
SUMMARY

The Suppression Subtractive Hybridization (SSH)
method was applied to construct a cDNA library from
Gossypium barbadense cv. ‘Pima 90’. Two dirigent-like
(DIR) genes, Gbd 1 and Gbd 2, were isolated from the
library. RT-PCR and Northern blot showed that they
were induced after infection by Verticillium dahliae. The
nucleotide sequences of Gbd 1 and Gbd 2 were 705 bp
and 801 bp long with open reading frames of 531 bp
and 525 bp, respectively. Sharing high homologies to
disease resistance-responsive family proteins of Ara-
bidopsis thaliana, Gbd 1 and Gbd 2 shared a DIR-con-
served domain and possessed a hydrophobic N-terminal
signal peptide. Gbd 1 and Gbd 2 encode a class of cell-
surface proteins with signals for receptor-mediated
plant defense/immunity activities. The possible function
of the genes and the mechanism of disease-resistance of
‘Pima 90’ are discussed. 
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INTRODUCTION

Verticillium wilt, caused by fungi of the genus Verti-
cillium, is widespread, affects over 400 different plants
worldwide, and accounts for significant losses in many
major crops. In China, for instance, nearly 100 million
ha of cotton suffer yearly from this disease and the los-
ses have increased significantly in recent years. Effective
control measures are few, for instance, management of
irrigation can reduce, but not eliminate yield and qua-
lity losses caused by this disease. Only relative tolerance
(based on symptom severity) but no immunity has been
found in a germplasm survey of upland cotton (Gossy-
pium hirsutum) which is responsible for more than 90%
of world cotton production (Jian et al., 2003).
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Some cotton species like G,. barbadense L. (sea-is-
land cotton) are believed to hold resistance (R) genes
(Ma et al., 2000). In ‘Pima 90’, a cultivar of sea-island
cotton, resistance to Verticillium wilt is conferred by a
single dominant resistance gene, and two major QTLs
have been mapped (Gao et al., 2003). Studies to identify
R genes to this disease in plants have rarely been suc-
cessful with the exception of tomato where two Ve
genes have been isolated through positional cloning
(Kawchuk et al., 2001). 

To disclose molecular interactions associated with re-
sistance of ‘Pima 90’, a cDNA library was constructed
utilizing the Suppression Subtractive Hybridization
(SSH) method (Diatchenko et al, 1996) and some dis-
ease-resistance response genes were identified (Zhu et
al., 2005a). Among them, two genes (denoted Gbd1 and
Gbd2) share a dirigent conserved domain with the dis-
ease-resistance responsive family proteins of Arabidopsis
thaliana. Dirigent proteins are considered to mediate
the free radical coupling of monolignol plant phenols in
plant to yield lignans and lignins (Davin et al., 1997;
Burlat et al., 2001) and some dirigent proteins have
been shown to be involved in the plant disease-resist-
ance response (Fristensky et al., 1988). To better under-
stand the possible role of these two genes in disease-re-
sistance response, we cloned these two genes and ana-
lyzed their expression in cotton. 

MATERIALS AND METHODS

Plants, pathogen and infection. Seeds of ‘Pima 90’
(G. barbadense, resistant) and ‘Ejing 1’ (G. hirsutum,
highly susceptible) were sown in pots (about 250 ml in
volume) in the greenhouse under natural light at 23-
28°C. An isolate of Verticillium dahliae Kleb., strain
V991, kindly donated by Guiliang Jian (Plant Protection
Research Institute, CAAS, Beijing, China) was cultured
in Czapek liquid medium for 10 days at 25°C. The coni-
dial suspension obtained was diluted with Czapek solu-
tion to 106 conidia ml-1. Seedlings of ‘Pima 90’ and
‘Ejing 1’ with two fully expanded leaves were inoculated
with the pathogen according to Jian et al. (2001) by
adding 10 ml conidial suspension into each pot. Control
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seedlings were inoculated with water. The roots of ‘Pi-
ma 90’ were then collected for total RNA extraction at
2, 4, 8, 12, 24, 48, 72 and 96 h after inoculation. 

Seedlings with roots removed were dipped in Czapek
liquid medium containing 104 conidia ml-1 for further
disease-resistance response investigation according to
the method of Ma et al. (2004). Root-cut seedlings
dipped in water without conidia were used as control.

RNA extraction. Total RNA was extracted in bulk
from pooled roots from several seedlings according to a
modified protocol (Zhu et al., 2005b). The main steps
included extraction of RNA by guanidinium thio-
cyanate, removal of proteins and other impurities by
chloroform-isoamylalcohol without phenol, precipita-
tion and resuspension of RNA, and purification of RNA
with phenol and chloroform-isoamylalcohol.

Construction and differential screening of the cDNA
library. Suppression Subtractive Hybridization (SSH),
highly effective technique, was employed to isolate the
differentially expressed cDNAs in ‘Pima 90’ in response
to V. dahliae infection. We refer to the cDNAs from in-
oculated plants as tester and the reference cDNAs from
uninoculated plants as driver. SSH was applied follow-
ing the manufacturer’s instructions (Clontech, Moun-
tain View, USA). The resulting PCR product was en-
riched in tester-specific cDNAs and was then directly
inserted into a T/A cloning vector. Plasmid clones were
extracted and arrayed on Hybond N+ membranes
(Amersham Pharmacia, Little Chalfont, UK). Probes,
cDNAs from inoculated and control ‘Pima 90’, respec-
tively, were applied to screen the positive genes ex-
pressed differentially during inoculation. 

The positive clones were sequenced with an ABI
3730 DNA analyzer (ABI, Foster City, USA).

Transcription analyses. Total RNA from roots was
separated by gel electrophoresis, transferred to Hybond
N+ membranes (Amersham Pharmacia, Little Chalfont,
UK) and hybridized with the reverse transcriptase PCR
(RT-PCR) product obtained from Gbd 1 as probe la-
beled with [a-32P]dCTP by Prime-a-Gene Labeling sys-
tem (Promega, Madison, WI, USA). Expression of diri-
gent-like genes in cotton was also detected by RT-PCR
amplification. Primers were designed from the ORF of
Gbd 1: Gbd 1 F (5' GGTTCTGATTATCTGCCTCT 3')
and Gbd 1 R (5' CTTACCGGTATTGAATCCA 3').
The histone3 gene of cotton was used as a control. 

First-strand cDNAs were synthesized from total
RNA by M-MLV reverse transcriptase (Promega Corp,
Madison, WI, USA) and PCR was performed in 20 µl
volumes containing the following reagents: 1µl 1x PCR
buffer, 0.2 mM dNTPs, 50 ng cDNA, 25 nM each
primer, 1 U Taq polymerase (Promega Corp, Madison,
WI, USA). PCR conditions were: 1 step of 94°C for 1

min; 33 cycles of 94°C for 30 s, 58°C for 30 s, 72°C for
60 s; final extension at 72°C for 5 min. The products
were separated on a 1.5% agarose gel. 

Sequence analysis. Blastn and tBlastx programs were
used to search for similarity in NCBI databases, and
Bl2seq was utilized to compare sequences of the two
genes (Altschul et al., 1997; Tatusova and Madden,
1999). Bioinformatic methods were employed to analyze
the protein sequence for signal peptides, motifs, trans-
membrane helices, subcellular location, cellular role and
gene ontology category (Emanuelsson et al., 2000;
Jensen et al., 2002, 2003; Bendtsen et al., 2004) 

RESULTS

Screening cotton for genes responsive to Verticilli-
um wilt. Cultivars ‘Pima 90’ and ‘Ejing 1’ reacted differ-
ently to infection by V. dahliae: wilting and chlorosis of
leaves were found in ‘Ejing 1’, while ‘Pima 90’ showed
no symptoms 15 days after inoculation (DAI). ‘Ejing
1’root-cut seedlings dipped in the conidial solution died
30 DAI, whereas ‘Pima 90’ stayed green and regenerat-
ed fresh roots. All control plants without inoculation re-
mained alive. These results confirmed that ‘Pima 90’
was highly resistant to V. dahliae. A total of 78 clones
which were up-regulated and potentially involved in the
disease-resistance response were isolated from the SSH
library by array screening. Sequence similarity searches
showed that a number of clones classified as up-regulat-
ed were analogous to genes in the disease resistance-re-
sponsive protein family and glutathione s-transferase.
Genes with proposed roles in cellular metabolism or
regulation were also identified, such as MYB transcrip-
tion factor, transducin family protein/WD-40 repeat
family protein and Cys2/His2-type zinc finger protein.
Two genes sharing high homology to an auxin-repressed
protein and an enzyme of gibberellin biosynthesis, co-
palyl diphosphate synthase, which participate in the me-
tabolism of phytohormones, were also isolated.

Characterization of two novel dirigent-like genes in
cotton. Two cDNAs of dirigent-like proteins were ob-
tained and named Gbd 1 (G. barbadense dirigent-like
protein 1, AY560544) and Gbd 2 (G. barbadense diri-
gent-like protein 2, DQ018709). Gbd 1 contains a tran-
script of 705 bp, including a complete open reading
frame (ORF) of 531 bp, which encodes a peptide of 176
amino acids, with a predicted molecular mass of 18.9
kDa and an isoelectric point of 6.34. The putative pro-
tein showed an identity of 46% with a disease resistance
responsive family protein of Arabidopsis thaliana, and
shared a conserved dirigent domain. It possessed a pu-
tative signal peptide cleavage site which immediately
followed the part of the transmembrane helix predicat-
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ed in its hydrophobic N-terminal. Gbd 2 also encoded a
membrane protein with a predicted molecular mass of
18.6 kDa and an isoelectric point of 6.59, consisting of
an N-terminal transmembrane segment of 16 residues
and a signal peptide of 23 residues, just like Gbd 1. A
further 96-base sequence and two signals (AATAAA)
for poly A were found in the 3' untranslated region of
Gbd 2. ProtFun 2.2 predictions showed that the two
proteins may play roles in the stress or immune re-
sponse of plants. Gbd 1 and Gbd 2 shared identities of
82% in full length, while the 525 bp ORF of Gbd 2
shared 90% identity to the ORF of Gbd 1 with a 6-base
gap. Moreover, the deduced proteins of Gbd 1 and Gbd
2 shared 84% identity and 91% positives (Fig. 1).

Expression analysis. Results of Northern blot analy-
sis showed that in ‘Pima 90’, Gbd 1 and Gbd 2 were
highly induced by the pathogen; expression of the two
genes was induced at 4 h after infection with a peak at
12 h, and high levels persisting until 96 h from inocula-
tion (Fig. 2A). A similar gene expression pattern was al-
so found in ‘Ejing 1’ (Fig. 2B). Compared with ‘Pima
90’, expression was slightly delayed at 4 and 12 h after
inoculation. RT-PCR showed there was low constitutive
expression of the genes in plant roots and confirmed
the induced expression pattern observed in the North-
ern blot analysis (Fig. 3).
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Fig. 1. Alignment analysis of the deduced amino acid sequence of Gbd 1 and Gbd 2. Amino acid identity is indicated by dots and
a gap is indicated by -. Amino acids constituting putative signal sequences are shown in lower case.

Fig. 2. Northern-blot analysis of Gbd 1 and Gbd 2 from RNA isolated from roots of cotton infected by V. dahliae. A: Northern-
blot analysis of Gbd 1 and Gbd 2 in ‘Pima 90’ infected by V. dahliae after 0, 2, 4, 8, 12, 24, 48, 72 and 96 h, respectively. B: North-
ern-blot analysis of Gbd 1 and Gbd 2 in ‘Ejing I’ infected by V. dahliae after 0, 4, 12, 24 and 48 h, respectively. Each blot contained
10 µg of total RNA per lane and was probed with a random-primer-labeled, 0.35 kb fragment from the ORF of Gbd 1 cDNA.
Considering the high similarity of gene sequences between Gbd 1 and Gbd 2, the hybridization result should represent both genes.
Autoradiograph exposure time was 4 days.
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DISCUSSION

Genetic and molecular analysis of the resistance re-
sponse to Verticillium wilt in cotton are recently report-
ed, and most studies are focused on the gossypol path-
way and phytoalexin biosynthesis (Joost et al., 1995;
Bianchini et al., 1999; Luo et al., 2001; Xu et al., 2004). 

Heterogeneous lignins are structural cell wall compo-
nents of vascular tissues, and since cell wall reinforce-
ment occurs in cotton hypocotyls in response to a V.
dahliae elicitor, cotton stems with higher lignin content
were thought to be more resistant or tolerant to this dis-
ease (Smit and Dubery, 1997; Davin and Lewis, 2000).
The two novel cotton genes reported here have signal
sequences associated with the secretory pathway and
their deduced proteins possess a transmembrane do-
main; informatic analysis suggests location at the cell
surface, like other dirigent protein genes (Gang et al.,
1999). The expressed proteins were present in the ac-
tively dividing cambial cell regions of stems and roots
(Burlat et al., 2001). The expression pattern of Gbd 1
and Gbd 2 indicates that they are constitutively ex-
pressed at low level and are induced quickly after V.
dahliae infection in accordance with the need for over-
production of lignins for defense purposes. The in-
duced expression of these genes could be helpful to im-
prove lignin content at the infection site. 

This appears to be the first report on the molecular
cloning and characterization of cotton dirigent-like ge-
nes. Expression of such genes in other plants (e.g. Ara-
bidopsis, sugarcane) during disease-resistant response
suggests that they play important roles in plant-pathogen
interaction. G. barbadense cv ‘Pima 90’ was more resist-
ant to V. dahliae than G. hirsutum cv ‘Ejing 1’ in our in-
fection experiments, and expression of dirigent-like
genes in ‘Pima 90’ was also induced more quickly than
in ‘Ejing 1’. However, both cultivars made these proteins
in response to infection, implying that lignins may act to-
gether in the plant immunity response, just like gossypol
or phytoalexin, which are not specific to the Verticillium
wilt system. Their highly induced expression could help
to reinforce the cell wall, restricting or blocking
pathogen invasion. Due to high similarity between Gbd 1
and Gbd 2, the RT-PCR and Northern blot results
should represent the expression pattern of both genes.

Analysis of the 5' or 3'-untranslated regions of these
two genes may provide more information about their
function in cotton. Some R genes are constitutively ex-
pressed independently of plant developmental stage,
and R genes could encode enzymes able to neutralise
fungal toxins, like the Hm1 gene in maize (Meeley and
Walton 1991; Century et al., 1999). The different results
obtained with inoculated root-cut seedlings of the two
cotton cultivars may imply that resistance to Verticilli-
um wilt could be partly due to a detoxification enzyme
in ‘Pima 90’. This hypothesis is under investigation. 
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