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Analysis of cotton (Gossypium hirsutum)
root proteomes during a compatible interaction with
the black root rot fungus Thielaviopsis basicola
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A proteomic approach was used to uncover the inducible molecular defense mechanism of cot-
ton root occurring during the compatible interaction with Thielaviopsis basicola. Microscopic
observation of cotton root inoculated with a suspension of conidia showed that this necrotrophic
hemibiotroph fungus interacts with the plant and completes its life cycle in our experimental
system. 2-DE analysis of root extracts taken after 1, 3, 5, and 7 days postinoculation and cluster
analysis of the protein expression levels showed four major profiles (constant, upregulated, one
slightly downregulated, and one dramatically downregulated). Spots significantly (p,0.05)
upregulated were analyzed by LC-MS/MS and identified using MASCOT MS/MS ion search
software and associated databases. These proteins included defense and stress related proteins,
such as pathogenesis-related proteins and proteins likely to be involved in the oxidative burst,
sugar, and nitrogen metabolism as well as amino acid and isoprenoid synthesis. While many of
the identified proteins are common components of the defense response of most plants, a pro-
teasome subunit and a protein reported to be induced only in cotton root following Meloidogyne
incognita infection were also identified.
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1 Introduction

The soil-borne fungus Thielaviopsis basicola is a widespread
pathogen [1] that causes black root rot disease to a broad
range of important agricultural and horticultural crops [2, 3].

In Australia, black root rot has spread exponentially during
the 1990s and has emerged as a major threat to the sustain-
ability of the cotton industry [4]. The major effect of black
root rot on cotton is to reduce early season growth, delaying
crop maturity, which leads to a yield diminution. Infected
plants generally appear stunted and chlorotic, but diagnosis
of black root rot requires examination of the roots. T. basicola
causes a characteristic blackening of the roots due to the
destruction of the root cortex which contains the spores of
the fungus. Studies of infection of tobacco and pansy roots [5,
6] by T. basicola reported that penetration occurred directly
from swollen germ tube tips. The penetration hypha grows
through the epidermal cell wall without any visible host cell
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death. As infection and colonization of the host cell pro-
gresses, evidence of necrosis becomes apparent in the
invaded cell. Subsequently, hyphae grow toward the root
cortex and move through the cortex to finally sporulate on
necrotic tissues. This behavior classifies T. basicola as a
necrotrophic hemibiotroph [5, 6].

Plants respond to pathogen attack by constitutive and
induced responses. Constitutive defenses are the physical
structures that prevent pathogen attachment and penetra-
tion. The induced defenses comprise structural and chemical
defenses that are activated only after pathogen attack. These
cellular defenses are strictly orchestrated and follow a basic
pathway through recognition and signal transduction to the
expression of proteins and molecules that will minimize
pathogen infection. The ability of T. basicola to induce
defense responses in different plants has been reported. In
the early sixties, Christou [7] observed the development of
yellow–brown granules in bean root cells as infection advan-
ces; Hampton [8, 9] reported changes in phenolic com-
pounds and an activity increase of polyphenol oxidases in
carrot tissues infected with T. basicola. More recently, Punja
[10] has shown an accumulation of polyphenol oxidase and
phenolic compounds 5 days after fungal inoculation of bean
leaves. He also reported the thickening of the cell wall
around the necrotic lesions as well as the production of cal-
lose deposits. The presence of callose was also observed by
Mims [6] in pansy roots. This evidence suggests that infec-
tion by T. basicola initiates radical changes in the protein
expression pattern of the host plant. Nonessential proteins
may be downregulated or switched off while proteins essen-
tial to the defense and survival of the plant would be upreg-
ulated or newly synthesized.

Currently nothing is known about the molecular back-
ground of this plant-pathogen interaction. A better knowl-
edge of the inducible molecular defense mechanism could
be useful in designing protective strategies such as over
expression of defense genes in cotton plants. The two most
promising approaches for understanding the full network of
molecular responses are transcriptomic and proteomic
analyses. Transcriptomic analysis by microarray is an
attractive analysis tool due to its relative simplicity, compre-
hensive sampling capacity, and high throughput but it is
limited to the analysis of gene expression. Moreover, it has
been shown that the level of gene expression does not
necessarily correlate with protein levels [11, 12]. Alter-
natively, 2-DE technology combined with MS analysis allows
the study of a complete set of proteins in a given sample, at
a specified time, in a particular tissue but more importantly
the identification of the final product in the cellular re-
sponse [13].

Previous work on responses of cotton to pathogen infec-
tion across a wide range of genes has been done for the vas-
cular wilt fungi Verticillium dahliae [14–16] and Fusarium
oxysporum f. sp. vasinfectum [17], and the foliar bacterium
Xanthomonas campestris pv. malvacearum [18]. These studies
all measured levels of gene expression. Analysis of protein

levels during infection has only been done for specific pro-
teins such as d-cadinene synthase or Meloidogyne-associated
protein [19, 20]. Of the previous work on gene expression,
only Dowd et al. [17], Hill et al. [14], and Zuo et al. [16] inclu-
ded root tissues in their experiments. The pathogens that
they used were vascular wilts, which penetrate root cortex
intercellularly and then colonize the xylem vessels [21]. Be-
cause of their unusual mode of pathogenesis, these are not
good models for studying interactions with typical necro-
trophic pathogens. Very little proteomic work has been done
so far on any roots of any plants infected with necrotrophic
pathogens [22, 23].

In this work, we investigated protein expression changes
at different time points during a compatible interaction be-
tween a soilborne pathogen, T. basicola and its host plant,
cotton. As far as we are aware, this study is the first published
proteomic study on cotton roots and therefore provides
information in an area so far not documented that could aid
in the development of rational control strategies for mana-
ging black root rot.

2 Materials and methods

2.1 Conidial inoculum, plant growth, and inoculation
system

T. basicola, isolate BRIP40192, recovered from a cotton field
in Narrabri (NSW, Australia), was obtained from Jan Dean,
Queensland Department of Primary Industries and Fish-
eries. For conidial production, the isolate was grown on half
potato dextrose agar (PDA) (19.5 g potato dextrose agar
(Oxoid), 14.5 g Bacto-agar, distilled water 1 L) at 257C for
5 days. Root-dip inoculation of seedlings was performed with
a suspension of 106 conidia/mL in deionized water.

Cotton seeds (Sicot 189, Narrabri, NSW, Australia) were
surface sterilized in a solution containing 1% NaOCl and
10% ethanol for 15 min and then rinsed several times in
sterile distilled water. Seeds were then incubated in Petri
dishes containing yeast mannitol agar (1 g yeast extract, 10 g
mannitol, 0.5 g K2HPO4, 0.2 g MgSO4?7H2O, 15 g agar, dis-
tilled water 1 L) for 2 days at 257C. Germinated seedlings free
from bacterial and fungal contamination were transferred to
glass tubes containing 15 mL of hydroponic solution [24] and
grown for 6 days at 257C with a 12 h photoperiod
(30 mmolm22/s21). Seedlings were then removed and root-
dip-inoculated in either a T. basicola endoconidia suspension
or sterile water (non-inoculated (NI) sample) for 15 min and
transferred to Petri dishes containing a semi-solid hydro-
ponic medium (0.5% agar). The seedlings were incubated at
257C (12 h photoperiod), harvested at various times after
inoculation and rinsed in deionized water. The tap root and
hypocotyl were cut, patted dry between paper towels, their
wet weights recorded and then stored at 2807C until protein
extraction.
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2.2 Protein extraction and quantification

For each sample, 15 to 30 treated or NI cotton roots were
combined and ground in a mortar prechilled with liquid
nitrogen. The ground powder was collected, washed by cen-
trifugation with ice-cold methanol until a clear supernatant
was obtained and washed one last time with ice-cold acetone.
Finally, acetone residues were removed by drying under
vacuum for 20 min. Proteins were extracted according to a
phenol extraction procedure derived from that of Hurkman
and Tanaka [25]. In summary, plant powder was suspended
in the extraction buffer (30% sucrose, 0.1 M Tris-HCl pH 8,
2 mM PMSF, 1% DTT, 100 mM KCl, 5 mM EDTA) and fur-
ther disrupted with glass beads using a mini bead beater
applied at four 30 s intervals interspersed with 5 min cooling
on ice. An equal volume of phenol saturated with Tris-HCl
(pH 8) was then added and the mixture vortexed for 2 min
and centrifuged (10 0006g, 5 min). The phenolic phase was
removed and re-extracted with the extraction buffer as above.
Proteins were precipitated from the phenolic phase with five
volumes of 0.1 M ammonium acetate in methanol overnight
at 2207C and pelleted by centrifugation (10 0006g, 30 min).
The resulting pellet was rinsed twice with ice-cold 0.1 M
ammonium acetate in methanol, three times with ice-cold
methanol and once with ice-cold acetone/water (80:20 v/v).
After air drying, the pellet was dissolved in IEF buffer (7 M
urea, 2 M thiourea, 4% CHAPS, 1% DTT, 0.5% IPG buffer
pH 4–7: GE Healthcare Life Sciences, Australia). Protein
concentration was determined using the 2-D quant kit from
GE Healthcare Life Sciences and the amount of protein per
gram of wet cotton root was calculated.

2.3 2-DE

Protein extract was loaded by cup loading onto a rehydrated
18 cm IPG strip pH 4–7 (GE Healthcare Life Science) with
protein loadings of 300 mg (analytical gel) or 900 mg (pre-
parative gel). IEF was carried out on the IPGphor II (GE
Healthcare Life Science) at 207C with current limit 50 mA/
strip to a total volt–hour product of 34 kVh (analytical gels) or
45 kVh (preparative gels). Prior to the second dimension
analysis, the individual strips were equilibrated according to
G�rg et al. [26]. For the second dimension separation, the
strips were positioned on lab cast 1 mm SDS polyacrylamide
gels (12%) and sealed with 1% agarose. The gels were run on a
PROTEAN II system (BioRad) at 10 mA/gel until the bromo-
phenol blue dye front reached the anodic end of the SDS gel.

2.4 Protein visualization and image analysis

Proteins were visualized by Blue silver staining [27] for ana-
lytical study and by CBB staining (50% methanol, 0.15%
CBB R-250, 0.75% acetic acid) for preparative 2-DE. Stained
gels were recorded for image analysis using the Infinity im-
aging system from Vilber Lourmat and analyzed with
PDQuest advanced 2-D analysis software (BioRad). Three

biological samples and two technical replicates per biological
sample for each of the inoculated period 1, 3, 5 and 7 days
were obtained grouped and analyzed. NI plants were ana-
lyzed after 1 and 7 days of incubation in the Petri dish. Be-
cause no significant difference in their level of expression
could be observed, samples were pooled as the NI group.
Detection and matching of the protein spots was facilitated
with the use of the software and re-evaluated by visual
inspection, focusing on spots with altered expression. Nor-
malization of the gels was performed using the local regres-
sion method of the PDQuest software. Each sample set was
analyzed independently. Spots showing at least a 1.75-fold
increase over those from NI samples at two or more time
points and statistically different at a significance level of
p,0.05 based on t-tests analysis (assuming equal variance),
were selected for LC-MS/MS analysis.

2.5 Cluster analysis

Analysis of the protein temporal expression pattern was per-
formed using the Gene Cluster 3.0 and JavaTreeview soft-
ware [28]. Centered correlation was used as a measure of the
distance between the different proteins while clustering was
performed using the average linkage method. The relation-
ship among the objects (protein spots) was visualized using
the JavaTreeview software.

2.6 Protein identification and database search

Relevant protein spots from preparative gels were manually
excised, washed 20 min with 100 mM NH4HCO3 and
destained with 250 mL of 25 mM NH4HCO3 in ACN until the
CBB disappeared. Protein spots were washed twice for
10 min with 100% ACN and vacuum dried in a Speedvac
centrifugal dryer (Thermo, Australia). Proteins in the gel
pieces were reduced for 1 h with 50 mL of 10 mM DTT at
377C and alkylated for 1 h in 50 mL of 25 mM iodoacetamide
at 377C. After three washes of 10 min with 200 mL of Milli-Q
water and one wash of 10 min with 200 mL of 100 mM
NH4HCO3, the gel pieces were dehydrated twice for 10 min
with 100 mL of ACN and air dried for 5 min. Digestion of the
proteins was carried out in 25 mM NH4HCO3 containing
10 ng/mL of trypsin (Promega, Annandale, NSW, Australia)
for 14 h at 377C. After digestion, the gel pieces were washed
twice for 15 min first with 50 mL of 0.1% formic acid, then
with 0.1% formic acid/ACN (1:1). Combined extracts were
dried under vacuum and peptides re-suspended in 20 mL of
0.1% formic acid.

Digested peptides were separated by nano-LC using an
Ultimate HPLC and Famos autosampler system (LC-Pack-
ings, Amsterdam, Netherlands). Samples (5 mL) were con-
centrated and desalted onto a micro C18 precolumn
(500 mm62 mm, Michrom Bioresources, Auburn, CA) with
H2O/ACN (98:2, 0.05% HFBA) at 20 mL/min. After a 4 min
wash the precolumn was switched (Switchos, LC Packings)
into line with a fritless nano column (0.0756,100 mm2)
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manufactured according to Gatlin et al. [29]. Peptides were
eluted using a linear gradient of H2O/ACN (98:2, 0.1% for-
mic acid) to H2O/ACN (55:45, 0.1% formic acid) at ,300 nL/
min over 30 min. High voltage (2300 V) was applied to low a
volume tee (Upchurch Scientific) and a column tip posi-
tioned ,1 cm from the orifice of an API QStar Pulsar i
hybrid tandem mass spectrometer (Applied Biosystems,
Foster City, CA). Positive ions were generated by electrospray
and the QStar operated in information dependent acquisi-
tion (IDA) mode. A TOF-MS survey scan was acquired (m/
z 350–1700, 1 s). The two largest multiply charged ions
(counts .15) were sequentially selected by Q1 for MS/MS
analysis. Nitrogen was used as collision gas and an optimum
collision energy chosen (based on charge state and mass).
Tandem mass spectra were accumulated for 2.5 s (m/z 65–
2000).

Peak lists were generated using MASCOT Distiller
(Matrix Science, London, England) using the default parame-
ters, and submitted to the database search program MASCOT
(version 2.1 or 2.2, Matrix Science). Search parameters were:
precursor and product ion tolerances 60.25 and 0.2 Da,
respectively; Met(O) and Cys-carboxyamidomethylation spe-
cified as variable modification, enzyme specificity was tryp-
sin, one missed cleavage was possible and the NCBInr data-
base (20070715) and EST-others (20060429) searched.

Function characterization of the proteins identified was
determined by the Gene Ontology Tool (http://www.ge
neontology.org). Due probably to the lack of resolution
sometimes associated with 2-DE the MASCOT searches for
some protein spots occasionally gave several confident iden-
tifications [30]. Only the top scoring proteins identified
within each sample were reported in the results section.

3 Results

3.1 Black root rot development on cotton root in our
experimental system

A system for coordinated and reproducible infection of cot-
ton root with T. basicola under controlled environmental
conditions was developed. Three days after inoculation,
lesions characteristic of T. basicola infection were observed
on root-dip inoculated seedlings transferred to semi-solid
hydroponic medium. After 7 days, most of the tap root pre-
sented the purplish-black discoloration characteristic of the
disease and the lateral root system was poorly developed
(Fig. 1A). At this time, microscopic examination of the tap
root confirmed that chlamydospores had formed on necrotic
tissues (Fig. 1B).

3.2 Changes of protein content in response to T.
basicola infection

Expression analysis of the protein profile was undertaken
with two purposes: (i) to observe the time course of the global

Figure 1. Infection of cotton seedlings with T. basicola. (A) Cotton
seedling, grown aseptically in Petri dishes, after 7 days without
(left) and with (right) root-dip inoculation with an endoconidia
suspension of T. basicola. (B) Section of cotton root colonized by
T. basicola chlamydospores 7 days after root-dip inoculation.

protein changes occurring during T. basicola infection and
(ii) to identify protein spots that were upregulated in re-
sponse to infection. Therefore, cotton root protein samples
from NI, and day 1, 3, 5, and 7 postinoculation were analyzed
by 2-DE in pH 4–7 and in the range of 15–150 kDa. Gels
were of high quality with reproducible protein patterns be-
tween replicates of the same samples and between inde-
pendent experiments. Moreover, we found that the between
gel variation was lower than the biological variation (average
CV 28.54% 6 19.08). Approximately 900 spots in gel images
from NI and day 1 postinoculation samples were resolved
while on average 750, 700, and 650 spots were found in gel
images from day 3, 5, and 7 postinoculation, respectively.

To assess the global changes in the expression levels
occurring during infection of the cotton root with T. basicola,
gels from NI, day 1, 3, 5, and 7 postinoculation root were
compared and quantified using the PDQuest software. The
expression profiles of the protein spots were further analyzed
with Gene Cluster 3.0 and JavaTreeview software [28]. The
resulting dendogram (Fig. 2) reveals four major protein
expression profiles that were defined by taking groups of
closely related expression patterns (correlation coefficient
.0.8) and by calculating the average expression profile for
these proteins. About 90% of the proteins fell into these pro-
files. Profile A and D contained approximately 18 and 14%,
respectively, of the protein spots studied. They represent
protein spots that showed a decrease in their expression level
during infection with T. basicola. The main difference be-
tween the expression patterns of the protein spots in profiles
A and D was quantitative, with the expression levels of the
protein spots in profile A decreasing more strongly than in
profile D and becoming undetectable after either 3 or 5 days
postinoculation. Profile C contained about 45% of protein
spots. These proteins exhibited relatively constant expression
levels during the course of infection. Finally, profile B, which
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Figure 2. Cluster representation and expression profiles of protein expression in infected cotton root with T. basicola. Dendogram and
grayscale image were produced as described in the text. The color scale ranges from white for low percentage of expression to black for
high percentage of expression. Average expression profiles of the proteins included in the color bands are show to right hand of Fig 2.
Profiles were defined by taking groups of closely related proteins (correlation coefficient .0.8) and by calculating the average expression
profile for these proteins. About 90% of the proteins were used to define these profiles.
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represented about 10% of the protein spots, contained pro-
tein spots that displayed an increase in their expression level
from 1 to 7 days postinoculation with a peak of expression at
day 5.

3.3 Identification of cotton root proteins upregulated
by T. basicola infection

To reliably determine quantitative changes in protein
expression and therefore overcome error imposed by techni-
cal and biological variations, proteins were identified as
upregulated if they were found to have an average expression
level at least 1.75 higher than those of NI samples over at
least two time points and at a statistical significance level of
p,0.05. We found that 97 proteins met these criteria. How-
ever, we could only confidently manually excise (relatively
isolated and/or highly expressed) 58 spots from a preparative
2-DE gel for further analyzed by LC-MS/MS analysis. All the
MS/MS spectra were searched using the MASCOT software
against the NCBInr database. Twenty one spots with
sequence coverage between 17–99% were identified by
matching against a protein sequence from Gossypium spe-
cies. Because the cotton genome is not yet fully sequenced,
the other MS/MS spectra were searched against an EST
database. Thirty four spots could be assigned confidently to
an EST sequence from Gossypium species. The two remain-
ing spots were identified by comparison with sequences
from different organisms. Table 1 provides the accession
numbers corresponding to protein spots shown in Fig. 3, the
expression profile of these individual protein spots, the
putative names of proteins, the organism from which the
protein has been identified, the MASCOTscore together with
the sequence coverage, the values for experimental and the-
oretical pI and molecular mass as well as their putative
function. The identified proteins could be classified into five
major groups according to their biological process as shown
in Fig. 4: (i) defense related proteins, 17 spots: some of these
spots were identified as the same protein but displayed dif-
ferent pI and MW values and might account for isoforms or
post-translationally modified forms of these proteins; (ii)
stress response related proteins, 14 spots in total, with two
spots (36 and 37), presenting a similar MW but a different pI
and matching the same EST sequence containing a putative
conserved domain for an oxidoreductase; (iii) primary me-
tabolism, 12 spots: four being associated with glycolysis/car-
bohydrate degradation, four other spots are involved in ATP
production, with spots 51, 52, and 53 matching the same
EST sequence, two spots corresponding to the same EST
sequence and containing a putative conserved domain for a
cysteine synthase, one spot associated with nitrogen metab-
olism; and finally one spot associated with translation; (iv)
secondary metabolism, seven spots all corresponding to pro-
teins involved in the pathway leading to the formation of
isoprenoids, and finally (v) seven spots corresponding to
proteins involved in diverse functions such as protein degra-

dation, ligand binding and protein stabilization. One spot (6)
could not be identified unambiguously.

4 Discussion

The absence of resistance and the exponential spread of
black root rot disease on cotton (Australia), led us to under-
take the present work. Previous microscopic studies have
described the events in the T. basicola–tobacco and pansy root
interaction [5, 6] but to the best of our knowledge, this is the
first study that aims to determine the nature of the bio-
chemical response occurring in a host root during a com-
patible interaction with this fungus. To reduce the effects of
changes in protein expression attributable to factors other
than infection, we have developed an environmentally con-
trollable and reproducible experimental system that allows
the development of black root rot symptoms observed in the
field. Moreover, the Petri dish bioassay showed that the fun-
gus is capable of completing its biological cycle on the cotton
root as chlamydospores were observed on necrotic tissues.

To study changes in the pattern of protein expression in
cotton root in response to T. basicola infection, we used the
Blue silver staining method to visualize and quantify around
900 proteins on 2-DE gels with protein extracts from NI and
T. basicola inoculated cotton root from days 1, 3, 5, and 7
postinoculation. As a result, we found that the expression
level for almost half of the proteins (approximately 45%) was
not altered and that more plant proteins were down-
regulated, especially in the early stages of infection, than
upregulated (Fig. 2). This observation is similar to the study
of Dowd et al. [17] on cotton root infection by F. oxysporum f.
sp. vasinfectum. Fifty eight protein spots significantly
(p,0.05) upregulated over two time points were further
identified using LC-MS/MS analysis. We found that these
spots could be classified into five major categories according
to their putative biological role (Fig. 4): defense, stress, pri-
mary and secondary metabolism, and diverse function. Their
functional significance is discussed below.

4.1 Defense responses: pathogenesis-related genes

Not surprisingly, a number of the upregulated proteins cor-
respond to pathogenesis-related proteins (PR). The majority
of them belong to the PR-10 family. PR-10 proteins have
been shown to be induced in response to pathogen attacks,
including fungal pathogens. In cotton, Dowd et al. [17]
reported that PR-10-related genes were the most common
PR genes induced in hypocotyls infected with F. oxysporum f.
sp. vasinfectum. A gene for a putative PR-10 has also been
reported to be induced in bacterial-blight resistant cotton
after inoculation with X. campestris pv. malvacearum [18].
While the specific function of PR-10 proteins is still
unknown, it has been proposed that in plants some PR-10
proteins have a steroid carrier function [31]. Brassinolide is
one of the main plant steroids that promotes growth and has
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Figure 3. Representative Blue silver 2-DE gel of proteins extracted from NI cotton root (A) and cotton root harvested after 5-day post-
inoculation (B) with T. basicola. Labeled proteins were found to be upregulated and were analyzed by LC-MS/MS analysis. s indicate the
localization of spots that could not be detected in NI cotton root.

Figure 4. Functional classification of the proteins identified by LC-
MS/MS and found to be upregulated in cotton root after inocula-
tion with T. basicola. The relative percentages of proteins in each
category are shown.

been found to induce resistance to a broad range of disease
in tobacco and rice [32]. This suggests that PR-10 proteins
may be involved in hormone-mediated disease resistance in
cotton. Other members of the PR-10 family display ribonu-
clease activity. It has been postulated that PR-10 proteins
with RNase activity are liberated from damaged host cells
and could protect the plant by acting directly on the patho-
gens [31].

Another PR protein upregulated during T. basicola infec-
tion is a putative thaumatin protein. Members of this family

have been shown to inhibit hyphal growth or spore germi-
nation of various fungi by permeabilizing the fungal mem-
branes [33]. The last two protein spots identified in this cate-
gory correspond to a Meloidogyne-induced protein MIC-3.
Originally, the expression of this protein was found to corre-
late with the disruption of nematode development in a cotton
line resistant to the root-knot nematode Meloidogyne incog-
nita [34]. A later study by the same group showed that accu-
mulation of the 14 kb protein occurs in the area surrounding
the feeding site of the nematode suggesting a direct rela-
tionship between level of resistance of cotton and protein
expression [20]. Interestingly, a blast search on ESTdatabases
using Callahan’s mRNA sequence AY072782 (protein
sequence: AAL68391), identified 20 similar sequences.
Fourteen of these sequences correspond to cDNA clones
from the supplemental data of Dowd et al. [17]. All of these
clones were found to be downregulated in cotton root infect-
ed with F. oxysporum f. sp. vasinfectum. This reflects a major
difference in the cotton response to these two fungi.

4.2 Stress responses

Six protein spots similar to putative oxidoreductase and one
spot (spot 56), identified as an apoplastic anionic guaiacol
peroxidase, correspond to enzymes that are likely to be
involved in the apoplastic oxidative burst. It is interesting to
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note that the temporal expression pattern between these
spots was different, with spots 31 and 34 being highly
induced at day 1 and subsequently decreasing, while spots
36, 37, and 56 showed a peak of expression at day 5. These
contrasting temporal expression patterns may reflect the
different functional roles of these putative oxidoreductases.
For example we could speculate that spot 31 and 34 may be
involved in the initial oxidative burst while the others are a
part of a more general stress response. Peroxidases are
known to be induced by several stresses [35]. In response to
pathogen attack, it has been proposed that the production of
ROS such as superoxide anions and hydrogen peroxide cre-
ates an unfriendly environment that could eventually reduce
pathogen growth as observed in cotton infected with X. cam-
pestris pv. malvacearum [36]. Moreover, peroxidases have also
been associated with oxidative H2O2-mediated cross-linking
of cell wall proteins such as formation of lignin that reinforce
the cell wall thereby reducing the spread of the pathogen as
well as with cell wall deposition of phenolic compounds [35].
A putative benzoquinone reductase was also found to be
upregulated. This protein is known to play a key role in lig-
nin degradation by wood-rotting fungi via quinone inter-
mediates [37]. Four spots corresponding to putative glyox-
alase I were upregulated. Interestingly, glyoxalase I was
reported to increase in response to various environmental
stress conditions in several plants and to be involved in the
detoxification of cytotoxic compounds such as methylglyoxal
[38]. GST, a key defense enzyme against xenobiotic toxicity
was also found to be upregulated. These enzymes are known
to be induced by biotic stress or by treatment stimulating the
plant defense reaction [39]. While the exact function of this
protein is a matter of speculation, it may protect the plant
from the oxidative damage occurring during T. basicola
infection. Finally, a putative short-chain alcohol dehy-
drogenase was identified. In cotton, alcohol dehydrogenases
are known to be induced in roots following anaerobic stress
[40].

4.3 Metabolism: primary

Another major group of proteins found to be responsive to T.
basicola infection are those involved in primary metabolism.
Upregulation of enzymes (fructose-1, 6-bisphosphate aldo-
lase, phosphoglyceromutase, enolase) that catalyze reversible
reactions required for both glycolysis and gluconeogenesis as
well as upregulation of a putative malate dehydrogenase, an
enzyme of the citric acid cycle but also of the glyoxylate cycle
suggested an important role for sugar metabolism in the
defense response. Interestingly, recent publications have
correlated the sucrose levels found in plants with the level of
resistance to a broad range of pathogens [41, 42] and Gomez-
Ariza et al. [41] have also shown that rice plants pretreated
with sucrose had increased resistance to Magnaporthe oryzae
infection. Moreover, some spots were identified as putative
ATP synthase suggesting the plants need for energy. Finally,
an increase in the level of expression of a putative cysteine

synthase, a glutamate dehydrogenase and a putative riboso-
mal protein suggest an alteration of amino acid synthesis
and nitrogen metabolism. It has been hypothesized that
during a plant-fungus interaction, the fungus is in a nitrogen
starvation state during in planta growth and has to acquire
nitrogen from the plant [43]. In tomato leaves, Solomon and
Oliver [44] reported that the levels of most amino acids and
nitrogen increase during infection with Clasdosporium ful-
vum except for cysteine and tryptophan, which could not be
detected. It is possible that the increase of glutamate dehy-
drogenase and cysteine synthase reflect the needed to com-
pensate for the consumption of plant cysteine and nitrogen
by the fungi and provides a possible explanation for the early
induction (day 1) of a putative cysteine synthase.

4.4 Metabolism: secondary

All protein spots identified in this group are enzymes leading
to the formation of isoprenoids which include gossypol and
related phytoalexins. Production of gossypol has been
thought to contribute to the resistance of cotton to Fusarium
wilt [45], has been shown to be induced in cotton following
infection with V. dahliae and to occur early in a resistant cul-
tivar compared to a susceptible cultivar [19]. Dowd et al. [17]
also reported the induction of phytoalexin synthesis genes
during cotton infection with F. oxysporum f. sp. vasinfectum.
However, their induction by F. oxysporum f. sp. vasinfectum
occurred late during infection and therefore could not pro-
vide an effective resistance mechanism. In this study,
expression levels of these enzymes was highest at day 1 sug-
gesting that gossypol production is not likely to be efficient
in conferring resistance to T. basicola.

4.5 Other proteins

Three protein spots corresponding to a putative 14-3-3 pro-
tein were induced following infection with T. basicola. In
1999, Hill et al. [14] reported the transient expression of a 14-
3-3 like gene in cotton roots inoculated with V. dahliae. It is
known that the 14-3-3 protein family is involved in various
stress and disease responses. However, the understanding of
the significance of 14-3-3 proteins in the defense response is
still in its infancy. A common feature of the 14-3-3 protein
family is the interaction with other proteins as binding part-
ners. It appears that they play a significant role in signal
transduction through their ability to bind phosphorylated
proteins regulating their activity and or localization [46].
They are involved in the hypersensitive response through
regulation of the proton pump [47] and they control key
enzymes of the nitrogen assimilation pathway as well as
enzymes involved in carbohydrate metabolism [48]. From a
nutrient starvation study, it was suggested that they may
participate in nutrient sensing binding and stabilizing target
proteins [49].

Two other spots which are upregulated correspond to
proteasome a subunits (a4 and a7). Previous studies have
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already suggested the involvement of the proteasome in
plant defense [50], while others have shown that some pro-
teasome subunits are upregulated after elicitation of the
plant defense reaction by cryptogein suggesting a possible
initiating role in systematic acquired resistance [51, 52].
Other spots with altered expression levels in cotton root fol-
lowing T. basicola exposure were identified as Hsp70, a puta-
tive cupin-5. Hsp70 proteins function as molecular chaper-
ones, interacting with other proteins to facilitate protein
folding. They also prevent irreversible aggregation of dena-
turated protein and maintain the conformation of proteins
during translocation. This protective role has been shown to
confer stress tolerance (e.g., heat resistance) [53]. Plant Hsp
70 are also induced by other abiotic and biotic signals such as
viruses [54]. Recently, Sung and Guy [55] have shown that
over-expression of Hsp 70 in Arabidopsis altered the growth
and development of the plant indicating potential modifica-
tion in signal transduction or nutrient utilization. Cupin-5
belongs to a protein super-family with multiple functions
and therefore it is difficult in this case to postulate its invol-
vement in the cotton defense response.

There were several proteins found to be upregulated in
this study whose gene expression was also upregulated in
most other studies on cotton. Among these were PR-10 pro-
teins, thaumatin-like proteins, GSTs, d-cadinene synthase,
alcohol dehydrogenase-like proteins, and oxidoreductases.
These could be considered part of the general reaction of
cotton tissues to infection. In contrast to shoot tissues
infected with V. dahliae, F. oxysporum f. sp. vasinfectum or X.
campestris pv. malvacearum [15, 17, 18] no chitinases or b-1,3-
glucanases were identified among proteins upregulated in
roots infected with T. basicola. They were also not found
among genes upregulated in cotton roots after infection with
F. oxysporum f. sp. vasinfectum [17]. These proteins are a
common component of the defense response of most plants,
and it would be interesting to determine whether their lack
of induction is a common feature of infection of cotton roots
by pathogens, or is specific to the two pathogens (T. basicola
and F. oxysporum f. sp. vasinfectum) that have been investi-
gated.

In summary, our research has demonstrated that analy-
sis of the cotton proteome has provided insight into the plant
response to a compatible interaction with the fungus T. basi-
cola. We have shown that more proteins (around 30%) are
repressed than induced (around 10%) and could identify
known cotton defense responses such as induction of PR
proteins and formation of isoprenoids. We identified Meloi-
dogyne-induced protein MIC-3 proteins that so far were only
know to be induced in M. incognita infected cotton and
reported a stress response that may be secondary to infection
as proteins identified are also known to be induced by other
stress conditions. We also show that an alteration of carbo-
hydrate and nitrogen metabolism occurs and that the pro-
teasome may be important in the cotton defense response to
this pathogen. Finally, this research is the first report of some
of the biochemical changes associated with the black root rot

disease and has laid the foundation for further studies
including proteome sub-fractionation, with the aim of
understanding this host–pathogen interaction in order to
developed better control strategies for T. basicola infection.
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