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SUMMARY

Cotton is an important cash crop worldwide and serves as a significant source of fiber, feed,
foodstuff, oil and biofuel products. Considerable effort in genetics and genomics has been
expended to increase sustainable yield and quality through molecular breeding and genetic
engineering of new cotton cultivars. With the effort of whole genome sequencing of cotton, it is
essential to develop molecular tools and resources for large-scale analysis of gene functions at the
genome-wide level. We have successfully established an Agrobacterium-mediated virus-induced
gene silencing (VIGS) assay in several cotton cultivars with different genetic backgrounds. The
genes of interest were potently and readily silenced within 2 weeks after inoculation at the
seedling stage. Importantly, we showed that silencing GhNDR1 and GhMKK2 compromised
cotton resistance to the infection by Verticillium dahliae, a fungal pathogen causing Verticillium
wilt. Furthermore, we established a cotton protoplast system for transient gene expression to study
gene functions by a gain-of-function approach. The viable protoplasts were isolated from green
cotyledons, etiolated cotyledons, and true leaves, and responded to a wide range of pathogen
elicitors and phytohormones. Remarkably, cotton plants possess conserved, but also distinct MAP
kinase activation with Arabidopsis upon bacterial elicitor flagellin perception. Thus, we
demonstrated that GhNDR1 and GhMKK2 are required for Verticillium resistance in cotton using
gene silencing assays, and established the high throughput loss-of-function and gain-of-function
assays for functional genomic studies in cotton.
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INTRODUCTION

Cotton (Gossypium spp.) is an important crop around the world, which sustains one of the
world’s largest industries (textiles) and serves as a significant source of feed, foodstuff, oil
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and biofuel production (Sunilkumar et al., 2006). With about 50 species in the Gossypium
genus, four are cultivated in agriculture, including two allotetraploids (G. hirsutum and G.
barbadense) and two diploids (G. herbaceum and G. arboreum) (Wendel, 2000, Zhang et
al., 2008a). G. hirsutum, also known as Upland cotton, produces more than 95% of the
annual cotton crop worldwide (Chen et al., 2007). In addition to its economic importance,
cotton also provides a model for studying genome size evolution and polyploidization
(Grover et al., 2004, Zhang et al., 2008a). Cotton fiber, a single and greatly elongated cell
from the epidermal layer of the ovule, is a unique system for the study of plant cell
elongation and cell wall and cellulose biosynthesis (Kim & Triplett, 2001).

Considerable effort has been expended to increase sustainable yield and quality of cotton
through improved plant cultivars, cultivation practices and disease control. The recent
advances in cotton genetics and genomics have generated significant excitement in the
molecular breeding of new cotton cultivars. Genetic engineering of novel genes into cotton
provides an alternative and robust approach of genome improvement. Cotton has led the
way for commercialization of genetically-engineered plants, taking advantage that it is not a
food crop. Sequencing and decoding of the cotton genome has been initiated by worldwide
cotton genome scientists (Chen et al. 2007). The D genome species G. raimondii was
prioritized for the whole-genome shotgun sequence because of its smallest genome size
among Gossypium species (880Mb for the haploid). Recently, a draft physical map of G.
raimondii was assembled, providing the foundation for BAC-based sequencing and
validating whole-genome shotgun sequences (Lin et al. 2010). With the availability of
cotton whole-genome sequence, it is essential to develop molecular tools and resources for
large-scale analysis of gene functions at the genome-wide level. Ultimately, understanding
the molecular mechanisms of gene function and regulation will lead to cotton improvement
by genetic engineering and molecular breeding.

Various large-scale approaches, including chemical mutagenesis, T-DNA and transposon-
based insertional mutant populations have been developed for forward genetic studies
(Robinson & Parkin, 2009, Ostergaard & Yanofsky, 2004, Martienssen, 1998). Large
collections of mutant populations have greatly facilitated the study of gene functions at the
genome-wide level for certain model plant species such as Arabidopsis thaliana because of
ease transformation (Chory et al., 2000). Although these technologies are being developed
in cotton to understand the features that make cotton unique (Paterson, 2010), currently, they
have not been widely and successfully deployed in cotton functional genomics due to the
technical challenge of transformation, long growth cycle and large genome size. In addition,
these functional genomic approaches have certain drawbacks, such as large populations
required for disrupting a gene of interest, gene targeting bias and complication with multiple
mutations or insertions, lack of obvious phenotypes due to the presence of large gene
families, gene duplication and polyploidy, and lethality caused by complete loss-of-
functions (Borevitz & Ecker, 2004). Virus-induced gene silencing (VIGS) offers an
alternative and complementary approach for large-scale functional analysis of individual
genes by knocking down the expression of endogenous genes (Burch-Smith et al., 2004,
Dinesh-Kumar et al., 2003, Lu et al., 2003b). The technique was developed based on the
RNA-mediated post-transcriptional gene silencing (PTGS) that functions as an antivirus
defense system in plants and other organisms (Hamilton & Baulcombe, 1999). This rapid
and efficient approach avoids plant transformation and overcomes functional redundancy
(Burch-Smith et al., 2004, Becker & Lange, 2010). The power of VIGS as a tool for high-
throughput functional genomics was further accelerated with the Agrobacterium
tumefaciens-mediated transient assays. Seedlings or roots could be syringe or vacuum-
infiltrated, agrodrench-inoculated or sprayed with the Agrobacterium culture carrying the
viral vector containing the gene of interest to degrade the endogenous genes, making it
feasible to inoculate a large number of plants within a short time (Burch-Smith et al., 2004,
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Ryu et al., 2004). Recently, a bombardment-based geminivirus-mediated gene silencing
vector was developed from cotton leaf crumple virus and shown to be able to silence two
endogenous genes, Magnesium chelatase subunit I (Chll) and phytoene desaturase gene
(PDS) in cotton (Tuttle et al., 2008). In that experiment, the microprojectile coated with
viral DNA was delivered into plants by a particle acceleration unit attached to a high-
pressure helium tank.

To further decipher gene functions and dissect signal transduction pathways at the cellular,
biochemical and molecular levels, various transient gain-of-function assays, for instance,
protoplast transient expression, have been developed in different plants. The protoplasts
freshly isolated from plant tissues retain their cell identity and differentiated state and
display physiological and cell-autonomous responses to a broad spectrum of signals,
including plant hormones, metabolites, environmental cues, and pathogen-derived elicitors
(Sheen, 2001, He et al., 2007, Yoo et al., 2007). Protoplasts can be used as a vehicle to
transiently express or silence genes for high throughput screen and systemic characterization
of candidate genes. Notably, the specific responses triggered by expression of the
transfected genes can be assayed within a day or two, which is particularly attractive for
crop plants with a long growth cycle and recalcitrant for stable transgenic plants. Cotton
protoplasts have been isolated from callus, cotyledons, hypocotyls, leaves and cell
suspension cultures since the 1970s for plant regeneration studies (Bhojwani et al., 1977).
However, it has not been used as a tool for gene discovery and functional studies.

Verticillium wilt, one of the most devastating plant diseases worldwide, is caused by the
soil-borne fungi Verticillium spp (Fradin & Thomma, 2006). Verticillium wilt in cotton,
caused typically by V. dahliae, is a major concern for cotton producers triggering severe
yield losses each year. This pathogen is particularly difficult to control in cotton as the
hyphae reside in the woody vascular tissues and is thus protected from fungicides. In
addition, V. dahliae survives in soil for many years due to its extremely persistent resting
structures called microsclerotia (Fradin & Thomma, 2006). The genetic and molecular
mechanisms underlying cotton resistance to Verticillium infection are poorly understood.
Recently, the effort has been made to develop mapping populations for identifying the
quantitative trait loci (QTL) responsible for resistance in cotton to V. dahliae (Yang et al.,
2008, Bolek et al., 2005). In tomato, the Ve locus has been bred into most tomato cultivars
for resistance to Verticillium wilt. Positional cloning identified two closely linked genes,
Vel and Ve2, both of which encode receptor-like proteins with an extracellular leucine-rich
repeat domain (Kawchuk et al., 2001). Arabidopsis is also a host to V. dahliae. Genetic
analysis identified a dominant locus, V. dahliae-tolerance 1 (VET1), in ecotype C-24,
conferring the increased tolerance to V. dahliae infection (VVeronese et al., 2003).
Interestingly, it seems that gene silencing machinery is also required for resistance in
Arabidopsis to Verticillium wilt, since several components in RNA silencing pathways were
found to alter defense to V. dahliae (Ellendorff et al., 2009). By using a VIGS approach,
EDSL1 (Enhanced Disease Susceptibilityl), NDR1 (Non-race-specific Disease Resistancel),
BAK1 (BRI1-Associated Kinasel) and MEK2 (MKK2, MAP kinase kinase 2), were shown
to be required for resistance in tomato to V. dahliae (Fradin et al., 2009). However, it
remains enigmatic whether a similar mechanism exists in cotton that exhibits resistance to V.
dahliae infection.

In this study, we successfully established an Agrobacterium-mediated VIGS assay on cotton
seedlings for efficient silencing of cotton genes in different cotton cultivars. Silencing of
GhNDR1 or GhMKK2 in a commercial cotton cultivar compromised its resistance to V.
dahliae infection. We further developed a protoplast transient transfection assay for studying
cotton gene functions by gain-of-function approach. We showed that cotton protoplasts
responded to various pathogen elicitors and phytohormones. The loss-of-function and gain-
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of-function assays established in this study lay important foundations for functional
genomics studies of cotton genes.

RESULTS

Silencing of the cotton CLAL gene by Agrobacterium-mediated VIGS

VIGS has been proven to be a powerful tool for gene function studies and functional
genomics in various higher eudicots including Solanaceae, Arabidopsis, cucurbit and
legume species, and monocot crop species like barley, rice, wheat and maize (Becker &
Lange, 2010). Among several viral VIGS vectors, tobacco rattle virus (TRV) invades a wide
range of hosts and is able to spread vigorously throughout the entire plant yet producing
mild symptoms in the hosts (Burch-Smith et al., 2004). In an initial experiment to develop
an Agrobacterium-mediated VIGS system in cotton, we silenced the expression of
endogenous Cloroplastos alterados 1 gene (CLA1) with TRV-based VIGS vector. In
Arabidopsis, CLAL gene (At4g15560) encodes 1-deoxyxylulose 5-phosphate synthase, the
first enzyme of the 2-C-methyl-D-erythritol-4-phosphate pathway involved in chloroplast
development (Estevez et al., 2000). The CLA1 gene is highly conserved in different plant
species and disruption of CLA1 by T-DNA insertion in Arabidopsis resulted in an albino
phenotype (Mandel et al., 1996). We used AtCLA1 gene as a query to blast against the
Gossypium unigenes database at http://www.cottondb.org/blast/blast.html. We identified a
cotton CLA1 gene (GhCLAL) sharing 81% identities with AtCLAL at the nucleotide level.
GhCLAZ1 possesses 80% identity and 85% similarity with AtCLA1 at the amino acid level
(Figure S1). We PCR amplified a 500bp fragment of GhCLA1 from cotton cDNA and
inserted it into an improved pTRV-RNA2 (pTRV2) VIGS vector, pYL156 (Liu et al.,
2002a, Liu et al., 2002b). A mixture of Agrobacterium cultures containing pTRV-RNA1
(pTRV1) and pTRV2-GhCLAL1 in a 1:1 ratio were hand-inoculated into the underside of the
cotyledons of 2-week-old cotton plants cultivar Deltapine 90 with a needleless syringe. To
facilitate infiltration, a few holes were gently punched on the underside of the cotyledons
with a syringe needle (gauge 22G11/2). The plants were kept at 25°C. As a control, the same
number of cotton plants were infiltrated with the mixture of Agrobacterium culture
containing pTRV1 and pTRV2 vector. Initiation of photobleaching phenotype in the
GhCLA1-agrobacteria infiltrated plants was observed on the newly emerging leaves
approximately 10 days post-infiltration. One month later, 100% of GhCLAZ1-agrobacteria
infiltrated plants exhibited a strong photobleaching phenotype, which was uniformly
distributed on the entire true leaves (Figure 1a, Table S1). The stems of GhCLA1-
agrobacteria infiltrated plants turned pink or purple, and the plants became severely stunted
by the late growth stage (six-week-old) likely due to the strong inhibition of chlorophyll
biosynthesis. The plants infiltrated with the pTRV2 empty vector did not display any
photobleaching phenotype and grew normally (Figure 1a).

Silencing of GhCLAL1 by a heterologous gene fragment from Arabidopsis thaliana

TRV VIGS vector carrying phytoene desaturase gene (PDS) orthologs from a wide range of
plant species in Solanaceous family has been shown to silence NbPDS in the VIGS-efficient
plant N. benthamiana (Senthil-Kumar et al., 2007). To test whether a heterologous gene
sequence from a different family is able to trigger VIGS in cotton, we infiltrated the cotton
cotyledons (cultivar Deltapine 90) with AtCLAL from Arabidopsis thaliana. The
photobleaching phenotype in AtCLA1-agrobacteria infiltrated cotton plants was initially
observed 14-days after infiltration in true leaves, but to a lesser extent than that in GhCLA1-
agrobacteria infiltrated plants (Fig. 1b and Table S1). The photobleaching was limited to the
veins of true leaves in AtCLA1-agobacteria infiltrated plants, compared to whole leaves in
GhCLA1-agrobacteria infiltrated plants. Nevertheless, the heterologous gene sequence of
AtCLA1 gene from Arabidopsis thaliana in TRV VIGS vector is able to suppress the
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expression of its cotton ortholog, suggesting cotton plants are readily amenable to VIGS. As
expected, infiltration of AtCLAL-agrobacteria, but not the vector control, in Arabidopsis
induced the silencing of endogenous CLA1 and caused the photobleaching phenotype in
both ecotypes Col-0 and Ler-0 (Fig. 1c). However, infiltration of GhCLAL-agrobacteria in
Arabidopsis Col-0 did not induce photobleaching phenotype (data not shown).

Highly efficient VIGS-mediated gene silencing in different cotton cultivars

For many crops, the generation of stable transgenic plants is largely limited to a few genetic
backgrounds. In cotton transformation, a persistent challenge has been the genotype-
specificity of cotton somatic embryogenesis, which is the most efficient transformation
method (Trolinder, 2009; Paterson, 2010). Cotton transformation is limited to highly
embryogenic cultivars, such as Coker 312 and Coker 5110 (Trolinder, 2009; Paterson,
2010). To utilize VIGS as a tool for cotton gene function studies and functional genomics,
silencing genes readily in different genotypes would be desirable. To this end, we tested the
VIGS efficiency on a wide range of cotton breeding lines or commercial cultivars that were
at one time grown in Texas, USA, including Deltapine 90, R135, Phytogen 480WR,
Phytogen 425RF, Fibermax 832, and PSC355. Similar with cultivar Deltapine 90 (Fig. 1),
the photobleaching phenotype was observed in all these cultivars infiltrated with GhCLA1-
agrobacteria within 2 weeks after inoculation (Fig. 2 and Table S1). One month later, the
photobleaching phenotype had uniformly spread to the entire leaves, and the silencing
efficiency on all cultivars tested was equally high and consistently reached 100% with
multiple independent biological trials (Fig. S2 and Table S1). The photobleaching phenotype
was incomplete, with some green color remaining, on line R135 compared with other lines
although the silencing efficiency was also 100% four weeks after infiltration. Similarly,
infiltration of AtCLAZ1-agrobacteria triggered the silencing of GhCLA1 and caused
photobleaching phenotype in most cotton cultivars except R135 (Fig. S3). Taken together,
these data suggest that TRV VIGS vector could trigger potent silencing of endogenous genes
in cotton, and cotton plants are readily amenable to VIGS experiments for gene loss-of-
function studies.

GhNDR1 and GhMKK?2 are required for resistance against Verticillium dahliae in cotton

VIGS has been successfully used to decipher gene function in numerous cellular and
developmental processes in plants, particularly plant disease resistance. For example, VIGS
has been used in tobacco and tomato to study disease resistance gene (R)-mediated
resistance to bacteria and virus (Liu et al., 2002a, Jin et al., 2002, Ekengren et al., 2003). We
sought to explore the VIGS approach to study the genetic requirement of resistance in cotton
to V. dahliae by silencing orthologs of several genes known to be involved in disease
resistance in other plant species. In Arabidopsis, NPR1 (Non-expressor of Pathogenesis-
Related genes-1), plays an essential role in plant systemic acquired resistance. Constitutive
expression of NPR1 in several plant species, including cotton, confers enhanced resistance
to various bacterial and fungal pathogens (Cao et al., 1998, Quilis et al., 2008, Parkhi et al.,
2010). Cotton NPR1 (GhNPR1) was induced by infection of Fusarium oxysporum pv.
vasinfectum and Xanthomonas axonopodis pv. malvacearum, suggesting potential
involvement in cotton disease resistance (Zhang et al., 2008b). In tomato, Vel locus,
encoding a receptor-like protein, provides resistance against V. dahliae (Kawchuk et al.,
2001, Fradin & Thomma, 2006). Arabidopsis NDR1 (Non race-specific disease resistance 1)
is involved in plant race-specific resistance to infection by bacterial and fungal pathogens
(Century et al., 1997). MKK2 encodes a MAP kinase kinase involved in plant responses to
various biotic and abiotic stresses (Qiu et al., 2008). In tomato, Vel, MKK2, and NDR1 have
been suggested as required for resistance against race 1 of V. dahliae (Fradin et al., 2009).
Race 1 of V. dahliae would likely be the “nondefoliating” type of the fungus in cotton. We
examined the functional requirement of cotton GhVel, GhNPR1, GhNDR1, and GhMKK2
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genes in cotton resistance to V. dahliae King isolate, a “defoliating” type and aggressive
cotton pathogen.

We designed the VIGS-GhNPR1 primers according to published GhNPR1 sequence (Zhang
et al., 2008b). Full-length tomato Vel, Arabidopsis NPR1, NDR1 and MKK2 sequences were
used as a query to blast search against the Gossypium unigenes database, to identify their
cotton orthologs. We further designed the primers to amplify the relatively conserved
regions of cotton orthologs and cloned them into VIGS pTRV2 vector. The Agrobacterium
culture carrying the recombinant pTRV vectors was hand-infiltrated into cotton cotyledons
of cultivar Fibermax (FM) 9160B2F (Bayer Cropsciences, Lubbock, TX). At least eight
plants were infiltrated for each construct, pTRV-GhVel, GhNDR1, GhMKK2 and GhNPR1.
Two weeks after Agrobacterium infiltration, when the plants infiltrated with GhCLA1
displayed photobleaching phenotype, we hand-inoculated a spore suspension of V. dahliae
into the stems of cotton seedlings with a 25-G syringe at 1x10° conidia/ml. Three weeks
later, wilting of the true leaves was scored. FM 9160B2F was selected as a partially resistant
genotype because it exhibited lower incidence of Verticillium wilt and less defoliation in six
field studies compared to most other cultivars (Wheeler and Woodward, 2010). For vector
control inoculated-seedlings, about 30% of plants exhibited a weak partial leaf wilting
phenotype (Fig. 3). Significantly, silencing of GhVel, GhNDR1 or GhMKK2 enhanced
plant susceptibility to V. dahliae, and plants exhibited more severe wilting phenotype than
the vector control plants (Fig. 3a, 3b and 3c). In particular, more than 80% of GhNDR1
VIGSed plants were severely infected by V. dahliae, which caused all the leaves to wilt in
some cases. More than 65% of GhMKK2 VIGSed plants also showed strong wilting
symptoms on leaves. Interestingly, silencing of GhNPR1 did not seem to compromise cotton
resistance to V. dahliae (Fig. 3a, 3b and 3c). However, we do not exclude the possibility of
existence of other functional NPR1 homologs in cotton that was not silenced by this
GhNPRL1 construct. The silencing of these genes was further confirmed by RT-PCR analysis
with RNAs isolated from leaves or stems (Fig. 3d and S4). Together, our VIGS assays
identified GhNDR1, GhMKKZ2, and GhVel as important components in cotton resistance to
V. dahliae infection.

Cotton mesophyll protoplasts as a vehicle to express transfected genes for functional

studies

Protoplast transient assays have proven to be useful in studying gene functions and
dissecting signal transduction pathways without the need to generate transgenic plants. We
initiated studies to isolate cotton protoplasts for transient gene expression assays. We first
compared the protoplast yield and quality isolated from leaves or cotyledons at one-, two- or
three-week-old stage under either 12/12 hour light/dark cycle or dark (etiolated) growth
conditions for two different cotton cultivars, Cropland Genetics 3035RF and FM9160B2F
(Table 1). The protoplasts isolated from green tissues were uniformly spherical and
contained green chloroplasts, whereas the protoplasts from etiolated tissues were pale green
and contained less chloroplasts. In general, the protoplasts from cotyledons were bigger in
size than those from true leaves (Figure 4; Table 1). The isolation procedure was optimized
with different incubation times of either 3 hr or 12 hr after a 30 min vacuum treatment (see
Experimental Procedures for the detail protocol). As summarized in Table 1, the 12 hr
incubation yielded more protoplasts than the 3 hr incubation based on three independent
experiments for both green and etiolated tissues. In general, green cotyledons, etiolated
cotyledons, and true leaves produced comparable amount of protoplasts (Table 1). There
was also no apparent difference in protoplast production between two cultivars.

We further examined the feasibility of expressing exogenous genes in cotton protoplasts.
PEG-mediated DNA transfection was carried out to introduce various reporter genes
including green fluorescence protein (GFP), B-glucuronidase (GUS) and luciferase (LUC),
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into cotton protoplasts isolated from 2-week-old green cotyledons. GFP reporter is a vital
marker for protein subcellular localization. The cotton protoplasts transfected with GFP
under the control of constitutive CaMV35S promoter showed very strong fluorescence
signal, and the signal was uniformly and diffusively distributed in the cytosol and nucleus
(Figure 5a). Bacterial protein AvrPto is localized to plasma membrane in Arabidopsis and
tobacco. Similarly, AvrPto-GFP was predominantly observed in the plasma membrane in
cotton protoplasts (Figure 5a). AXR2-GFP or WRKY28-GFP, two transcription factors
fused with GFP, exhibited strong nuclear localization in cotton (Figure 5a). Taken together,
the distinct subcellular localization of different GFP fusion proteins in cotton protoplasts
demonstrated that cotton protoplasts are suitable for protein subcellular localization studies.

LUC reporters under the control of different promoters were well established to readily and
quantitatively monitor gene transcriptional level. We transfected the LUC gene under the
control of either the 35S promoter or UBQ (ubiquitin) promoter into cotton protoplasts. Both
35S-LUC and UBQ-LUC transfected protoplasts exhibited about 100,000 fold higher
luciferase activity than the empty vector control (Figure 5b). We also attempted to transfect
35S-GUS and UBQ-GUS reporters into cotton protoplasts. However, cotton protoplasts
exhibited a very high background level of GUS activity, which made it difficult to detect the
activity of transfected genes (data not shown).

Cotton protoplasts respond to multiple pathogen elicitors and activate convergent MAP
kinase signaling

Plant defense against pathogen infection is triggered by detecting a collection of pathogen
elicitors, termed pathogen-associated molecular patterns (PAMPs), through cell surface
pattern recognition receptors (PRRs) (Boller & He, 2009). Upon PAMP perception, plants
activate complex defense responses, including MAP kinase activation, reactive oxygen
species (ROS) production, and induction of an array of defense-related genes (Boller & He,
2009). We tested whether cotton protoplasts can be used as a tool to study signal
transduction in plant defense by detecting the MAPK activation upon PAMP perception.
Several common elicitors, including bacterial flg22 (a 22 amino acid peptide from bacterial
flagellin), elf18 (an 18 amino acid peptide from bacterial elongation factor-Tu), HrpZ1
harpin, peptidoglycan (PGN), lipopolysaccharide (LPS), fungal chitin and oomycete NPP1,
were tested for the activation of MAPK in cotton protoplasts. We also included VANEP, a
necrosis- and ethylene-inducing protein, from V. dahliae (Wang et al., 2004).

Arabidopsis MPK3, MPK4 and MPKS®, and their orthologs in other species, were strongly
activated by these elicitors (Rodriguez et al., 2010). We cloned full length cotton MPK6
(GhMPK®6) with an HA (human influenza hemagglutinin) epitope tag. We transiently
expressed GhMPKG6-HA in cotton protoplasts and treated the protoplasts with different
elicitors. An immunocomplex kinase assay with MBP as a substrate was used to detect
MAPK activation. Strikingly, treatment of flg22, PGN or Chitin activated GhMPK®6 (Fig.
6a). Chitin showed the strongest activation of GhMPK6 among these elicitors. We did not
detect the activation of GhMPKG® by elf18, LPS, NPP1 and VANEP (Fig. 6a). GhMPK6 was
well expressed in protoplasts as detected by anti-HA Western blot (Fig. 6a, lower panel). We
also transiently expressed Arabidopsis AtMPK3 and AtMPK4 in cotton protoplasts and
treated with flg22. Interestingly, flg22 activated AtMPKS6, but not AtMPK4 in cotton cells
(Fig. 6b) while flg22 activated AtMPK3, AtMPK4 and AtMPKG® in Arabidopsis (Rodriguez
et al., 2010), indicating the conserved but also distinct MAPK signaling triggered by
flagellin in different plant species. Similarly, when we expressed GhMPK®6 in Arabidopsis
protoplasts, flg22, but not VANEP, activated GhMPK®6 (Fig. 6¢). The activation level of
GhMPKG® by flg22, as well as its expression level, was comparable with AtMPK® in
Arabidopsis cells. Together, the data suggest that MPKG6 signaling is conserved between
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cotton and Arabidopsis, whereas MPK4 signaling is likely divergent between these two
species.

Flagellin can induce immune responses in a wide range of plants, including tomato, tobacco,
and potato (Felix et al., 1999). To further confirm that cotton plants have a functional
perception system for flg22, we tested the production of ROS in cotton seedlings infiltrated
with flg22. As shown in Fig. 6d, flg22 treatment induced ROS production compared to H,O
control treatment, suggesting cotton plants possess flagellin perception machinery. In the
future, it will be interesting to determine whether the cotton ortholog of Arabidopsis
flagellin receptor FLS2 functions as flagellin receptor, and the mechanism that flg22 is
unable to activate MPK4 in cotton.

Cotton protoplasts respond to multiple phytohormones

Freshly isolated protoplasts also respond to multiple phytohormones that activate specific
transcriptome changes (Sheen, 2001). To examine whether cotton protoplasts could be used
to study growth hormone regulated responses, we transiently expressed hormone marker
genes and determined the reporter gene activity upon hormone treatment. As shown in Fig.
7, auxin (NAA) treatment strongly activated GH3-LUC reporter genes from both
Arabidopsis (AtGH3-LUC) and soybean (GmGH3-LUC). Cytokinin (Zeatin) activated its
reporter ARR6-LUC. Although ABA treatment also weakly induced RD29A-LUC reporter in
multiple independent experiments, this induction was not statistically significant.
Nevertheless, the reporter-mediated cotton protoplast transient transfection assay could
potentially provide a tool to study growth hormone regulation and signaling in cotton.
Future development of the cotton gene promoter reporters in response to different hormones
will likely potentiate their responsiveness to the corresponding signals.

DISCUSSION

As an important crop plant, the molecular biology and functional genomics of cotton are
lagging behind other crop plants, such as rice, wheat and maize, largely due to limited
molecular tools and resources. Here, we established two powerful transient assays for rapid
gene discovery and gene function studies in cotton in a relatively short time frame. The
Agrobacterium-mediated VIGS is able to readily silence the genes of interest for loss-of-
function assays, and protoplast transient transfection provides a tool to express the genes of
interest for gain-of-function studies. More importantly, unlike cotton transformation, these
two transient assays are not limited to a few selective cotton cultivars. We consistently
obtained 100% of gene silencing efficiency of GhGLA1 VIGS in all cultivars we tested.
Ultimately, these approaches could be used to systematically characterize gene functions at
genome-wide level and look for genes that make cotton unique and important.

The genetic requirement for resistance to Verticillium wilt in cotton is largely unknown. By
using the VIGS approach, we demonstrated that cotton NDR1 and MKK?2 orthologs are
required for cotton with partial resistance to V. dahliae. We also showed that silencing a
RLP, GhVel, partially compromised resistance to V. dahliae. An interesting test will be to
determine whether GANDR1 and GhMKK?2 function downstream of GhVel, which might
perceive an unknown PAMP from V. dahliae. The current knowledge of the molecular
mechanisms of disease resistance has been mainly derived from the study of a few reference
plants, such as Arabidopsis. Many disease resistance components and immune signaling
pathways have been well studied in Arabidopsis by genetic and biochemical approaches.
Given the conservation of Arabidopsis and cotton at the genome organization level (Rong et
al., 2005), it is tempting to speculate that the defense signaling and gene functions are
sufficiently conserved between these two species. Systemic characterization of the cotton
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orthologs by loss-of-function and gain-of-function will provide a wealth of information on
the molecular mechanisms of cotton resistance to fungi, bacteria, nematodes and viruses.

Plants respond to multiple PAMPs and activate the convergent immune signaling. By using
a protoplast transient transfection in combination with immunocomplex kinase assay, we
demonstrated that cotton cells could respond to different PAMPs, including flg22, PGN and
chitin, leading to the activation of the evolutionarily conserved MAPK cascade. Another
potent bacterial elicitor, elf18, did not activate MAPK in cotton, consistent with the report
that elf18 seems to be recognized only by members of the Brassicaceae (Zipfel et al., 2006).
It is interesting to note that flg22 activated MPK®6, but not MPK4 in cotton. Blast analysis
against the Gossypium unigenes database suggested the existence of a cotton MPK4
homolog with 89% identities and 94% similarities with AtMPK4 at the amino acid level. In
Arabidopsis, MEKK1 (MAPKKK) and MKK1/MKK?2 function upstream of MPK4 (Gao et
al., 2008, Qiu et al., 2008, Suarez-Rodriguez et al., 2007). In the mekkl mutants, MPK4
activation by different stimuli was absent (Ichimura et al., 2006). The mekkl mutants
display abnormal plant growth independent of its kinase activity (Ichimura et al., 2006). It
will be particularly interesting to learn whether cotton possesses an MEKKZ1 ortholog and
whether it exhibits kinase activity.

The rapidly innovative sequencing technologies are vastly expanding the sequence database
for important plant species; the majority of which are difficult to manipulate for functional
genomics studies. VIGS provides a rapid and powerful tool to dissect gene functions in
species not amenable to stable genetic transformation. The large-scale VIGS experiments
were easily adopted as a fast-forward genetics approach to screen for interesting phenotypes
(Burch-Smith et al., 2004, Baulcombe, 1999). This method has been successfully used in
VIGS-efficient plants, such as Nicotiana benthamiana. For example, HSP90 was identified
as an important component in plant disease resistance by screening about 5000 cDNA
clones, and BECLIN 1 was identified in autophagy-regulated programmed cell death through
screening 1500 cDNA clones in N. benthamiana (Liu et al., 2005, Lu et al., 2003a). Since
the high efficiency of Agrobacterium-mediated VIGS could be readily achieved in different
cotton genotypes, this fast-forward genetics approach could be further adopted for high-
throughput screening of important genes involved in abiotic and biotic stresses in cotton. A
random cDNA library will be constructed into pTRV2 vector for screening of interesting
phenotypes (Fig. 8). Since it takes considerable space and effort to grow a large number of
cotton seedlings for VIGS, we sought to determine whether one plant could be inoculated
with multiple clones containing different cDNA. We determined that VIGS still occurred
effectively even if the pTRV2-CLAL Agrobacterium culture was mixed with pTRV2 control
vector Agrobacterium culture at 1:49 ration (50 fold dilution) for infiltration (Fig. 8a). This
suggests that we could pool at least 50 individual clones in a mixture for the initial screening
to minimize the amount of time and effort for VIGS assays (Fig. 8b). After identifying the
pool that attributes interesting phenotypes, we will further test individual VIGS cDNA
clones from the pool. The nature of genes linked to the phenotype will be revealed by
sequencing the plasmid DNA recovered from Agrobacteria. Protoplast transient assay will
further facilitate the study of the gene/protein functions through protein localization, protein-
protein interaction, protein degradation, and gene transcription and regulation. The
interested genes will provide valuable resources for targeted breeding programs and genetic
engineering of cotton cultivars with desired traits (Fig. 8b).
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EXPERIMENTAL PROCEDURES

Plant materials and growth

Cotton (Gossypium hirsutum) cultivars Deltapine 90, R135, Phytogen 480WR, Phytogen
425RF, FM 832, PSC 355 and FM 9160B2F were grown in pots containing Metro Mix 700
(SunGR, Beavile, WA) at 23°C under 12 hr/12 hr light conditions.

Construction of VIGS vectors and Agrobacterium-mediated VIGS

GhCLA1, GhNDR1, GhVel, GhMKK2, and GhNPR1 cDNA was amplified by PCR from the
cDNA library of G. raimondii leaf tissues, and inserted into pYL156 (pTRV-RNAZ2) vector
with restriction enzymes EcoRI and Kpnl digestion. GhCLAL-F, 5’-
GGAATTCCACAACATCGATGATTTAG-3’, GhCLAL-R, 5’-
GGGGTACCATGATGAGTAGATTGCAC-3’; GhNDR1-F,5’-
CGGAATTCGGATACATACTTCAAACCCC-3’, GhNDR1-R,5’-
GGGGTACCGCTCCAAGCAGCACCACAC-3’; Ghvel-F, 5’-
CGGAATTCCTGACACATTTCCAGAGAAC-3’, GhVel-R, 5’-
GGGGTACCGTCAATGGAGGTAAACACCG-3’; GhMKK2-F, 5’-
CGGAATTCGCCATCGGAAGCTGACAATGACG-3’; GhMKK2-R, 5’-
GGGGTACCGCTAGCCCTGAGGTGCTTGTC-3’; GhNPR1-F, 5’-
GGAATTCATGGATATAGCTCAAGTGGA-3’, GhNPR1-R, 5’-
GGGGTACCTTACCTTTAGGCCCGGTCAC-3".

The plasmids containing binary TRV vectors pTRV-RNAZL, pTRV-RNA2 (pYL156), and
pYL156 derivatives were transformed into Agrobacterium tumefaciens strain GVV3101 by
electroporation. Agrobacterium culture was grown for overnight at 28°C in LB medium
containing antibiotics Kanamycin and Gentamicin, as well as10 mM MES and 20 uM
acetosyringone. The cells were pelleted by centrifugation and re-suspended in infiltration
culture containing 10 mM MgCl,, 10 mM MES and 200 uM acetosyringone. Cell
suspensions were incubated at room temperature for at least 3 hr. The Agrobacterium culture
containing pTRV-RNAL and pTRV-RNA2 or its derivatives was mixed at 1:1 ratio and
infiltrated into two fully expanded cotyledons of 2-week-old plants with a needleless
syringe. To facilitate the infiltration, small holes were punched with a needle on the
underside of cotyledon. VIGS experiments were repeated at least three times with more than
six plants for each construct per repeat.

Verticillium dahliae infection of cotton plants

Verticillium dahliae (isolate King) was grown on potato dextrose (PDA) agar at room
temperature (23°C) for 3—4 days. The spore suspensions were prepared at 1x106 conidia/ml
in a solution containing 0.001% Tween-20, and stem inoculated into both control and VIGS
silenced plants using a syringe needle (22G11/2 gauge), at a position approximately 1 cm
below cotyledons (Bolek et al., 2005).

Cotton protoplast isolation and transient gene expression assays

Cotton protoplasts were isolated from green cotyledons, etiolated cotyledons and young
leaves according to He et al. (2007) with modifications. Cotyledons and true leaves were
excised from 1-, 2- or 3-week-old plants, sliced with a razor blade and digested in an
enzyme solution supplemented with 2% sucrose for 0.5 hr under vacuum. Subsequently, the
enzyme solution was incubated without vacuum at room temperature for 3 hr or 12 hr. The
protoplasts were released by filtering through a 30-pum nylon mesh, washed with W5
solution and diluted in MMG solution to a density of 2 x 10° cells/ml.
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Reporter gene assay was conducted as described by He et al. (2007). The protoplasts were
transfected with reporter genes, incubated at room temperature for 1 hr, and then treated
with different phytohormones at the indicated concentrations for another 5 hr. For protein
localization, cotton protoplasts were transfected with C-terminal GFP fusion of AvrPto,
AXR2, or WRKY28 under the control of 35S promoter. 35S-GFP was used as a control.
Protein localization was observed 12 hr later after transfection using a fluorescence
microscopy. To confirm the nuclear localization, the transfected cells were stained with
DNA stain dye Hoechst 33342 (Sigma) at the concentration of 1 mg/ml for 5 min.

Immunocomplex kinases assay and Western blot analysis

GhMPK®6 was PCR amplified from G. hirsutum with primers 5’-CG
GGATCCATGGAAGGCGGAGGACCACC-3’ and 5°-
GAAGGCCTCTGCTGCAGATATTCTGGGTTG-3’, and cloned into a plant expression
vector. 200 ul of cotton protoplasts were transfected with cotton or Arabidopsis MAPKS,
and incubated for 6 hr. The protoplasts were treated with different PAMPs at the indicated
concentrations for 15 min. Immunocomplex kinase and Western blot assays were performed
as reported (Lu et al., 2010). The expression of cotton and Arabidopsis MAPK proteins was
detected by an anti-HA antibody.

Cotton RNA isolation and RT-PCR analysis

Cotton total RNA was extracted from leaves or stems of VIGS silenced plants at
approximately two weeks post VIGS using Spectrum™ Plant Total RNA Kit (Sigma)
according to the manufacturer’s protocol. RNA was then treated with DNase (Invitrogen) to
remove genomic DNA. 1 pg of purified RNA was subsequently reverse transcribed with
First-Strand cDNA Synthesis kit (Promega) using oligo-dT as a primer. The primers of
genes used for semi-quantitative RT-PCR are as following: GhCLA1-F, 5’-
GCCCTTTGTGCATCTTC-3’, GhCLAL-R, 5’-CTCTAGGGGCATTGAAG-3’; GhNDR1-
F,5-CACTTTTCATGTGGCTATG-3’, GhNDR1-R, 5’-GCAAGAAATTGAACAAAG-3’;
GhVel-F, 5’-GAAGGGCCAATACCAGAAG-3’, GhVel-R, 5’-
GAGGAAGCCCACACAATCC-3’; GhMKK2-F, 5’-GCCTGAAGCTCCTCCGCC-3’;
GhMKK2-R, 5’-CCCAAGCTCCAAATGTCAC-3’; GhNPR1-F, 5’-
GGAATCGGATGACGTCGAG-3’, GhNPR1-R, 5’-CATCACCAGCGATGGCAAG-3’.
PCR amplification was run for 35 cycles (each cycle: 45 sec at 95 °C, 30 sec at 52 °C, and 1
min at 72 °C). GhActin9 was used as an internal standard control (Djonovic et al., 2006).

Measurement of ROS production

ROS burst was determined by a luminol-based assay as described by Felix et al. (1999) with
modifications. The first true leaf of three-week-old cotton plants was excised into leaf discs
of 0.25cm?, following an overnight incubation in 96-well plate with 100 pl of H,O to
eliminate the wounding effect. H,O was replaced by 100 pl of reaction solution containing
20 uM of luminol and 10 pg/ml of horseradish peroxidase (Sigma) supplemented with 100
nM of flg22. The measurement was conducted immediately after adding the solution with a
luminometer (Perkin Elmer, 2030 Multilable Reader, Victor X3), with a 1 min interval
reading time for a period of 15 min. The measurement values for ROS production from 20
leaf discs per treatment were indicated as means of RLU (Relative Light Units). The
experiments were repeated twice with similar results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Agrobacterium-mediated VIGS in cotton

a. The photobleaching phenotype of cotton leaves triggered by VIGS-GhCLAL.
Agrobacterium culture carrying pTRV1 and pTRV2-GhCLA1 was infiltrated into two fully
expanded cotyledons of two-week-old seedlings of cotton cultivar Deltapine90. pTRV2-
GFP was used as a vector control. The insert shows the expression of GhCLAL in control
and silenced plants by RT-PCR analysis. GhActin9 was used as a control. b. The
photobleaching phenotype triggered by VIGS-AtCLAL in cotton. The insert shows the
expression of GhCLA1 in control and silenced plants by RT-PCR analysis. c. The
photobleaching phenotype triggered by VIGS-AtCLAL in Arabidopsis Col-0 and Ler-0. The
pictures were taken at 3 weeks (a and b) and 5 weeks (c) after Agrobacterium infiltration.
The experiments were repeated five times with similar results.
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Figure 2. Agrobacterium-mediated VIGS in a diverse array of cotton cultivars

Two fully expanded cotyledons of different cotton genotypes were infiltrated with
Agrobacterium culture containing pTRV1 and pTRV2, pTRV2-GhCLA1 or pTRV2-
AtCLA1. The pictures were taken at 5 weeks after Agrobacterium infiltration. The
experiments were repeated three times with similar results.
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Figure 3. Silencing of GhVel, GhNDR1 and GhMKK2 enhanced plant susceptibility to V. dahliae
infection

The cotton cultivar FM9160B2F was first silenced with individual genes by VIGS, and then
inoculated with V. dahliae (isolate King) suspension spores at the concentration of 1 x10°/
ml. Whole plant (a) and detached leaves (b) were pictured at 18 days post V. dahliae
infection. c. The percentage of plants that showed Verticillium wilting phenotype at 18 days
post infection. The disease rate was scored based on 18~21 plants. d. The gene expression of
GhVel, GhNDR1, GhMKK2 and GhNPRL1 in silenced and control plant leaves by RT-PCR
analysis. GhActin9 was used as a control. The experiments were repeated three times with
similar results.
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Figure 4. The protoplasts isolated from different tissues of cotton plants of cultivar FM9160B2F
The protoplasts were isolated from (a) 2-week-old green cotyledon, (b) 2-week-old etiolated
cotyledon, (c) 3-week-old green cotyledon and (d) 3-week-old true leaf. The pictures are
representative of three independent repeats.
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Figure 5. Transient expression of exogenous genes in cotton protoplasts

a. Subcellular localization of GFP proteins in cotton protoplasts. The protoplasts were
transfected with indicated constructs and incubated for 12 hr before GFP observation.
Arrows indicate the Hoechst 33342 staining of nucleus, confirming the nuclear localization
of Axr2-GFP and WRKY28-GFP. b. Expression of luciferase reporter gene in cotton
protoplasts. The protoplasts were transfected with 35S-LUC or UBQ-LUC, and the luciferase
activity was detected 6 hr after transfection by a plate reader. The protoplasts were isolated
from the cotyledons of cultivar FM9160B2F. The experiments were repeated three times
with similar results. The data in (b) are shown as means + standard errors from three
independent biological replicates.
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Figure 6. Cotton protoplasts respond to multiple PAMPs and elicit convergent defense signaling
a. flg22, PGN and Chitin activate GhMPK® in cotton protoplasts. The protoplasts were
transfected with GhMPK®, and incubated for 6 hr before treatment with different PAMPSs
for another 10 min. The concentrations of individual PAMPs are flg22, 1 uM; elf18, 1 uM;
HrpZ1 harpin, 100 nM; PGN, 50 pg/ml; chitin, 50 pg/ml; LPS, 50 pg/ml; NPP1, 20 nM;
VANEP, 20 nM. His is the control of His-VANEP. The top panel shows the MAPK activity
detected by phosphorylation of MBP substrate, and the bottom panel is GhMPKG®6 expression
detected by Western blot with an anti-HA antibody. b. flg22 activated AtMPK®, but not
AtMPK4, in cotton protoplasts. c. flg22 activated GhMPKG6 in Arabidopsis protoplasts. “-

*“ is the H,O control for flg22 and His is the control of His-VANEP. d. ROS burst in cotton
leaves triggered by flg22 treatment. The experiments were repeated three times with similar
results. The data in (d) are shown as means + standard errors from ten independent
biological replicates.
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Figure 7. Cotton protoplasts respond to growth hormones

Cotton protoplasts were transfected with specific marker genes for different plant hormones,
then treated with 1 uM of NAA, 100 uM ABA or 1 uM Zeatin for 3 hr. The experiments
were repeated four times with similar results. The data are shown as means + standard errors
from three independent biological replicates. * indicates a significant difference with p<0.05
when compared with data from control based on the results of an unpaired Student’s t-test.
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Figure 8. Fast forward genetics and functional genomics to study cotton gene functions at a
large-scale
a. Agrobacterium culture containing 1/50 of pTRV2-GhCLAL is sufficient to trigger gene

silencing. Agrobacterium culture containing different dilutions of pTRV2-GhCLA1 was
inoculated into cotton cotyledon. pTRV2 was substituted to make pTRV1 and pTRV2 at 1:1
ratio in the Agrobacterium culture. The number below photograph indicates the days after
infiltration when 100% of plants showed photobleaching phenotype. b. The scheme of high
throughput study of cotton gene functions by VIGS and protoplast transient assays.
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