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1 INTRODUCTION

The cultivated potato (Solanum tuberosum L.) is
one of the most important food crops in the world. It
is ranked fourth in world food production but is con�
tinually threatened by many pathogens and pests,
which annually result in the losses of billions of US
dollars. Bacterial wilt (BW) caused by Ralstonia solan�
acearum (Rs) is a devastating disease of potato. This
vascular pathogen infects hundreds of plant species,
including potato, tomato, banana, pepper, and even
trees [1]. Although BW is regarded as a quarantine dis�
ease in Europe, recently this serious potato disease
outbreak had been reported from various European
countries [2, 3]. 

1 This text was submitted by the authors in English.

Over the past decade, attempts had been made to
isolate and identify resistance genes and quantitative
trait loci (QTLs), and to transfer defense�related genes
into potato. To date at least 10 R genes and QTL for
resistance to Rs have been identified from various
plant species, including RRS1 gene from Arabidopsis
thaliana [4], AP1 gene from potato [5], and QTL BW�1,
BW�3, BW�4, BW�5, Bwr�3, Bwr�4, Bwr�6, and Bwr�8
from tomato [6, 7]. Among transgenic potato plants
containing foreign genes, such as genes encoding
chitinase or defensins, only a few genes from potato,
such as snakin�1 and snakin�2, were reported to
increase resistance to Rs [8]. Although some func�
tional genes have been cloned and characterized, little
is known about genes that are involved in incompatible
interactions between potato and Rs.

Large�scale analysis of gene transcription during
plant–pathogen interactions is a highly effective strat�
egy for gaining insight into molecular events involved
in this process. Suppression subtractive hybridization
(SSH) is a powerful method to construct normalized
cDNA libraries, which are enriched in differentially
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expressed genes [9]. Although this method has its dis�
advantages in generating false positives in the library,
the combination of Mirror Orientation Selection and
macroarray analysis with SSH can effectively decrease
the number of false positive clones. In the present
study, the combination of SSH and cDNA macroar�
rays was used to investigate transcription of genes
involved in potato resistance to Rs infection.

MATERIALS AND METHODS

Plant material and Ralstonia solanacearum strain.
The potato genotypes ED13 and ED25 (progeny of
772102.37[E] × USW7589.2[D]), originating from
Wageningen University (the Netherlands) were pro�
vided by Professor Dongyu Qu (Institute of Vegetable
and Flowers, Chinese Academy of Agricultural Sci�
ences). The parent E, carrying resistance genes against
Rs, originates from Solanum phureja and S. vernei.
Potato plants were grown in a greenhouse under the
condition of 25/18°C (day/night), and 14/10 h
light/dark cycle. 

Rs strain PO41 (race 3, biovar 2) was grown on NA
medium (1% glucose, 0.5% trypton, 0.3% beef
extract, 0.05% yeast extract, 1.5% agar, and 0.005%
red tetrazoline, pH 7.0), cultured at 28°C for 24–48 h
to get single colonies, picked out single colony, propa�
gated on fresh NA medium under the same cultural
condition, and then rinsed with sterile water. The con�
centration modulated to ~107 cfu/ml according to the
OD value.

Inoculation of potato genotypes ED13 and ED25. Rs
infection experiments were carried out using a modi�
fied version (designated as stem�bacterial co�culture
method) of the traditional stem�inoculation method
[10]. In brief, 20 potato plant stems (designated as cut�
tings) containing 6–7 leaves were collected from four
equally aged potato ED13 plants and 6 cuttings from
two ED25 plants, then directly co�cultured with Rs
solution (107 cfu/ml) under a 14�h photoperiod, at
28°C, and 100% relative humidity. Another 26 cuttings
from the same ED13 and ED25 plants were co�cul�
tured with water as control. Fourteen Rs�treated and
14 control plant cuttings from ED13 were used to har�
vest leaves at different time points after treatments,
then frozen in liquid nitrogen, and stored at –80°C
until RNA extraction. Extra plant cuttings were kept
for more than 7 days to confirm successful inocula�
tion.

RNA extraction and cDNA library construction.
Total RNA was isolated from Rs and water�treated
cutting leaves of ED13 plants using TRIzol reagent
(Invitrogen, United States). Poly(A)RNA was isolated
from total RNA according to the Oligotex® procedure
(Qiagen, Holland). cDNA was synthesized based on
SMART cDNA Synthesis Kit (Clontech, United
States). The subtracted library was constructed
according to the manual of the SSH Kit (Clontech).
The tester cDNA synthesized from an mRNA mixture

of Rs�inoculated cutting leaves treated for 6/12 h was
subtracted twice by the driver cDNA synthesized from
the mRNA mixture of control cutting leaves, follow�
ing the SSH kit manual (forward subtraction). The
reverse subtraction was performed with interchange of
“driver” and “tester”. Subtracted cDNAs were used as
templates for selective amplification, then ligated with
the pMD�18T vector (Takara, Japan) and transferred
into E. coli competent cells (Top10). 

To ensure the success of the SSH library construc�
tion, the specific primers for actin gene (5'�GATGGT�
GTCAGCCACAC�3' and 5'�ATTCCAGCAGCTTC�
CATTCC�3') were designed according to the pub�
lished sequence (GenBank accession no. X55749),
and the actin gene was used as a monitor during SSH
library construction process.

Sequence analysis and BLAST search. DNA
sequence analysis was carried out using the ABI Prism
3730 DNA sequencer (Qingke Ltd., China).
Sequences were manually trimmed of vector and
adaptor sequences, and similarity search was carried
out against the NCBI Nt and Nr databases using
BLASTX (N). 

Differential screening of subtracted cDNA clones.
The cDNA inserts were amplified with plasmid DNA
as a template using primers N1 and N2R (provided in
SSH kit). Five microliters of single�band PCR prod�
ucts and 5 μl of 0.6 M NaOH were mixed. One micro�
liter of each mixture was arrayed on four duplicate
Nylon membranes (Hybond N+, Amersham, United
Kingdom). The membranes were neutralized in 0.5 M
Tris–HCl (pH 7.5) for 5 min and rinsed in distilled
water for 30 s, then baked for 30 min at 120°C.

To decrease the hybridization background, the
adaptors of subtracted cDNAs were removed, and the
removing efficiency was checked by PCR with actin as
a monitor. The adaptor�removed forward and reverse
subtracted cDNAs were labeled with DIG according
to the manual of DIG kit (Roche, Switzerland).
According to the gray scale scanning result of the
hybridization signal, the clones that only had hybrid�
ization signal with forward (or reverse) probes or had
stronger (twofold) signal than that with reverse (for�
ward) probes were picked out, and the corresponding
sequenced cDNAs were classified according to Gene
Ontology (www.geneontology.org/).

Semi�quantitative RT�PCR and RNA gel blot.
According to the EST sequence bioinformation, seven
of them were selected based on their potential role in
the potato–Rs interaction, and specific gene primers
were designed according to their sequences. First�
strand cDNAs were synthesized from 1 μg of total
RNA of each sample in 20 μl of reaction medium
using Superscript II polymerase (Invitrogen, United
States), and the first�strand cDNAs were standardized
for semi�quantitative RT�PCR using actin as a con�
trol. To maintain the initial difference of each ana�
lyzed gene, PCR reactions were stopped as early as
possible to get unsaturated PCR product accumula�
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tion. PCR reactions were subjected to 22–35 cycles at
94°C for 30 s, 52–58°C for 30 s, and 72°C for 30 s.
After separation on 1.5% (w/v) agarose gel, the tran�
scription level was estimated according to the intensity
of DNA bands.

For RNA gel blot analysis, 35 μg of total RNA was
fractionated on a 2% agarose formaldehyde gel in
Mops buffer, then transferred to a Nylon membrane
(Hybond N+,) by alkaline transfer method, and baked
for 30 min at 120°C. Probe preparation and hybridiza�
tion were performed according to the manual of DIG
Kit (Roche).

RESULTS

Potato ED13 Genotype Possesses High Resistance
to Rs Infection 

ED13 possesses a high resistance and ED25 is sus�
ceptible to Rs infection. ED25 plant cuttings showed
typical Rs infection phenotypes with leaf�dropping
4 days post infection (DPI), whereas the ED13 plant
cuttings still were healthy (Fig. 1).

Construction of Suppression Subtractive Hybridization 
cDNA Libraries

Using the SSH approach, the subtractive libraries
were generated with cDNAs derived from a pool of
mRNAs obtained from potato leaves collected in 6 and
12 h post inoculation (HPI). Ligation efficiency and
subtraction efficiency were monitored with actin as a
control. For the efficiency of ligation between adap�
tors and ds�cDNAs, combinations of the N1 primer
and actin reverse primer, and also the actin specific
forward and reverse primers were used to amplify
adaptor�ligated cDNA samples in both cases. The
result showed that the same strong band was obtained
following 25 PCR cycles (data not shown). For the
assessment of subtraction efficiency, subtracted and
unsubtracted cDNA populations were used as tem�
plates; the PCR products of the actin gene were not
detectable in the subtracted cDNA pool following

30 PCR cycles, whereas the unsubtracted cDNA pool
gave a strong band already after 25 PCR cycles (data
not shown), confirming that subtraction was success�
ful. Finally, the SSH library was constructed, and
more than 2000 clones from forward and reverse SSH
libraries were obtained. The average insert size of the
forward and reverse libraries was about 300 bp based on
checking 25 randomly selected clones through PCR
reaction, which is correlated well with the restriction
enzyme RsaI used in the library construction. 

Sequencing of cDNA Clones

More than one thousand and two hundred ran�
domly chosen clones (688 from forward library,
576 from reverse library) carrying fragments ranging
from 100 to 700 bp were sequenced, and finally
1161 ESTs (626 from forward library, 535 from reverse
library) were sequenced successfully. After discarding
redundant sequences, 495 unique cDNA sequences
(272 from forward library, 197 from reverse library,
26 from both forward and reverse libraries) were
obtained. Redundancy analysis revealed that 16 most
abundant genes comprised 36.78% (427 clones) of the
1161 sequenced clones. Most of the sequenced genes
were detected only once (data not shown). 

Differential Screening

The 495 unique cDNAs were spotted onto nylon
membranes and screened by differential hybridization
against forward� and reverse�subtracted cDNA probes
(Fig. 2). Before probe labeling, the efficiency of adap�
tor removal from subtracted cDNAs was checked by
PCR using adaptorless cDNAs as templates. The N1
and actin reverse primer pairs gave no band, whereas
the actin specific primer pairs gave a strong band after
35 PCR cycles (data not shown), confirming that the
adaptors had been removed from the subtracted
cDNAs successfully. As a final result, 302 differentially
expressed clones (190 from forward library, 112 from
reverse library) were obtained.

I II

Fig. 1. Phenotypes of different potato genotypes 4 DPI with Ralstonia solanacearum (Rs). 
The inoculation Rs concentration was 1 × 107 cfu/ml. I: Susceptible Genotype ED25, II: Resistant genotype ED13.
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Among 302 differentially expressed clones, 252 clones
showed moderate to high homology (0 < E�value < 10–10)
to known plant sequences, 19 clones showed low sim�
ilarity (E�value ≥ 10–10), and 31 clones demonstrated
no match. According to their putative biological func�
tion, the 302 clones could be classified into 12 groups
(Fig. 3), 19% of the clones being involved in cell rescue
and defense, 4% in signal transduction, 5% are tran�
scription factors, 12% participate in metabolism, 12%
in protein synthesis and processing, 23% are proteins
of unknown function, etc.

Fifty�three of 302 cDNA clones showed very strong
hybridization signals to forward or reverse probes,
most of them shared high similarity (E�value < e�30)
with plant sequences, including genes encoding cell

structure components, proteases, stress�related pro�
teins, cell rescue and defense, transportation and
energy related functions. Eighty�one of 302 clones
have a putative function related to known resistance
responses, e.g. signal transduction, transcription fac�
tors, hypersensitive response (HR), systemic acquired
resistance (SAR), and cell rescue and protection
(table).

RNA Gel Blot and Semi�Quantitative RT�PCR 
Confirmation for Various Expressed Genes

To confirm the results of the reverse RNA gel blot
assay, transcription of seven identified genes was ana�
lyzed by RNA gel blot and semi�quantitative RT�
PCR. RNA gel blot showed that STB81 (protein phos�
phatase 2C, PP2C) was down�regulated (Fig. 4), sug�
gesting that Rs�infected plants or Rs itself may produce
specific inhibitors, which suppress STB81. transcrip�
tion. Since the sensitivity of RNA gel blot was limited,
semi�quantitative RT�PCR was used to analyze tran�
scription of other six candidate genes and the results
showed that they had different transcription patterns
(Fig. 4).

Clone STA51 (methyl�CpG�binding domain�con�
taining protein) was induced relatively quickly after
inoculation and reached the highest level of transcrip�
tion between 6 and 12 HPI, then leveled off. Tran�
scription patterns of clones STD62 (Pti1) and STC48
(encoding DnaJ�like protein) were similar to STA51,
but STD62 needed longer time (about 24 h) to reach
the highest transcription level, and this gene is nor�
mally constitutively expressed at low level; transcrip�
tion of STC48 decreased slowly after it showed the
higher levels of transcript accumulation at about
12 HPI. Clones STE96 (encoding Kunitz�type trypsin
inhibitor) and STA77 (RHG1) were induced relatively

(a) (b)

Fig. 2. Example of differential hybridization screening of potato cDNA clones from the subtractive libraries. 
PCR products (about 100 ng cDNA) of specific single recombinant plasmids were arrayed on Nylon membranes and hybridized
with complex cDNA probes obtained from forward� and reverse�subtracted cDNA pools left and right, respectively. Arrows indi�
cate part of differential expressed clones.

No match
10%

Function unknown and 
unclassified 

23%

Cell rescue and defense
19%

Signal transduction
4% Transcription 

5%

Molecular chaperonins
1%

Cellular transport and
transport mechanisms

3%

Protein synthesis 

12%

Regulation and 

with environment
1%

Cell structure;
1%

Energy�
Metabolism
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9%
related

and processing

factors

proteins

 interaction 

Fig. 3. EST classification according to their putative bio�
logical function. 
Three hundred and two differentially expressed clones
were classified into 12 groups. Percentages represent the
proportions of genes belonging to a particular functional
group of the total number of genes, including genes with
known functions, unknown functions, and no match
sequences.
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0 h 6 h 24 h 36 h 48 h

I

II

0 h 6 h 12 h 24 h 48 h 72 h 96 h

STB81 (protein phosphatase 2C)

rRNA

STA51 (methyl�CpG�binding domain)

STE96 (StKTI)

STC84 (N protein fragment)

STA77 (receptor�like kinase)

STC48 (DnaJ�like protein)

STD62 (protein kinase Pti1)

 Actin

Fig. 4. I: RNA gel blot analysis of STB81 upon R. solanacearum treatment. Total RNA was extracted from potato leaves harvested
in 0, 6, 24, 36, and 48 HPI. The quantity of total RNA loaded on agarose gel lanes was modulated relative to rRNA concentration.
II: RT�PCR analysis of six potato genes upon R. solanacearum treatment. cDNAs were synthesized from RNAs of potato leaves
harvested in 0, 6, 12, 24, 48, 72, and 96 HPI. Actin gene was used to verify that equal quantities of cDNA templates were tested.
Clone designation is indicated to the right of each panel.

slowly and reached an optimum at or later than
48 HPI. STC84 had a unique transcription pattern and
was also strongly induced. Its transcription level typi�
cally increased to a peak between 6 and 12 HPI, and
persisted for more than 36 h, then decreased. 

DISCUSSION

As we know, during diffusion of Rs from roots to
stems, the propagating bacteria and their metabolites
(such as polysaccharides) block the vascular bundles,
and this affects water transfer and results in leaf wilting
(BW). Therefore, in the present study, the stem�bacte�
rial co�culture method was used for studying gene
responses in leaves. This modified method may result
in a little bit bigger wounding of samples than tradi�
tional methods, but previous studies clearly showed
that it gave the same results as traditional methods in
phenotype identification [10]. Additionally, the effect
of wounding was also counteracted through the sub�
traction during the SSH library construction. At usage
of this modified method, the symptoms emerged ear�
lier than at traditional methods, which was helpful for
confirming the time points in sample harvesting.
Actually, the ED25 genotype cuttings wilted after 3 to
4 DPI, whereas the ED13 cuttings still kept healthy
(Fig. 1). 

SSH is a powerful method for identifying novel
genes or low�abundance transcripts as compared to
other transcript profiling technologies. In this study,
50 ESTs (low similarity with plant sequences or no
match in NCBI) were identified, and they might rep�
resent novel genes. Actin gene was stable during biotic
and abiotic stresses and is commonly used to normal�
ize molecular transcription studies [9, 11]. The RNA
gel blot and semi�quantitative RT�PCR results
showed that the transcript levels of the seven genes
were changed before 12 HPI, and some genes, such as
STA51, STC84, and STD62 were strongly induced as
early as in 12 HPI, which correlated well with the
results of reverse RNA gel blot and confirmed the reli�
ability of the differential hybridization screening pro�
cess. In the present study, the potato Rs�resistant gene
StSN2 (STM21) and many other resistance�related
genes were identified. They are involved in pathogen
recognition, signal transduction, transcription factor
functioning, HR, SAR, etc. (table). 

The STC84 shares high similarity with the 3’�end of
TMV�resistant gene N. The N gene was strongly
induced upon TMV infection, but not by other infec�
tions [12]. In this study, STC84 was induced by Rs,
indicating that whether or not the STC84 is an N gene
homologue should be confirmed further, but the
induction pattern of STC84 is similar to that of TMV�
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induced N gene. Suggesting that Rs�induced plant
response may share components with the TMV�
induced signaling pathway, the exact function of
STC84 should be studied further.

Pti1 (STD62), a potential downstream components
of the Pto (a resistant gene in tomato) signaling path�
way, interacts with Pto and is phosphorylated by Pto in
vitro. Overexpression of Pti1 in tobacco enhanced the
HR to P. syringage pv. tabaci [13]. Overexpression of
OsPti1a, a tomato Pti1 homolog, in rice impaired
resistance in both compatible and incompatible inter�
actions, indicating that OsPti1a plays a role in the neg�
ative regulation of both R protein�mediated defense
signaling and basal resistance [14]. The STD62 was
strongly induced by Rs and might participate in the
potato–Rs interaction. 

As important members of RLK/Pelle family, plant
receptor�like kinases play important roles in plant
development, signal transduction, and disease resis�
tance [15]. Receptor�like kinases exist in various plant
species, e.g. at least 600 receptor�like kinases were
identified in Arabidopsis [16]. In the present study, the
receptor�like kinase (STA77) may be a receptor to par�
ticipate in signal recognition and the Rs�resistance
response. 

DnaJ�like protein (STC48) is a co�chaperone,
which functionally cooperates with DnaK�like chap�
erones. Members of the DnaK/Hsp70 family (STB60,
STJ09) are essential components of the plant defense
signal transduction pathway [17]. Additionally, trans�
membrane domains of DnaJ�like protein may play an
important role in transport and signal transduction, as
well as in protein folding and subunit assembly [18].
The DnaJ�like gene (STC48) was induced by Rs as well
as up�regulated by jasmonic acid (JA), and STC48 may
play a role in recovering the activity of protein
destroyed by Rs or JA stress [19]. 

PP2C (STB81) plays an important role in the mito�
gen�activated protein kinase pathway. It was specifi�
cally induced in seeds upon ABA treatment and
reduced upon GA treatment, but did not response to
drought stress [20]. In this study, STB81 was down�
regulated upon Rs treatment, indicating that Rs and
GA may use the same or similar pathways in regulating
PP2C.

Transcription factors (TFs) participate in the regu�
lation of defense�related genes, and some are induced
by pathogens or treatment with plant hormones.
NAC1 (STF90) is a pathogen�induced TF. Transcrip�
tion of CaNAC1 was rapidly and specifically induced
during incompatible interactions between pepper and
bacterial or viral pathogens [21]. MYC2 (STL05) is a
Leu zipper TF, which might modulate JA responses via
differential regulation of an intermediate specter of TFs
with activating or repressing roles in JA signaling [22]. 

Hypersensitive response is one of the responses of
plant cell protection against the pathogen attack. The

cytochrome P450 genes (STA90, STB19, and STC63)
may participate in the biosynthesis of defense�related
compounds and are involved in HR. Apart from the
HR, SAR, and the cell rescue and protection reactions
are also triggered, which provide nonspecific resis�
tance to a wide range of pathogens throughout the
plant. In this study, at least nine SAR�related ESTs,
18 cell rescue� and protection�related ESTs, and 18
other pathogen�resistance�related ESTs were identi�
fied (table).

Plant chitinases (STA58, STC51, STK12, STM03,
and others) are characterized as pathogenesis�related
proteins and classified into five classes. Expression of
chitinase transgene in Arabidopsis and wheat resulted
in enhanced resistance to Pseudomonas syringae pv.
and Fusarium graminearum, respectively [23, 24]. 

DNA methylation is the major modification of
eukaryotic genomes and plays an important role in
plant growth and development [25]. DNA methyla�
tion and demethylation regulate gene expression, and
methyl CpG�binding proteins are considered to play
critical roles in epigenetic control of gene expression
in eukaryotes [26]. Clone STA51 (methyl�CpG�bind�
ing domain�containing protein) was induced by Rs
and reached the highest level of transcription between
6 and 12 HPI (Fig. 4). But the function of this clone
should be studied further.

Potato cysteine proteinase inhibitors (PCPIs) rep�
resent a distinct group of cysteine protease inhibitors
and belong to the family of Kunitz�type trypsin inhib�
itors. PCPI genes do not possess any introns, and their
expression products accumulate in vacuoles of stems
after treatment with JA, indicating that these inhibi�
tors participate in potato defense against insects and
pathogens [27]. Intronless genes may be able to
respond more rapidly to various exogenous signals. In
this study, STE96 (Kunitz�type trypsin inhibitor) was
induced in 12 HPI, which supports the above hypoth�
esis. 

This investigation, although far from being exhaus�
tive, has provided new molecular insights into the
nature of the potato–Rs interaction, and it is the first
study aimed at specifically targeting transcripts partic�
ipating in resistance to Rs in scale. The ESTs reported
here may provide useful data for improving our know�
ledge of potato resistance to pathogens. Some ESTs
identified in the present study, such as STM21, a high
homolog of potato snakin2, which is regarded as Rs�
resistance gene [8], may also be used as candidate
genes for developing molecular markers to help potato
genetics breeding.
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