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Transcriptional profiling in cotton associated with Bacillus
subtilis (UFLA285) induced biotic-stress tolerance
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Abstract Plant growth promoting rhizobacteria
(PGPR) confer disease resistance in many agricultural
crops. In the case of Bacillus subtilis (UFLA285)
isolated from the cotton producing state of Mato
Grosso (Brazil), in addition to inducing foliar and root
growth, disease resistance against damping-off caused
by Rhizoctonia solani was observed. The aim of this
cotton study was to identify gene transcriptional events
altered with exposure to the PGPR strain UFLA285 in
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infected plants. Global gene transcription was profiled
using a commercially-available cotton gene chip;
cotton plants with and without UFLA285-seed treat-
ment were infected with R. solani 9-days after planting
and harvested on day14. Microarray data of stem tissue
revealed 247 genes differentially regulated in infected
plants, seed treated versus untreated with UFLA28S5.
Transcripts encoding disease resistance proteins via
jasmonate/ethylene signaling as well as osmotic
regulation via proline synthesis genes were differen-
tially expressed with UFLA285 induction. Consistent
with transcriptional regulation, UFLA285 increased
plant-proline accumulation and dry weight. This study
has identified transcriptional changes in cotton, in-
duced by the beneficial soil bacterium UFLA285 and
associated with disease control.

Keywords Gossypium hirsutum - Induced systemic
resistance (ISR) - Proline induction - RT-PCR -
Biological control

Introduction

Soil microbes adapt to particular rhizosphere con-
ditions during as well as between successive growing
seasons for crops such as cotton that often are grown
for several years without crop rotation (Malik et al.
2005; Hulugalle and Scott 2008). Hence a cotton

@ Springer



328

Plant Soil (2011) 347:327-337

pathogen such as Rhizoctonia solani that is able to
overwinter as dormant sclerotia, clamidospores or in a
saprofic form (Manian and Manibhushanrao 1990)
can cause substantial harvest losses as soil-pathogen
titers increase (Kirkpatrick and Rothrock 2001). Such
a plant pathogen interferes with xylem flow, simulate
water-stress conditions and result in greater plant
susceptibility to drought or salt stress (Dowd et al.
2004). While sustained efforts have been underway to
breed for abiotic stress tolerance in cotton (Parida et
al. 2008), few programs have targeted soil-borne
pathogen resistance (Lopez-Lavalle et al. 2007).

A complex and integrated set of plant responses
are mobilized in cotton with pathogen attack includ-
ing constitutive and induced defenses (Martinez et al.
2000). Characterized plant signals that activate such
defense responses include ethylene, salicylic acid,
jasmonic acid and reactive oxygen species; down-
stream defenses responses such as the production of
phenolics, phytoalexins, antimicrobial peptides and
physical barriers have also been characterized. Prim-
ing of plant defenses has been shown to be an
effective means for the tailoring of induced resistance
against plant pathogens (Yi et al. 2009). Local
resistance (LR) and systemic acquired resistance
(SAR) are generally activated by plant-pathogen
interactions and accompanied by elevated levels of
endogenous salicylic acid (SA) (Dorey et al. 1997).
Induced systemic resistance (ISR) is also a heightened
plant defense state although exogenous signaling is
via non-pathogenic/beneficial bacteria with elevated
endogenous jasmonic acid (JA) and ethylene often
reported as a secondary signal (Pieterse et al. 2002,
2007). While such bacteria can directly function as
antibiosis agents in the rhizosphere, root colonization
can also trigger changes in plant transcript profiles
associated with indirect disease suppression (Dowd et
al. 2004).

Many plant growth promoting rhizobacteria
(PGPR) reduce disease symptoms in a wide range
of agricultural crops (Mondal and Verma 2002).
Model systems have been employed to unravel
mechanisms of plant inducible biotic and abiotic
stress-tolerance activated by PGPR. In the case of
Pseudomonas fluorescens root colonization in Ara-
bidopsis, disease suppression against P syringae
DC3000 is observed with up—(95) and down—
(105) regulation for transcripts encoding metabo-
lism, signal transduction, and stress response pro-
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teins (Wang et al. 2005). With PGPR-induced salt
tolerance, the sodium uptake transporter HKT1 has been
shown to be organ specifically regulated in Arabidopsis
by B. subtilis resulting in reduced endogenous sodium
when plants are grown with elevated salt (Zhang et al.
2008). For growth promotion, PGPR have been linked
with auxin redistribution from leaves to roots that in
turn is associated with foliar cell expansion and lateral
root proliferation in Arabidopsis (Zhang et al. 2007,
Xie et al. 2009).

With cotton, a microarray chip was originally
developed based on infected plant ESTs to study the
interaction of cotton plant and Fusarium oxysporum f.
sp. vasinfectum infection (Dowd et al. 2004). The
authors observed defense- as well as drought
tolerance-related genes to be up-regulated. Recently,
an enhanced microarray chip was generated contain-
ing all deposited Gossypium spp ESTs (Udall et al.
2007) and this enlarged data set has been utilized here
to study the tritrophic interaction between cotton, the
common cotton pathogen R. solani AG4 and the
newly reported beneficial rhizobacterium B. subtilis
(UFLA285) isolated from the cotton rhizosphere
(Medeiros et al. 2008). To probe plant-signaling
pathways activated by UFLA285 seed treatment in
combination with damping-off disease, overall tran-
script changes have been characterized using the
Gossypium spp microarray chip. This global gene
profiling was employed to identify defense- as well as
stress-related genes that are differentially regulated in
pathogen infected cotton with versus without
UFLA28S seed treatment.

Material and methods
Bacterial cultures

Bacillus subtilis UFLA28S previously selected for the
control of cotton seed-borne diseases (Medeiros et al.
2008) was streaked from —80°C preserved slants to
LB agar; 24 h post-incubation at 28°C, isolated
colonies were cultured in liquid LB media. To
separate cells from the media, the suspension was
centrifuged at 10,000 g for 5 min. Cells were re-
suspended in saline buffer (0.85% NaCl) and the
concentration set to 10° cfu/mL based on optical
density measurements inferred from a standard curve
(Jeger and Viljanen-Rollinson 2001).
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Fungal cultures

The pathogen Rhizoctonia solani AG4 was initially
frozen at —80°C as sclerotia in 40% aqueous glycerol,
transferred to potato dextrose agar (Difco Laborato-
ries, Detroit, MI) and after 7 days at 24°C, 5
mycelium plugs from the colony extremity were
inoculated into V8 medium (200 mL commercial V8
juice with 3 g/l CaCOj;). This suspension was
incubated at 24°C and 150 rpm for 4 days and the
mycelium was then harvested by centrifugation, re-
suspended in water and blended to give a homoge-
nous suspension. The threshold concentration of
10? cfu/mL required for wilting in all plants 4 days
after inoculation was empirically determined; this
concentration was then employed in all trials where
pathogen exposure was provided. Unless otherwise
stated, 9 days after planting, stems were infected with
the pathogen suspension (250 pL, 10* cfu/mL) by
deposition at the root/stem inter-phase in direct
contact although without plant wounding.

Plant material

Gossypium hirsutum seeds cv Deltapine Acala 90
were surface sterilized in sodium hypochloride (0.5%
active chloride), washed thoroughly with sterilized
distilled water, air dried and then treated with the
bacterial suspension (2 mL 10’ cfu/mL/g of seed),
saline (2 mL saline buffer 0.85% NaCl (w/w)/g of
seed) or fungicide (triadimenol 10 pL active ingredi-
ent/g of seed). Seeds were sown into 2 L pots
containing 400 g of the potting mix Sunshine® All-
Purpose Planting Mix (Sun Gro Horticulture, Vancou-
ver, CA), fertilized with 5 g of osmocote fertilizer
(Scotts-Sierra Horticulture, Marysville, OH) and
irrigated daily to field capacity. Plants (4/pot) were
kept in a growth room under controlled temperature
(25°C+4), relative humidity 40+10% and light
(200 pumol m 2 s™') by using a combination of metal
halide and high sodium pressure lamps set for 14 h/
day.

Disease assessment

At 4-10 days after germination, plants were assessed
daily for disease severity according to a 1-5 numer-
ical scale as previously described (Keinath et al.
2000), where (1) represents no visible symptoms, (2)

less than 10 pinpoint lesions on diffuse discolored
areas, (3) distinct necrotic lesions, (4) girdling lesions
and (5) damped-off or killed seedling. The obtained
data were analyzed collectively by an area under the
disease progress curve (Shaner and Finney 1977).

Plant sampling and RNA extraction

At 10, 11, 12 and 13 days after planting, stems and
roots were harvested, separately water rinsed, and
frozen in liquid nitrogen. Plant material was stored at
—80°C until time of RNA extraction in which tissue
(0.2 g) was mortar-and-pestle ground with liquid
nitrogen and extracted by a hot borate protocol (Wan
and Wilkins 1994). Total RNA was purified using an
RNEasy MinElute Cleanup kit (Qiagen, Valencia,
CA) including the RNase-free DNAse treatment step
from the same manufacturer. RNA was quantified and
stored at —80°C.

RT-PCR analysis

First strand cDNA was synthesized from 5 pg of total
RNA following a previously described protocol (Zhang
et al. 2007) and PCR was performed using (5-3")
primers, designed based on deposited sequences
(Table 1). Agarose gel electrophoresis images were
taken by Kodak Gel Logic 100 Imaging System
(Fisher Scientific, Houston, TX) and band intensity
quantified by Image J 1.33u (http://rsb.info.nih.gov/ij/,
National Institute of Health).

Microarray analysis

Microarray hybridizations consisted of four biological
replicates (AG4 infected plants with or without
UFLA285 as a biological control treatment) with
one dye swap. Extracted RNA was transcribed to
aRNA in a three step transcription using amino-allyl
aRNA amplification kit (Ambion, Austin, TX) and
labeled with NHS dyes Cy3 or Cy5 (Amersham
Biosciences, Little Chalfont Buckinghamshire, UK)
according to the manufacturer’s protocol. Slide pre-
hybridization was performed according to the manu-
facturer’s instructions, whereas hybridization and
post-hybridization followed an Arabidopsis protocol
(Zhang et al. 2007). Arrays were scanned using a
GenePix 4100 array scanner (Axon Instruments,
Sunnyvale, CA). Spot statistical analysis was per-
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Table 1 Details of primers used in the resistance induction time course and validation of microarray results

Gene putative function  EST Code Forward primer Reverse primer

Endochitinase CD486396 ATGGAGCTGCTGGCGATGGTATAA  TTGATTGCTTTCTGCTCGGCACAG

chylene inducible CD486177 GGCGCAATAGCTGAAACCCACAAA ACCCACAGACGAAAGGAATCCGAA

rotein

P;)roxidase CD485924 TGGTGCCAGTCTCATCATGCTTCA  ATGTTGGTGTTAAGCGCCACACTG

housekeeping CK738219 GACACCATTGACAACGTCAAGGCA AAGACGCAAGACAAGGTGGAGAGT
polyubiquitin

Aquaporin BG443217 GCCGAATTCATCGCTACTCTCCTT  AACATCAACCCAAATGTCTCCGCC

ethylene binding protein C0O104019 ATGAACCGATACCCGAGGTTTCCA AAGGTTCCCAACCAGATCCGTGAA

heat shock DV848869 TTCCTCCCTAAATCCATCCACGCT  TACCAGCACTGATCGGTTTCCCAT

Lipoxygenase BF278101 AACCGTAACGTCTAGGCAGGGTTT TTCAGAAAGCGGCTTACCGGGATA

cytochrome P450

xyloglucan endoglycosyl BF271751
transferase

Cotton12_10944_01 CATCAAAGGGCTTATGCTGGTCCT
TTTCTGTCGCTTCCATGGCTGTCT

ACATGCCCTCCTTCCTAACCCAAA
TGTGGTATTGCCCAGGAACTCGAA

formed according to the manufacturer’s guidelines
(Gene-Spring 7.0; Silicon Genetics, Redwood, CA).
A 40% change, either up- or down-regulation, in the
expression level compared with the control was
designated as the threshold for a gene to be classified
as altered in response to rhizobacterium treatment.
Only genes that passed the flag filtering, identified as
present (Gene-Spring 7.0), and passed the t-test p-
values 0.10 were considered differentially regulated
with UFLA285 treatment.

Proline quantification

For endogenous proline measurements, shoot tissue was
extracted in 3% aqueous sulfosalicilic acid and vortexed
for 1 min; the solution was then centrifuged (10,000 g)
for 10 min and the supernatant (0.5 ml) diluted 1:1 with
water following the procedure of Bates et al. (1973).
Extracted proline was stained with Ninhydrin reagent
(Sigma-Aldrich, St. Louis, MO). Ninhydrin (1.25 g)
was dissolved in glacial acetic acid (30 mL) and 6 M
phosphoric acid at 40 C until complete dissolved,
heated to 100°C for 1 h in darkness, ice-bath cooled
and extracted with toluene. The organic phase was
measured at 520 nm and quantification is based on a
proline-ninhydrin standard curve.

Statistical analysis

Whenever applicable, plots were composed of four
plants. Those plants were either pooled for RNA
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extraction or the measured severity and photosynthe-
sis averaged and each experiment was composed in
order to reduce errors and the experiments encom-
passed three biological replicates. The obtained data
was submitted to variance analysis ANOVA and for
significant effects (p<0.05), means were compared
according to Turkey’s test using the SAS software
(SAS Institute, Cary, NC).

Results
Damping-off resistance kinetics

To establish the incubation time required for
UFLA285-associated plant protection against R. sol-
ani, cotton seedlings were pathogen inoculated at
different times after planting (Fig. 1a). At 9 days after
planting, pathogen inoculated seedlings in combina-
tion with UFLA285 seed treatment resulted in lower
disease symptoms compared to water control. Patho-
gen inoculated seedlings in combination with fungi-
cide seed treatment resulted in lower disease
symptoms at all days that were assayed (9—12 days)
(Fig. 1b). As expected, light brown stem lesions, typical
of R. solani infection (Kirkpatrick and Rothrock 2001),
were observed 4 days after inoculation (Fig. 1c) and
used to determine the area under the disease progress
curve (AUDPC). The plant-infected fungus was
positively identified by plating the root/shoot inter-
phase on potato dextrose agar amended with strepto-
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Fig. 1 Bacillus subtilis (UFLA285) incubation requirement for
induced cotton protection against Rhizoctonia solani (AG4).
Seeds were treated at the time of planting and germinated
seedlings were inoculated with AG4 (+ pathogen) at 5, 6, 7,
8 or 9 days after planting (a). Disease severity was quantified
based on an area under the disease progress curve (AUDPC)
(Shaner and Finney 1977) with seeds treatments of water (white

mycin (100 ppm). All subsequent experiments were
pathogen inoculated 9 days after planting.

Defense-related gene expression

Expression of established defense-related genes was up-
regulated in an organ and time-dependent manner with
UFLA seed treatment versus untreated controls (Fig. 2).
A rapid ethylene-inducible protein, CD486177, was
activated ca. 5 fold in shoots at 10 days after planting,
while root expression was induced ca. 3 fold only at
13 days after planting. In contrast, peroxidase, induc-
tion was observed at day 13 with ca. 3-fold increase in
both shoots and roots. Chitinase also exhibited a
delayed induction, observed on day 12 and 13, for
shoot and root, respectively.

UFLAZ285 gene induction in R. solani infected cotton

To provide insight into underlying mechanisms
responsible for rhizobacterium-mediated cotton dis-

bars), UFLA 285 (black bars) or the commercial fungicide
triadimenol (gray bars). Bars represent the mean+SE with n=
4; bars marked with different letters within a given time period
are statistically different based on a Turkey’s test p<0.05 (b).
Seventeen day old cotton plants infected 9 days after planting
exhibit brownish necrotic lesions (see arrow) at the root/shoot
inter-phase typical of (AG4) damage (c¢)

ease protection, cDNA microarray experiments were
performed with pathogen-exposed plants treated with
UFLA285 or water. A total of 247 genes were
differentially expressed with UFLA285 treatment
and putatively identified genes were divided into
primary (Table 2) and secondary metabolism (Table 3).
For each category, responses were subdivided by
functional groupings with primary metabolism includ-
ing: lipid-, carbohydrate-, protein-metabolism, gene
replication, transport, respiration, flowering, photo-
synthesis, and unidentified genes. Genes associated
with defense encompassed the largest group of
secondary metabolites and were preliminarily divided
into the groupings: cell-wall modulators, stress-related
signals, signal transduction activators and transcrip-
tion factors.

To validate microarray results, five genes that were
differentially expressed with UFLA285 treatment
were assayed by RT-PCR and similar fold changes
were observed for both microarray and RT-PCR
analysis (p>0.05) (Fig. 3).
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Fig. 2 Bacillus subtilis (UFLA285) induction of defense-
related genes in cotton shoots and roots. Bars represent the
transcriptional ratios between UFLA285-treated and untreated
plants with regard to the defense related genes: ethylene
inducible protein (black bar), peroxidase (gray bar) and
chitinase (white bar); shown is the mean+SE with n=4

Genes associated with growth and development

Several genes associated with DNA replication were
up-regulated (22 genes 95% of which were up-
regulated) including: mini-chromosome maintenance
protein (DNA replication initiation), unwinding of
nucleic acid (helicase), ribonuclease III and helicase
activities (ribonuclease), alternative splicing as well as
single-stranded RNA binding (RNA recognition pro-
tein), double stranded RNA binding (C-terminal
domain phosphatase-like 1), acetylation (histone),
RNA replication (RNA polymerase), DNA polymer-
ase (reverse transcriptase), ligase (ARIADNE-like
protein), guanine tetraphosphate metabolic process
(rel A/spo T homologous protein RSH2), and nucleic
acid binding (small nuclear ribonucleoprotein).

A second set of genes encoding for the transport of
amino acids (peptide transport and permease), chlo-
ride, potassium or sulfate ions were up-regulated with
UFLA285 treatment while proton and copper trans-
porters were down-regulated. Other proteins involved
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in trans membrane transport selective for lysine amino
acids (coatomer protein complex epsin-like protein)
(Holstein and Oliviusson 2005), exocytosis (exocyst
dubunit EX070 family protein E1), ABC transporter
involved in the import of molecules through the
membrane envelope (importin beta2 subunit family
protein), Golgi complex internal transport (gotl-like
family protein), endoplasmic reticulum and Golgi
complex-mediated transport (sedlin, transport compo-
nent particle) (Muthusamya et al. 2009) were differ-
entially regulated. In cases where transporters were
closely associated with components of primary
metabolism, the transporter was grouped with the
process: transporters that take part in mitochondrial
respiration (e.g. mitochondrial phosphate translocator
and mitochondrial carrier protein-like), replication of
genetic material (e.g. purine permease) and trans-
porters of heterocyclic nitrogen compounds (e.g.
ureide permease 1).

Putative secondary metabolism associated responses

Among the genes with altered expression levels,
defense responses were the largest number (12% of
total) with all members except aquaporin and dehy-
droascorbate peroxidase up-regulated (fold change >1.4
and p-value<0.05). Defense genes were sub-grouped
as anti-oxidant/scavengers, PR-proteins, jasmonic acid
biosynthesis, phenylpropanoid pathway and osmore-
gulators (Table 3). Defense-related metabolism such as
those belonging to the PR-protein group or part of the
phenylpropanoid pathway are commonly reported as
part of a plant’s induced systemic resistance response
(Hammerschmidt and Kuc 1995).

Six genes encoding cell wall modulation including
up-regulation of cell wall reinforcement (transferase,
callose synthase and lipid transfer protein) and down
regulation of cell wall loosening (xyloglucan hydro-
lase) were observed with UFLA285 treatment.

Genes encoding detoxifying enzymes were selec-
tively up-regulated with UFLA28S5 elicitation includ-
ing alcohol dehydrogenase, heat shock proteins,
luminal binding proteins, and disulfide isomerase.
After pathogen penetration, plants respond either by
producing enzymes targeting the pathogen and/or
toxic pathogen metabolites (Buchanan et al. 2000).
Alcohol dehydrogenase catalyzes the two-way reac-
tion from acetaldehyde to ethanol, which is produced
under anoxic conditions, frequently observed on
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Table 2 Primary metabolism gene regulation by combined Bacillus subtilis UFLA285 (treated) or water (control) and inoculation
with Rhizoctonia solani AG4 on the 9th-day after planting. Bold-marked-responses were up-regulated (ratio>1.4)

Groups Representants Ratio (regulation) Genes

Lipid metabolism (3.6%)

Anabolism oxysterol binding protein, (3-ketoacyl-CoA 1.4-1.77 (100% UP) 4
synthase, Erg-1, sterol-delta-7-reductase

Catabolism Acid phosphatase class B, 2-hydroxyphytanoyl-CoA 1.52-2.48 (100% UP) 5

lyase, lipase
Carbohydrate metabolism (3.6%)
Catabolism
malate dehydrogenase
Dual role

KHG-KDPG bifunctional aldolase-like, aldehyde lyase,

Dihydrolipoylisine-residue acetyltransferase,

1.48-2.77 (100% UP) 5

1.40-1.44 (100% UP) 4

phosphoenolpyruvate carboxylase, sucrose

(phosphate) synthase***
Protein metabolism (4.5%)

Anabolism/modulation caleosin, fasciclin, asparagines tRNA ligase, ubiquitin 0.36-1.80 (42% UP) 7
protein ligase/hydrolase, Claritin heavy chain, 60S
ribosomal protein BBC1, 30S ribosomal protein

Catabolism Endopeptidase 0.57 1

Replication (8.9%)

Helicase, rna recognition protein, histone (acetylation),

0.57-2.09 (95% UP) 22

RNA polymerase, small nuclear ribonucleoprotein,
C-terminal domain phosphatase-like 1, reverse transcriptase,
mini-chromossome maintenance protein, ligase, relA/spo

T homologous protein RSH2, ribonuclease

Transport (8.5%)

Amino acid

Ions Intracellular chloride channel, copper protein,

Peptide transporter, aminoacid permease

1.45-1.88 (100% UP) 3
0.33-5.34 (67% UP)

H+—transporting ATP synthase, sulfate transporter,

potassium transporter
Transmembrane Inespecific

coatomer protein complex epsin-like protein, exocyst

1.52-2.29 (100% UP) 8

dubunit EX070 family protein E1, importin beta2
subunit family protein (ABC transporter), gotl-like
family protein, sedlin, transport component particle

(TRAPP)

Other Mitochondrial phosphate translocator, mitochondrial 0.33-1.72 (75% UP) 4
carrier protein-like, ureide permease 1, purine permease

Miscellaneous (32%)

Respiration Cytochrome b5 DIF-E 4-phosphopantothenoylcysteine 1.59-1.69 (UP) 1
synthetase

Flowering Glicine-rich RNA-binding protein 0.52 (DOWN) 1

Photosynthesis Light harvesting complex 0.54 (DOWN) 1

Unknown 77

necrotrophic pathogen causing tissue maceration
(Kronstad 2000).

Signaling events associated with plant defense
were among the largest group of genes to be up-
regulated (13% of total genes). This group was
divided into five sub-groups: hormone-related,
calcium-dependent, leucine rich repeat, lectin re-
peat, and serine/threonine kinases. Transcription
factors were grouped in the sub-classes: hormone-

related, WRKY, MYB, WD-40 and miscellaneous
(Table 3).

Inducible proline accumulation
Inducible proline accumulation was examined with
the observed differential regulation of a proline-

synthesis enzyme with UFLA285 seed treatment
(Table 3). With pathogen infection, a 1.5 times
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Table 3 Secondary metabolism gene regulation by combined Bacillus subtilis UFLA285 (treated) or water (control) and inoculation
with Rhizoctonia solani AG4 on the 9th-day after planting. Bold-marked-responses were up regulated (ratio >1.4)

Gene classes Response Ratio Gene
(treated/control) numbers

Defense (12.1%)

Anti-oxidants/scavengers  glutathione-S-transferase, peroxidase, dehydroascorbate 0.54-2.34 (93% UP) 15

redutase, MATE efflux family protein, thioredoxin,
purple acid phosphatase, cytochrome P450

PR-protein Thaumatin-like protein, resistance induced protein 13, 1.51-2.06 (100% UP) 5
uncharacterized resistance protein, major cherry allergen,

Endo-beta-acetylglucosaminidase
Jasmonic acid biosynthesis Lipoxygenase*, allene oxide cyclase

1.51-1.60 (100% UP)

Phenylpropanoid-pathway Phenylalanine ammonia-lyase, caffeic acid O-methyltransferease, 1.64-2.50 (100% UP)
2-hydroxyisoflavone reductase, cinnamoyl CoA reductase,

dihydroflavonol 4 reductase

Osmorregulation Pyrroline-5-carboxylate synthetase, aquaporin 0.59-1.65 (50% UP) 2

Cell wall modulators (3.6%)

Reinforcement Transferase, UDP glycosyl transferase 88B1, 0.48-1.2 (67% UP) 6
Glycosyl transferase, cellulose synthase, callose

synthase, Lipid transfer protein

Loosening xyloglucan endoglycosyl/hydrolase 0.37-0.58 (100% 3
DOWN)

Stress-related (2.4%) heat shock protein, alcohol dehydrogenase, protein 0.55-1.81 (88% UP) 8
disulfide isomerase, luminal binding protein ,
chaperone protein DNAJ-related

Signal transduction (13%)

Hormone-induced Brassinosteroid regulated protein, ethylene receptor, 1.43-1.85 (100% UP) 5
ethylene-induced calmodulin-binding protein,
growth factor like protein

Ca*- dependent kinases  Calcium dependent protein kinase, calmodulin-binding 1.48-1.53 (100% UP) 5

protein, CDPK adapter protein 1, CBL-interacting

protein kinase 21

Leucine-rich repeat Leucine rich repeat protein kinases 0.57-1.92 (75% UP)
Lectin repeat Lectin-like protein kinase 1.50-2.06 (100% UP)
Serine/threonine kinase NIMA-related protein kinase, protein phosphatase 2C, 0.58-2.29 (78% UP)

others with no distinct domain

Other Avr9/C19 rapidily elicited protein, cdk5 regulatory subunit 1.42—-1.85 (100% UP) 7
associated protein 3, diacylglycerol kinase, NPK1-related
protein kinase, protein phosphatase 2C, rhomboid family protein

Transcription factor (7.3%)

Hormone-related Auxin response factor, ethylene response binding protein, 1.43-1.98 (100% UP) 4
abscisic acid-induced protein

WRKY-type Wound-induced leucine zipper zinc finger (WIZZ) 1.44-1.62 (100% UP) 2

WD-40 GhTTG2, other myb-transcr 1.59-2.07 (100% UP) 4

MYB-like Myb transcription factors 1.68-2.05 (100% UP) 4

Other Tfiis domain-containing protein, phavoluta-like HD 1.50-1.86 (100% UP) 4

ZIP 111 protein, WREBP

increase in proline accumulation was observed with
UFLA285 (719 ng/g shoot) versus untreated seeds
(48+4 ng/g shoot). Pathogen infected plants also had
1.9 times greater dry weight with UFLA285 treatment
(0.93+0.03 g/plant) than from untreated cotton seed
(0.43+0.03 g/plant).
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Discussion

In a previous report, over 300 endospore-forming
bacterial strains were screened for control of two
important seed-borne cotton diseases: bacterial blight
(Xanthomonas axonopodis pv. malvacearum) and
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Fig. 3 Expression level comparison for RI-PCR (black bars)
and microarray (white bars) analysis of 13-day-old cotton
shoots, AG4-infected on day 9, with and without UFLA285
seed treatment Selected genes include: lipoxygenase (LOX),
cytochrome P450 (P450), xyloglucan endoglycosylase (XTH),

damping-off/ramulose (Colletotrichum gossypii var.
cephalosporioides) (Medeiros et al. 2008). Bacillus
subtilis UFLA285 was obtained which has broad-
spectrum activity against cotton pathogens. This
rhizobacterium reduces post-emergence damping-off
in the field and reduces seed-borne associated fungi.
In the present study, control of damping off in cotton
caused by R. solani AG4 is shown with UFLA285
seed inoculation (Fig. 1). Treatment was effective
when plants were inoculated 9 days after planting that
is also the incubation time necessary for chemical
elicitation with benzothiadiazole, an activator of SAR
(Jabaji-Hare and Neate 2005). While UFLA285 does
produce metabolites with antibiotic activity against
AG4 (data not shown) and the time necessary for the
onset of disease control is sufficient for UFLA285 to
cause direct disease suppress, the up-regulation of
jasmonate and ethylene related transcripts suggests
that UFLA285 may also participate in induced
systemic resistance (ISR).

UFLA285 induced transcripts encoding phenyl-
propanoid metabolism included: phenylalanine am-
monia lyase, 2-hydroxyisoflavone reductase,
dihydroflavonol-4-reductase, caffeic acid O-methyl-
transferase, and cinnamoyl CoA reductase, which
catalyze the production of undifferentiated phenyl-
propenoids, phytoalexins, catechins/anthocyanins,
and phenolics/lignin, respectively (Zabala et al.
2006). The oxidation products of catechins and
tannins are the main polyphenols in cotton and are
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aquaporin (AQUA), heat shock protein (HS), and ethylene
response factor (ET); bars represent the mean+SE with n=4
(A). Representative RT-PCR gel band images are shown
including ubiquitin (UBI) (b)

produced in high amounts in response to R. solani
infection (Kirkpatrick and Rothrock 2001). Since
tannins can inhibit fungal polygalacturonases, respon-
sible for the tissue maceration (Kirkpatrick and
Rothrock 2001) over-expression of tannin synthesis
may well serve in plant defense. Lignin, also a
product of the phenylpropanoid pathway can provide
a physical barrier against additional microbial coloni-
zation (Vorwerk et al. 2004). Moreover other cell wall
reinforcement strategies including down-regulation of
transcripts that participate in cell wall loosening
(Zhang et al. 2007) and up regulation of callose
synthase genes coding for callose deposition have
been associated with the thwarting further fungal
colonization (Tiburzy and Reisener 1990; Taiz and
Zeiger 1991). A down-regulation of xyloglucan
endoglycosyl transferase aids in reducing natural
openings for fungal invasion (Zhang et al. 2007).

Cotton defense responses induced with a combi-
nation of UFLA28S5 cotton seed treatment and AG4
infection including pathogenesis-related genes and
genes encoding lignin biosynthesis have been previ-
ously observed when cotton hypocotyls were infected
with Fusarium oxysporum f. sp. vasinfectum (Dowd
et al. 2004). The repression of drought-responsive
proteins such as aquaporins has also been observed
previously (Dowd et al. 2004) which may be specific
to vascular wilt diseases.

Necrotrofic infections such as produced by R.
solani as well as drought can generate reactive
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oxygen species (ROS) that are in turn scavenged by
plant peroxidases and glutathione-S-transferases
(Able 2003; Ramanjulu and Bartels 2002). Other
detoxifying strategies may also be operative in plant-
pathogen interactions. To either eliminate the toxin
from inside the cell or degrade such metabolites to
non-toxic components, multidrug and toxin extrusion
(MATE) transport proteins and cytochrome P450/
endo-beta-N-acetylglucosaminidase are induced in
host plant tissue (Eckardt 2001; Ralston et al. 2001),
as observed with UFLA28S5 treatment.

Although R. solani has not been reported as being
a xylem colonizer (Kirkpatrick and Rothrock 2001)
from the initial infection, cushions form on the stem
epidermis, the mycelium reach and damage the
tracheary elements reducing the water conductivity
(data not presented) and thus, with normal water
transpiration, a negative water balance occurs leading
irreversible plant wilting. On treated plants, in spite of
the brownish necrotic lesions (Fig. 1b) no wilting
symptoms were observed possibly due to a lower
extent of pathogen internal tissue colonization due to
many possible factors including cell wall reinforce-
ment (callose and lignin deposition), as shown for the
binucleate Rhizoctonia mediated biological control of
damping-off (Cardoso and Echandi 1987).

For the first time, PGPR treatment resulting in
cotton protection against a soil-borne pathogen has
been proposed. Future experiments will verify the role
of drought tolerance in the disease protection and
enzyme activity as well as physical barriers predicted
to be operative form the microarray data. It is
expected that Bacillus subtilis UFLA285 will provide
cotton growers with a new, environmentally innocu-
ous, biological agent allowing for improved plant
protection against biotic- and abiotic-stress and in
turn, superior crop performance.
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