ppat.1004809

Shilo, S., Tripathi, P., Melamed-Bessudo, C., Tzfadia, O., Muth, T. R., & Levy, A. A. (2017). T-
DNA-genome junctions form early after infection and are influenced by the chromatin
state of the host genome. PLOS Genetics, 13(7), e1006875.

Showmaker, K. C., Arick, M. A., 2nd, Hsu, C. Y., Martin, B. E., Wang, X., Jia, J., Wubben, M.
J., Nichols, R. L., Allen, T. W., Peterson, D. G., & Lu, S. E. (2017). The genome of the
cotton bacterial blight pathogen Xanthomonas citri pv. malvacearum strain MSCT1.

Stand Genomic Sci, 12, 42. https://doi.org/10.1186/s40793-017-0253-3

Smith, A., Lovelace, A. H., & Kvitko, B. H. (2018). Validation of RT-gPCR Approaches to
Monitor Pseudomonas syringae Gene Expression During Infection and Exposure to
Pattern-Triggered Immunity. Mol Plant Microbe Interact, 31(4), 410-419.

https://doi.org/10.1094/mpmi-11-17-0270-ta

128


https://doi.org/10.1007/978-3-642-56901-2_16
https://books.google.com/books?id=ZG5FAQAAIAAJ
https://doi.org/10.1371/journal.ppat.1004809
https://doi.org/10.1186/s40793-017-0253-3
https://doi.org/10.1094/mpmi-11-17-0270-ta

Smith, G. R. R. (1921). An Introduction to Bacterial Diseases of Plants. Nature, 107(2684), 168-

168. https://doi.org/10.1038/107168b0

Smith, J. M., and Heese, A. (2014). Rapid bioassay to measure early reactive oxygen species
production in Arabidopsis leave tissue in response to living Pseudomonas syringae. Plant
methods, 10, 1-9.

Sprinzl, M. (1994). Elongation factor Tu: a regulatory GTPase with an integrated effector.
Trends in Biochemical Sciences, 19(6), 245-250.

https://doi.org/https://doi.org/10.1016/0968-0004(94)90149-X

Stoughton, R. H. (1930). Angular Leaf-Spot Disease of Cotton. Nature, 125, 350-351.

Sugio, A., Yang, B., Zhu, T., & White, F. F. (2007). Two type 111 effector genes of Xanthomonas
oryzae pv. oryzae control the induction of the host genes OsTFIIA y 1 and OsTFX1
during bacterial blight of rice. Proceedings of the National Academy of Sciences,
104(25), 10720-10725.

Thaxton, P. M., and EI-Zik, K. M. (2001). Bacterial Blight. In: Kirk Patrick, T.L. and Rothrock,
C.S., Eds., Compendium of Cotton Diseases. American Phytopathological Society(2), 34-
35.

Timilsina, S., Potnis, N., Newberry, E. A., Liyanapathiranage, P., Iruegas-Bocardo, F., White, F.
F., Goss, E. M., & Jones, J. B. (2020). Xanthomonas diversity, virulence and plant-
pathogen interactions. Nat Rev Microbiol, 18(8), 415-427.

https://doi.org/10.1038/s41579-020-0361-8

Uranga, M., Aragonés, V., Daros, J. A., & Pasin, F. (2023). Heritable CRISPR-Cas9 editing of
plant genomes using RNA virus vectors. STAR Protoc, 4(1), 102091.

https://doi.org/10.1016/j.xpro.2023.102091

129


https://doi.org/10.1038/107168b0
https://doi.org/https:/doi.org/10.1016/0968-0004(94)90149-X
https://doi.org/10.1038/s41579-020-0361-8
https://doi.org/10.1016/j.xpro.2023.102091

USDA. (2022a). Crop Production 2022 Summary, ISSN: 1057-7823.

USDA. (2022b). Crop Outlook 2023 Summary. . THE WORLD AND UNITED STATES
COTTON OUTLOOK.

Usman, M. (2009). Development and application of crop water stress index for scheduling
irrigation in cotton (Gossypium hirsutum L.) under semiarid environment. Journal of

Food Agriculture and Environment, 7, 386-391. https://doi.org/10.1234/4.2009.2603

Vauterin, L., HOSTE, B., KERSTERS, K., & SWINGS, J. (1995). Reclassification of

Xanthomonas. International Journal of Systematic and Evolutionary Microbiology,

45(3), 472-489. https://doi.org/https://doi.org/10.1099/00207713-45-3-472

Verma, J., and Singh, R. (1975). Studies on the distribution of races of Xanthomonas
malvacearum in India.

Verma, J. P. (1986a). Bacterial blight of cotton. CRC Press.

Verma, J. P. (1986b). Epidemiology of cotton bacterial blight : A historical perspective. Annual
Review of Phytopathology, 24(1),, 145-165.

Voloudakis, A. E., Marmey, P., Delannoy, E., Jalloul, A., Martinez, C., & Nicole, M. (2006).
Molecular cloning and characterization of Gossypium hirsutum superoxide dismutase
genes during cotton—Xanthomonas campestris pv. malvacearum interaction.
Physiological and Molecular Plant Pathology, 68(4), 119-127.

https://doi.org/https://doi.org/10.1016/j.pmpp.2006.09.001

Wallace, T. P., and EI-Zik, K. M. (1989). Inheritance of Resistance in Three Cotton Cultivars to
the HV1 Isolate of Bacterial Blight. Crop Science, 29(5),
cropsci1989.0011183X002900050003x.

https://doi.org/https://doi.org/10.2135/cropsci1989.0011183X002900050003x

130


https://doi.org/10.1234/4.2009.2603
https://doi.org/https:/doi.org/10.1099/00207713-45-3-472
https://doi.org/https:/doi.org/10.1016/j.pmpp.2006.09.001
https://doi.org/https:/doi.org/10.2135/cropsci1989.0011183X002900050003x

Wang, J., Chen, Y., Yao, M.-h., Li, Y., Wen, Y., Zhang, X., & Chen, D.-h. (2015). The effects of
high temperature level on square Bt protein concentration of Bt cotton. Journal of

Integrative Agriculture, 14, 1971-1979. https://doi.org/10.1016/S2095-3119(15)61049-8

Wang, P., Zhou, L., Jamieson, P., Zhang, L., Zhao, Z., Babilonia, K., Shao, W., Wu, L., Mustafa,
R., Amin, I., Diomaiuti, A., Pontiggia, D., Ferrari, S., Hou, Y., He, P., & Shan, L. (2020).
The Cotton Wall-Associated Kinase GhWAK7A Mediates Responses to Fungal Wilt
Pathogens by Complexing with the Chitin Sensory Receptors. Plant Cell, 32(12), 3978-

4001. https://doi.org/10.1105/tpc.19.00950

Wang, X. Q., TW, A, Wang, H., DG, P.,,RL, N., A, L., XD, L.,P,D., D, J., & SE., L. (2019).
Development of a gPCR Protocol to Detect the Cotton Bacterial Blight Pathogen,
Xanthomonas citri pv. malvacearum, from Cotton Leaves and Seeds. . Plant Dis., 103(3),

422-429. https://doi.org/doi: 10.1094/PDIS-07-18-1150-RE. Epub 2019 Jan 11. PMID:

30632895.

Weindling, R. (1948). Bacterial Blight of Cotton Under Conditions of Artificial Inoculation.
Technical Bulletin (956 ).

Wendel, J. F., Flagel, L. E., & Adams, K. L. (2012). Jeans, Genes, and Genomes: Cotton as a
Model for Studying Polyploidy. In P. S. Soltis & D. E. Soltis (Eds.), Polyploidy and
Genome Evolution (pp. 181-207). Springer Berlin Heidelberg.

https://doi.org/10.1007/978-3-642-31442-1 10

White, F. F., Potnis, N., Jones, J. B., & Koebnik, R. (2009). The type 11 effectors of

Xanthomonas. Mol Plant Pathol, 10(6), 749-766. https://doi.org/10.1111/].1364-

3703.2009.00590.x

131


https://doi.org/10.1016/S2095-3119(15)61049-8
https://doi.org/10.1105/tpc.19.00950
https://doi.org/doi
https://doi.org/10.1007/978-3-642-31442-1_10
https://doi.org/10.1111/j.1364-3703.2009.00590.x
https://doi.org/10.1111/j.1364-3703.2009.00590.x

Wickens, G. M. (1956). VASCULAR INFECTION OF COTTON BY XANTHOMONAS
MALVACEARUM (E. F. SMITH) DOWSON. Annals of Applied Biology, 44(1), 129-

137. https://doi.org/https://doi.org/10.1111/.1744-7348.1956.th06851.x

Young, D. H. (1942). Cottonseed treatments and angular leaf spot control. Phytopathologia
Mediterranea, 32, 651.

Yuan, M., Ke, Y., Huang, R., Ma, L., Yang, Z., Chu, Z., Xiao, J., Li, X., & Wang, S. (2016). A
host basal transcription factor is a key component for infection of rice by TALE-carrying

bacteria. Elife, 5. https://doi.org/10.7554/eLife.19605

Zarco-Tejada, P. J., Camino, C., Beck, P., Calderon, R., Hornero, A., Hernandez-Clemente, R.,
Kattenborn, T., Montes-Borrego, M., Susca, L., & Morelli, M. (2018). Previsual
symptoms of Xylella fastidiosa infection revealed in spectral plant-trait alterations.
Nature Plants, 4(7), 432-439.

Zhang, Yang, X., Zhou, F. Y., Zhang, A. F., Zhu, X. F., Chen, Y., Zhou, M. G., & Gao, T. C.
(2015a). Detection of a mutation at codon 43 of the rpsL gene in Xanthomonas oryzae
pv. oryzicola and X. oryzae pv. oryzae by PCR-RFLP. Genet Mol Res, 14(4), 18587-

18595. https://doi.org/10.4238/2015.December.28.6

Zhang, Yin, Z., & White, F. (2015b). TAL effectors and the executor R genes. Front Plant Sci,

6, 641. https://doi.org/10.3389/fpls.2015.00641

Zhang, H., Dong, H., Sun, Y., Chen, S., & Xianggiang, K. (2008). Increased glycine betaine
synthesis and salinity tolerance in AhCMO transgenic cotton lines. Molecular Breeding,

23, 289-298. https://doi.org/10.1007/s11032-008-9233-z

132


https://doi.org/https:/doi.org/10.1111/j.1744-7348.1956.tb06851.x
https://doi.org/10.7554/eLife.19605
https://doi.org/10.4238/2015.December.28.6
https://doi.org/10.3389/fpls.2015.00641
https://doi.org/10.1007/s11032-008-9233-z

Zhang, J., Bourland, F., Wheeler, T., & Wallace, T. (2020). Bacterial blight resistance in cotton:
genetic basis and molecular mapping. Euphytica, 216, 111.

https://doi.org/10.1007/s10681-020-02630-w

Zhang, X.-b., Tang, Q.-l., Wang, X.-j., & Wang, Z.-x. (2017). Development of glyphosate-
tolerant transgenic cotton plants harboring the G2-aroA gene. Journal of Integrative

Agriculture, 16(3), 551-558. https://doi.org/https://doi.org/10.1016/S2095-

3119(16)61458-2

Zhu, H., Jia, Z., Trush, M. A., & Li, Y. R. (2016). A highly sensitive chemiluminometric assay
for real-time detection of biological hydrogen peroxide formation. Reactive oxygen
species (Apex, NC), 1(3), 216.

Zimaro, T., Thomas, L., Marondedze, C., Garavaglia, B. S., Gehring, C., Ottado, J., & Gottig, N.
(2013). Insights into xanthomonas axonopodis pv. citri biofilm through proteomics. BMC

Microbiol, 13, 186. https://doi.org/10.1186/1471-2180-13-186

Zipfel, C., Kunze, G., Chinchilla, D., Caniard, A., Jones, J. D., Boller, T., & Felix, G. (2006).
Perception of the bacterial PAMP EF-Tu by the receptor EFR restricts Agrobacterium-
mediated transformation. Cell, 125(4), 749-760.

https://doi.org/10.1016/j.cell.2006.03.037

133


https://doi.org/10.1007/s10681-020-02630-w
https://doi.org/https:/doi.org/10.1016/S2095-3119(16)61458-2
https://doi.org/https:/doi.org/10.1016/S2095-3119(16)61458-2
https://doi.org/10.1186/1471-2180-13-186
https://doi.org/10.1016/j.cell.2006.03.037

Table 3.4. Primers used in this study

Primer name Sequence (5°-3”) Reference
F- CATTGTTGCCAATAGCTGGA (McGarry et al.,
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F- CTGAATCTTCGCTTTCACGTTATC
GhUBQ1 R- GGGATGCAAATCTTCGTGAAAAC L& L e, 2007,
F-CTTGAATTTATTGGGGCTGTGGCG .
EFR R- CCTGCAAGTTCAAAAGCTTCCCGA ezzmeiel, 2020
F- TTGTGGCTTCTCTGTGTTGG _
EFR (gPCR) R- TTACCGAAATTGCCTGAACE (Piazza et al., 2021)
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Lide F- GACTTGCCTTCCGCACAATA (Mijatovic et. al., 2022)
9 R- TTGTAAAACGACGGCCAGTG (unpublished)
cas9 F- GGCTATCCTCTCTGCTAGGC
R- AGGCAAGAGGATTTCTACCC
F- GAATCCAGAAAAGCGGCCAT
nptll (KanR) R- ACAACAGACAATCGGCTGCT
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CHAPTER 4
SUMMARY AND FUTURE DIRECTIONS

Cotton bacterial blight (CBB) caused by Xanthomonas citri pv. malvacearum (Xcm) is an
economically important pathogen of cotton has it can cause significant crop losses ranging from
5% to 35% annually (Delannoy et al., 2005). This disease is characterized by water-soaked lesions
on leaves and stems, leading to tissue necrosis and plant death. (Phillips et al., 2017) showed that
the re-emergence of CBB in the 21st century poses a major threat to the cotton industry. While
(Mijatovi¢ et al., 2021) determined that Xcm can effectively colonize CBB-resistant cotton after
seed inoculation, there is limited literature about the potential reservoir for Xcm inoculum that
could have enhanced it resurgence and a need for new resistant to Xcm in order to prepare for
when the current resistant genes would be ineffective against the pathogen. Work done here
investigated seed-borne dissemination of the cotton bacterial blight pathogen under field
conditions and strategies for translational resistance to Xcm.

In Chapter 2 we aim to test if resistant cotton cultivars can serve as inoculum source for
surrounding susceptible cultivars. We conducted field trials over two growing seasons of 2023 and
2024 in arandomized complete block design of 24 plots which include 3 treatment and 8 replicates.
To facilitate inoculum source tracking, the CBB-resistant and CBB-susceptible seed were each
inoculated with Xcm strains carrying distinct spontaneous antibiotic resistance mutations.
Harvested seed from resistant seed-inoculated plots were also tested for Xcm contamination.

This field study provides valuable insights into the complex dynamics between cotton and
Xcm and its potential for spread through seed contamination and latent infections. We observed

that seed inoculated resistant cultivar (PHY 411 W3FE) and susceptible cultivar (DP 2141NR
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B3XF) can almost equally spread Xcm to uninoculated plants even in uninoculated plots. This
finding highlights the importance of seed health in preventing the spread of the disease.
Furthermore, our observation of very few symptoms in infected leave samples collected three
times at approximately 40, 60 and 80 days after planting in each year suggest that latent infections
where plants harbor the pathogen without showing symptoms can contribute to the spread of Xcm.

Understanding the factors influencing the development and progression of Xcm is crucial
for effective disease management. Further research is needed to investigate the impact of
environmental conditions, cotton genetics, movement and location of Xcm within the plant on
disease incidence, severity and spread.

Providing durable resistant cultivars could augment current management strategies of this
disease and reduce the cost of production. To avoid the risk of disease resistance breakdown,
targeting highly conserved and stable pathogen components could be a promising strategy.

In Chapter 3, we explored two strategies for increased resistance to cotton bacterial blight,
first, the introduction of the receptor gene EFR. The EFR receptor from Arabidopsis thaliana
recognizes the bacterial PAMP, EF-Tu, and triggers immune responses. By introducing EFR into
cotton, we aim to broaden its spectrum of disease resistance, as demonstrated by previous studies
in tomato (Lacombe et al., 2010), apple (Piazza et al., 2021) wheat (Schoonbeek et al., 2015) and
rice (Schwessinger et al., 2015). However, despite genotyping 136 candidate EFR plants that were
received from our collaborators, we were unable to confirm the successful integration of the EFR
transgene in any of the lines suggesting potential challenges in the transformation process such as
low integration efficiency or gene silencing.

Tissue samples from candidate EFR lines generated by a different collaborator were also

taking and transported to Athens before conducting ROS assays using flg22-Pae and elf18-Eco as
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elicitors. While Arabidopsis Col-0, our positive control, exhibited a robust response to both
PAMPs, only a single EFR transgenic lines showed a weak response. This unexpected result may
be due to factors such as plant maturity. Additionally, attempts to analyze gene expression in the
EFR lines were hindered by difficulties in RNA extraction. Low RNA quality and quantity limited
our ability to draw definitive conclusions about EFR gene expression in the transgenic lines.

Our second strategy targets the TFIIAy gene, a host susceptibility factor. A single amino
acid change (V39E) in this gene has been reported by (Yuan et al., 2016) to confer recessive
quantitative resistance to bacterial blight in rice. This resistance mechanism is dependent on the
interaction between the bacterial TAL effectors and the TFIIAy protein. By disrupting this
interaction, we aim to induce recessive resistance in cotton. Similar strategies have been
successfully implemented in other crops, such as rice, tomato, and citrus, resulting in increased
resistance to their respective Xanthomonas pathogens.

While we successfully confirmed by genotyping that 17 transgenic cotton lines carried the
desired transgene, challenges arose in terms of edit efficiency and fertility. The 2 lines with high
edit efficiency (greater than 95%) were infertile while the fertile line line 29/E10P2 had low edit
efficiency.

To address this low editing efficiency, we assembled viral replicons following
agrobacterium/two-vector approach described by (Uranga et al., 2023) and (Aragonés et al., 2022)
which will be delivered to the Cas9-expressing line 29/E10P2 via agroinfiltration to induce a
systemic viral infection that will lead to germline genome editing and the recovery of edited
progeny.

To reduce the impact of Xcm on boll yield and possible future resurgence of this pathogen,

a comprehensive approach that includes the development of durable resistant cultivars, use of
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appropriate cultural practices and the implementation of effective seed health management

strategies is required. We would also need to address the challenges posed by latent infections by

developing diagnostic methods/tools that can detect Xcm in asymptomatic phase. Further work is

also needed to optimize cotton transformation protocols and improve its gene editing efficiency.
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