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Abstract Increasing evidence indicates that plants, like
animals, use basal resistance (BR), a component of the in-
nate immune system, to defend themselves against foreign
organisms. Contrary to the hypersensitive reaction (HR)-
type cell death, recognition in the case of BR is unspecific,
as intruders are recognised based on their common molec-
ular patterns. Induction of BR is not associated with visible
symptoms, in contrast to the HR-type cell death. To analyse
the early events of BR in tobacco plants we have carried out
a subtractive hybridisation between leaves treated with the
HR-negative mutant strain Pseudomonas syringae pv. sy-
ringae 61 hrcC and non-treated control leaves. Random se-
quencing from the 304 EBR clones yielded 20 unique EST-
s. Real-time PCR has proved that 8 out of 10 clones are acti-
vated during BR. Six of these EST-s were further analyzed.
Gene expression patterns in a time course showed early
peaks of most selected genes at 3—12 h after inoculation
(hpi), which coincided with the development-time of BR.
Upon treatments with different types of bacteria we found
that incompatible pathogens, their 4rp mutants, as well as
non-pathogens induce high levels of expression while viru-
lent pathogens induce only a limited gene-expression. Plant
signal molecules like salicylic acid, methyl jasmonate,
ethylene and spermine, known to be involved in plant
defense were not able to induce the investigated genes,
therefore, an unknown signalling mechanism is expected
to operate in BR. In summary, we have identified repre-
sentative genes associated with BR and have established
important features of BR by analysing gene-expression
patterns.
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Introduction

Plants, like animals, face a myriad of potential intruders,
both pathogens and non-pathogens. They are well equipped
to defend themselves against invading micro-organisms,
with preformed barriers and inducible protective mecha-
nisms. Micro-organisms that break through the preformed
barriers will face a set of induced defence responses, in-
cluding the symptomless basal resistance (BR) and hyper-
sensitive cell death (HR).

The HR-type cell death develops following a specific
recognition process. In the case of pathogenic bacteria, as-
sembly of the bacterial type-III secretion system enables
avirulence (Avr) proteins to be injected into plant cells.
Avr proteins are specifically recognised (directly or indi-
rectly) by products of resistance (R) genes, after which the
HR develops. During the HR an oxidative burst and rapid
death of the infected plant cells are observed along with lo-
calisation of the pathogen (Cutt and Klessing 1992; Mehdy
1994; Staskawicz et al. 1995).

The basal resistance response (BR), also mentioned as
a form of induced resistance and innate immunity has re-
ceived less but emerging attention. This type of resistance
defends all plant species against most microbes, without
any visible symptoms or cell death (Klement et al. 2003).
General conserved elicitors of microbes are recognised in
a non-specific manner (unlike the R-gene dependent spe-
cific HR) (Nurnberger and Brunner 2002; Nurnberger et al.



2004). Flagellin is an example of such a general elicitor: it
is found in most bacteria and activates defence responses
through MAPK (Mitogen-Activated Protein Kinase) cas-
cades in both plants and animals (Asai et al. 2002; Gémez-
Goémez and Boller 2002). General microbial elicitors are
often designated PAMPs (Pathogen Associated Molecular
Pattern), although they are found not only on pathogens.
Other described bacterial PAMPs are lipopolysaccharides
(LPS) (Dow et al. 2000; Meyer et al. 2001; Gerber et al.
2004; Keshavarzi et al. 2004); and cold shock proteins
(Felix and Boller 2003), etc.

BR requires active plant metabolism for the induc-
tion of defence mechanisms against any non-pathogenic
and sometimes opportunistic intruders, as shown by ex-
periments with protein-synthesis inhibitors (Bozsé et al.
1999). The observed mechanisms include cell wall alter-
ations (thickening and lignification, papilla formation), ac-
cumulation of phenolics, phytoalexins, and induction of
PR (pathogenesis related) genes (Jakobek and Lindgren
1993; Ott et al. 1997; Brown et al. 1998; Dixon 2001;
Navarro et al. 2004; Keshavarzi et al. 2004). The basal
resistance response is triggered upon infection with heat-
killed pathogens, non-pathogens or pathogenicity-deficient
mutants (Klement et al. 1999; Burgydn and Klement 1979;
Bozs6 et al. 1999). The multiplication of bacteria is in-
hibited and a local resistance response develops at the site
of inoculation. This means that an HR will be absent af-
ter a second, challenging inoculation with an incompatible
pathogen and bacterial growth will be arrested after a chal-
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lenging inoculation with compatible pathogens (Ott et al.
unpublished data). Plants display this kind of resistance not
only in response to 4rp mutants and nonhost pathogens (P.
syringae), but also non-plant pathogens, such as E. coli.
Because there are some molecular and pathological dif-
ferences between the early (0-24 hpi) and later phases of
BR (Klement et al. 2003; Burgydn and Klement 1979),
we have designated the early phase as EBR and have fo-
cused on this part of BR in the present paper. We have used
an hrp mutant of Pseudomonas syringae pv. syringae to
induce basal resistance. This approach enabled direct com-
parison to the isogenic, non-mutant strain. The srp mutant
bacteria fail to cause any macroscopically visible symp-
toms, their multiplication is arrested in the plant followed
neither by disease, nor a hypersensitive reaction (Lindgren
1997; Klement et al. 2003).

Most investigations had been focusing on the HR, there-
fore our knowledge of the non-specific BR mechanism is
limited. More studies are needed to reveal details and rela-
tionships between different defence reactions; which was
one of the aims of our work. In order to investigate the
changes in gene transcription upon infection with non-
pathogenic bacteria, we carried out subtractive hybridis-
ation between cDNA populations from Pseudomonas sy-
ringae 61 hrcC mutant—injected and untreated control
tobacco plants. We obtained a cDNA library containing
clones of activated genes including housekeeping genes,
genes connected to secondary metabolism and cell wall for-
tification, signal transduction, detoxification and protection

Fig. 1 Temporal expression
patterns of selected tobacco
genes after infiltration with 10%
CFU/ml Pseudomonas syringae
pv. syringae hrcC mutant.
Vertical axis: transcript levels
relative to the absolute control.
All values were normalised with
actin. Error bars indicate SEM
n=2. Horizontal axis: time after
treatment (h). B: Pseudomonas
syringae pv. syringae hrcC
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Fig. 2 Expression patterns of
the selected genes in response to
treatments with different
bacteria at 6 hpi. Expression
values are relative to the
absolute control level. All
values were normalised with
actin values. Error bars indicate
SEM n=3. W: water control; C:
P. syringae hrcC mutant; P61: P.
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against oxidative stress. Some clones could not be assigned
to a function. Focusing on selected genes of cell wall for-
tification and detoxification, we analysed gene expression
patterns by real-time PCR. The application of this rapid and
quantitative method allowed us to assess the impact of di-
verse treatments on the selected set of representative genes
and obtain quick and reliable data in order to better un-
derstand the nature of BR. This provides a useful basis for
future array-based experiments, where a wider set of genes
can be investigated, but the possible number of treatments
is strongly limited. We have revealed similarities and dif-
ferences in plant gene expression during the non-pathogen
specific BR and the more well-known, pathogen-specific
HR, providing insight into the possible molecular mecha-
nism(s) of BR, a less known defence mechanism of plants.

Materials and methods
Plant material and treatment

Tobacco plants (Nicotiana tabacum cv. Samsun nn; Nico-
tiana tabacum cv. Xanthi NN; Nicotiana tabacum cv. Xan-
thi NN:NahG) were grown in the greenhouse in soil. NahG-
10 were kindly provided by NOVARTIS, Agricultural
Biotechnology Research, Research Triangle Park, NC. Be-
fore inoculation the 2—2.5-month-old tobacco plants were
kept in a growth chamber with 16/8 h light/dark period at
20°C 2 days before and during experiments. Hypodermic
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syringes fitted with a 25 gauge needle were used for the in-
jection of tobacco leaves as described by Klement (1990).
At the appropriate time points, 0.1 g leaf samples were
taken, and frozen immediately in liquid nitrogen. In every
experiment both non-treated and water-infiltrated control
leaves were used. Every experiment was carried out on
at least two plants as biological replications and these data
were used for evaluation. The experiments were also carried
out using other plant generations to confirm the detected
trends in gene expression changes. These data were not
used in statistical analysis, as the values of fold-changes
might differ more between different generations of plants
than between ones from the same generation, for example
due to slight changes in the greenhouse circumstances dur-
ing plant growth. This might be observed in the diagrams of
Figs. 2 and 3. In the response to C (Pseudomonas syringae
pv. syringae hrcC) for example EBR-52 in Fig. 2 had a
relative expression level close to 30, while in Fig. 3 it is
close to 15.

Bacterial treatments

Bacterium strains and their interactions with plants used
in this study are indicated in Table 1. Pseudomonas,
Agrobacterium, Escherichia and Sinorhizobium strains
were cultured at 28°C on King’s medium B (King et al.
1954). Mutants were grown on antibiotic-containing plates
(kanamycin, 50 pg/ml). Pseudomonas syringae pv. tabaci
was inactivated with 50 pg/ml kanamycin for 10 min, than
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Table 1 Bacterium strains and their interactions with plants used in this study

Strain Interaction type and symptoms of tobacco Characteristics Source or reference
Pseudomonas syringae HR causing in tobacco, Wild type Huang et al. 1988
pv. syringae 61 incompatible
Pseudomonas syringae No HR, Mutated at hreC A. Collmer, Cornell
pv. syringae 61-1530B No symptom University, Ithaca, USA
Pseudomonas syringae Rapid, strong HR, Wild type ATCC 11055
pv. pisi Incompatible
Pseudomonas syringae Compatible Causes wildfire disease NCAIM B.01601
pv. tabaci H 10
Agrobacterium No HR Strain used for transformation Hoekema et al. 1983
tumefaciens LBA 4404 No visible symptom
Escherichia coli DH5a No HR, Strain used for molecular Woodcock et al. 1989
non-plant pathogen cloning
Sinorhizobium meliloti No HR Symbiont of Medicago E. Kondorosi,
RM41 truncatula Gif-Sur-Yvette, France

ATCC: American Type Culture Collection; NCAIM: National Collection of Agricultural and Industrial Micro-organisms, Budapest,

Hungary

washed twice in distilled water. Overnight cultures were
used for infiltration, suspended in distilled water to 108
CFU/ml, with a densitometer at 560 nm.

Signal molecule treatments

Plant signal molecules or their precursors used in this study
were the following. Methyl-jasmonate, 200 WM, salycilic
acid, 400 uM, spermine, 100 wM, aminocyclopropane-
carboxylic acid (ethylene-precursor), 1 mM (Sigma). All
of the molecules were used alone and also as combined
with the HR-negative Pseudomonas syringae pv. syringae
hreC (108 CFU/ml).

HR-inhibition test

Detection of EBR was done by an HR-inhibition test as
described by Burgyan and Klement (1979). Briefly, inter-
venials of whole leaf panels were pre-treated with Pseu-
domonas syringae pv. syringae hrcC (108 CFU/ml) sali-
cylic acid or water. Intervenials were thereafter serially in-
oculated with Pseudomonas syringae pv. pisi (108 CFU/ml)
as challenging bacteria, every half an hour. Total absence
of the HR normally caused by P. pisi indicated the presence
of EBR.

Construction of a subtracted cDNA library enriched
for EBR-related sequences

P. syringae 61 hrcC treated or control leaves (0.1 g pieces)
were ground in liquid nitrogen 6 h after inoculation. Total
RNA was extracted using the Plant Total RNA Extraction
Miniprep System (Viogene). mRNA was obtained from
100 pg total RNA for driver and tester each, using the
PolyATtract System (Promega) as recommended by the
manufacturer.

cDNA production and subtractive hybridisation were per-
formed using the PCR Select cDNA Subtraction Kit (Clon-
tech). Uninoculated plant material served as “driver” and
inoculated plant material as “tester”. Cloning of subtracted
fragments was carried out using the TOPO TA Cloning Kit
for Sequencing (Invitrogen).

Nucleotide sequencing and data analysis

All of the 304 obtained clones were individually PCR am-
plified. Sequencing of 20 random clones was carried out
using plasmid DNA at the sequencing facility of MWG-
Biotech Ag. (Ebersberg, Germany). Vector and adaptor se-
quences were removed manually. Clone identification was
performed using BLAST search (Altschul et al. 1990).

Quantitative RT-PCR analysis of gene expression

Total RNA was extracted using the Plant Total RNA
Extraction Miniprep System (Viogene) from 0.1 g treated
or control leaf material ground under liquid nitrogen.
The concentration of isolated RNA was estimated by
measuring its absorbency at 260 nm. Reverse transcription
of 2.5 pg total RNA was carried out with the RevertAid H
Minus First Strand cDNA Synthesis Kit (Fermentas) using
the oligo(dT) primer, according to the manufacturer’s
instructions.

For real-time PCR analysis we have designed the primers
indicated in Table 2. Specificity of the primers at the
applied PCR conditions was initially verified by agarose
gel-runs, which yielded a single product at the expected
molecular size in the case of each primer pair. Melting
curve runs were also performed at the end of each PCR
reaction to verify the presence of a single product.

We used 2.5 il of a 10-fold dilution of the cDNA stock,
in 15 pl reactions. Primer concentrations were 3 WM. PCR
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Table 2  Primers used for

quantitative PCR in 5’ o 3 Clone nr Upper primer Lower primer

direction EBR-38A TAAAACGCTTTGAACGAAGTCTA TTAATTGGTCTCTTCTTTGCCAT
EBR-38B CAGATGATAGCAGTAGCGGAT TGAATGTCGTCTTCTCGGGTT
EBR-43-21 ATGATTGGAGCGACGAGCATT GCCTCTGGAAGTATGCACTC
EBR-44 TGGCTCTTGTCATCATAATCC CCGAACCACCTCCGTTGC
EBR-52 GGATGGAAGTAGAATCAACAAA TTTCTTCATTCTCTGTAACTGC
EBR-59 GATATACAACTAACGTGAAGTCAATG TAGGAAATGCGTTCTACACTCTA

actin

CGGAATCCACGAGACTACATAC

GGGAAGCCAAGATAGAGC

was carried out using the iQ SYBR Green 2x Supermix
(Biorad), on the DNA Engine Opticon 2 (MJ Research). Cy-
cling parameters were the same for all primers: initial 95°C
for 6 min, followed by 40 cycles of 95°C for 30 s, 60°C for
I min, plate read step, then product melting curve 55°C—
95°C. Serial tenfold dilutions (10-10%) of the plasmids
containing the specific inserts were initially run together
with the plant samples to verify that the measurements are
within the linear range (correlation coefficient > 0.99).

Relative quantification of gene expression was carried
out according to the Applied Biosystems ABI PRISM 7700
Sequence Detection System User Bulletin #2 (1997) using
the comparative cycle threshold [C(T)] method for the cal-
culation of AC(T) and AAC(T) values. A Microsoft Excel
97 spreadsheet was generated for this. Measured C(T)
values were always normalised against actin (GeneBank
X69885) as an internal control. Expression ratios of two
technical repeats were averaged for each sample.

For the results of the (at least two) biological replications
from the same plant generation, standard errors (SEM)
were calculated and differences between expression ratios
of water-treated controls and other samples were tested
for statistical significance using a Students’s ¢ test. The
absolute controls were given the arbitrary value of 1
i.e. AAC(T) values were calculated using the absolute
controls as calibrator.

Results and discussion
Isolation of differentially expressed gene fragments

To map the changes in gene expression during the symp-
tomless EBR of tobacco plants a subtractive hybridisation
approach was applied. We were interested in early reac-
tions, so leaf material injected with the non-HR-inducing P.
syringae hrcC mutant sampled at 6 hpi was used for mRNA
isolation, as well as leaf material from untreated control
plants. Double stranded cDNA was reverse-transcribed
from both mRNA pools and subsequent rounds of hy-
bridisation and PCR amplification were carried out. The
final, amplified pool of cDNA sequences enriched in bac-
terial treatment-specific gene-fragments was cloned. All
of the resulting 304 EBR clones were individually PCR
amplified, the insert lengths were between 100 and 700
bp. Sequence information of 20 randomly chosen clones

was obtained, six clones were under 200 bp in length, an-
other six were 200—400-bp long and seven were over 400
bp. Similarities and putative functions of the fragments
were assigned by using the BLAST tool (Altschul et al.
1990). Six out of 20 sequences corresponded to known
genes (similarity>98%), 10 could be assigned some puta-
tive function according to BLAST results. Four fragments
showed no significant similarity to any known genes. The
clones were classified into 5 subgroups: genes with func-
tions related to cell house-keeping; signal transduction; cell
protection and detoxification; secondary metabolism and
cell wall fortification; and genes with unknown functions
(see Table 3). Seven genes (or their most similar homo-
logue) were found in the literature to be induced by biotic
stress. However, bacteria were involved only in two cases,
the rest of the papers reported induction upon viral or fungal
elicititation.

To evaluate the success of subtractive hybridisation and
to prove that the isolated genes are induced upon infection
with the non-HR causing pathogen, specific primers were
designed for 10 of the clones. Real time PCR experiments
have proven that eight of the genes are activated during the
early (0-24 h) time course of the defence reaction of to-
bacco against the HR-negative hrcC mutant of P. syringae.
Therefore a high percentage of the isolated clones seem to
be fragments of activated genes, which demonstrates the
efficiency of subtraction.

Two subgroups were selected for further investigation
with real-time PCR, the genes related to cell wall forti-
fication and cellular protection. Genes of cell wall forti-
fication are especially interesting, because papilla forma-
tion has been suggested as one key feature of the defence
response against the nonpathogenic 4rcC mutant of Xan-
thomonas campestris pv. vesicatoria in pepper (Keshavarzi
et al. 2004), and also earlier in our laboratory (Ott et al.
1997). Alterations of the plant cell wall are known forms
of basal resistance to fungi and to bacteria. Papillae and
cell wall appositions might act as a barrier to the transfer
of nutrients and water or block the injection of effectors
(Keshavarzi et al. 2004). Hauck et al. (2003) have found
that a high percentage of genes repressed by type III effec-
tors are associated with plant cell wall functions. We also
investigated a subgroup of genes that the plant might use
to defend its own cells against reactive oxygen species or
toxic metabolites. This ability is also crucial for success-
ful resistance, because plant cells are under heavy (mainly
oxidative) stress during defence (Barna et al. 2003).
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Table 3 Summary of the general defence related clones isolated by subtractive hybridisation and their closely related homologues

Clone Gene with highest similarity in Organism of most Length (bp) Similarity BLAST Accession
data base similar seq. E value
EBR-1 Nicotiana tabacum adenosine Nicotiana 315 315/315 e-176 -
kinase (AY695052) tabacum (100%)
EBR-11 Chloroplast nucleoid DNA Nicotiana 211 211/211 e-114 —
binding protein (D26015) tabacum (100%)
EBR-14 No match - 165 - AJ937840
EBR-15 No match - 179 - AJ937841
EBR-20 No match - 193 - AJ937842
EBR-21 OMT I-a mRNA (X74452) N. tabacum 431 426/431 0.0 AJ937843
(98%)
EBR-25 mRNA for cytochrome b5 N. tabacum 149 133/147 6e-43 AJ937844
(X71441) (90%)
EBR-33 Acyl carrier protein (Acll) C. chinense 286 62/70 (88%) Se-11 and AJ937845
(AF127796) and 47/50 3e-06
(94%)
EBR-37 Methionine synthase (MS) S. tuberosum 226 169/180 3e-67 AJ937846
(AF082893) (93%)
EBR-38a Cinnamic acid 4-hydroxylase C. annuum 423 103/123 3e-14 AJ937847
(C4H) (AF212318) 83%)
EBR-38b Epoxide hydrolase EH-1 N. tabacum 423 226/229 e-118 AJ937848
(U57350) 98%)
EBR-43 OMT I-b mRNA (X74453) N. tabacum 433 433/433 0.0 -
(100%)
EBR-44 NtEIG-E17 mRNA for N. tabacum 535 532/533 0.0 AJ937849
glycine-rich protein 99%)
(AB035125)
EBR-47 No match - 171 - AJ937850
EBR-51 ADP-ribosylation factor C. annuum 154 141/154 2e-49 AJ937851
(AF108891) 91%)
EBR-52 mRNA for glutathione H. muticus 549 298/337 5e-96 AJ937852
S-transferase (HMGST) (88%)
(X78203)
EBR-53 Capsicum annuum Capsicum 567 111/139 4e-04 AJ937853
elicitor-inducible protein annuum (79%)
EIG-J7 (AY496121)
EBR-54 NtEIG-E80 similar to N. tabacum 222 189/218 3e-49 AJ937854
photoassimilate-responsive (86%)
protein (AB041515)
EBR-59 mRNA for extensin (X70343) N. sylvestris 389 367/391 0.0 AJ937855
93%)
EBR-61 Putative delta TIP (MIP2) N. glauca 556 533/556 0.0 AJ937856
mRNA (AF290618) (95%)

Bold indicates selection for detailed RT-PCR study

Homologies and possible functions of the selected
EBR genes

Genes of cell wall fortification
EBR-38A (Cinnamic acid 4-hydroxylase)
EBR-38A displayed the highest identity (83%) with C4H

(cinnamic acid 4-hydroxylase) of pepper (Capsicum an-
nuum) (AF212318). Cinnamic acid 4-hydroxylase is the

second enzyme of the phenyl-propanoid pathway in plants,
leading to the synthesis of lignin, pigments, and many de-
fence molecules. However, it is also the rate limiting en-
zyme directly before the branching of the phenylpropanoid
pathway. It catalyses the conversion of cinnamic acid into
p-coumarate. C4H belongs to the structural family of P450
heme-thiolate proteins, which catalyse mono-oxygenation
of a broad range of substrates within all organisms (Werck-
Reichhart and Feyereisen 2000). C4H induction has been
reported upon treatment with fungal elicitor in Ammi majus
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(Hubner et al. 2003), wounding, and chemical treatments
(Batard et al. 1997; Anterola et al. 2002).

EBR-43-21 (Ortomethyl transferase alb)

Among our sequenced clones two were identified as class I
ortomethyl transferases (OMTs). These two clones differed
only in a few nucleotides from each other. They were iden-
tified as OMT I-a (EBR-21, 98%) and OMT I-b (EBR-43,
100%) (Jaeck et al. 1996). In the case of EBR-21 we could
not decide if it is in fact identical to OMT I-a, or if we
have cloned a new isoform, to be called OMT I-c. During
our gene-expression studies however, we have measured
cumulative abundance of EBR-21 and -43 transcripts, as
it was impossible to design primers that could differenti-
ate between these two, nearly identical genes. OMTs have
extensive roles in the later steps of the phenylpropanoid
pathway, leading to the formation of coumarins, and differ-
ent subunits (monolignols) of lignin (Maury et al. 1999).
Induction of orthomethyl transferases has been widely stud-
ied upon infection with viral and fungal elicitors (Pakusch
et al. 1989; Schmitt et al. 1991; Pellegrini et al. 1994).
However, data concerning bacterial infections has not been
extensive so far.

EBR-44 (Glycine-rich protein)

Glycine-rich proteins (GRP-s) are important cell-wall
structural proteins beside extensins and proline-rich pro-
teins (Ringli et al. 2001). EBR-44 was 99% identical with
NtEIG-E17, a GRP reported to be responsive to fungal
elicitors, and incompatible pseudomonads (Takemoto et al.
2003). Several other homologues of EBR-44 have also been
reported, with similarity values above 90%. For example,
NT16 has been isolated from crown gall tumor tissues in-
duced by Agrobacterium tumefaciens (Yasuda et al. 1997).
Other homologues are HR3S and HR4, both isolated from
hairy roots induced by Agrobacterium rhizogenes; while
the clone GENEBANK/D26454 comes from genetic tu-
mors of tobacco (Fujita et al. 1994). The above genes
closely related to EBR-44 seem to have connections to
tumors and bacterial infections, consistently with their pu-
tative roles in cell-wall formation and fortification. Nodule-
specific GRP-s have been described from root nodules of
Medicago spp., specifically induced upon bacterial infec-
tion (Kevei et al. 2002).

EBR-59 (Extensin)

EBR-59 was similar to the extensin gene OPExt 1.2
from Nicotiana sylvestris, to a level of 93% (Parmentier
et al. 1995). 6Pext was shown to belong to a multigene
family of related genes and was induced by wounding
and A. tumefaciens infection, so it proved to be a
stress-related gene, like EBR-59. Extensins are basic
hydroxyproline-rich glycoproteins, which are important

structural components of cell walls. Their structure enables
them to form intermolecular and intramolecular links,
thereby strengthening plant cell walls (Schowalter 1993).
They are known to be developmentally regulated and
their expression is also induced by different stresses like
wounding, or microbial infections and different signal
molecules (Hirsinger et al. 1999; Takemoto et al. 2001).
In Arabidopsis thaliana the extensin gene is normally
expressed in roots and inflorescences, but it is strongly
activated in leaves after infection with the compatible
pathogen X. campestris pv. campestris (Merkouropoulos
and Shirsat 2003), demonstrating the bilateral involvement
of extensin genes in tissue development, and self-defence.

Genes of plant cell protection
EBR-52 (Glutathione S-trasferase)

EBR-52 displayed highest identity to the glutathione S-
transferase from Hyosciamus muticus (Hmgst-1) (Bilang
and Sturm 1995). However, this was only 88%, indicat-
ing that we have cloned a distinct, novel member of the
GST gene family. The closest relative of EBR-52 from to-
bacco was the par-B gene (Takahashi and Nagata 1992),
where Lipman—Pearson protein alignment revealed a simi-
larity index of 64.1 (Pearson and Lipman 1988). The above
genes have a very interesting feature besides GST activ-
ity. They are induced by auxin, and are able to specifically
bind its molecules. GST-s generally have been associated
with detoxification of cytotoxic products, and protection
against oxidative damage. In plants, GST-s have been ex-
tensively studied in connection with xenobiotic compounds
like herbicides (Irzyk and Fuerst 1993). Mauch and Dudler
(1993) have described three different GST-s from wheat,
two of which seemed to have a specific role in xeno-
biotic metabolism, and one in defence reactions against
pathogens. This was indicated by their differential regu-
lation. We have shown that EBR-52 may play a role in
defence reactions against bacterial infections based on tran-
scription data, but no information is available about xeno-
biotic treatments. However, we have been able to demon-
strate pathogen-specificity of EBR-52, as it was strongly
activated after bacterial injections, but practically no acti-
vation was seen following viral infections (Szatmari et al.
unpublished data). The roles of GST-s, a branched family
of cell protectant enzymes, remains yet a field to be studied.

EBR-38B (Epoxide hydrolase (EH))

The obtained sequence of EBR-38B displays 98% identity
with the Nicotiana tabacum epoxide hydrolase gene EH-1
(Guo et al. 1998) isolated as a gene activated during the re-
sistance response to TMV. Guo et al. (1998) have described
tobacco epoxide hydrolases either as a small gene family,
or a single gene with several alleles based on genomic
DNA hybridisation. Therefore, EBR-38B is likely to be a
different allele of the gene, or a closely related member of
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Fig. 3 Expression patterns of
the selected genes in response to
treatments with plant signal
molecules at 6 hpi. Expression
values are relative to the
absolute control level and are
normalized with actin values.
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the small family. Interestingly, the expression of this gene
has been reported to be regulated by both SA-independent
and SA-dependent pathways, similarly to our result with
EBR-38B (see section Signal molecules). Epoxide hydro-
lases catalyse the conversion of epoxides into diols (Oesch
1973). Some epoxides are highly reactive and toxic, be-
ing able to damage biological macromolecules like DNA
or proteins. EH-s play a critical role in detoxifying such
reactive metabolites in both plants and animals (Murray
et al. 1993). EH-s in plants have also been assigned a role
in cutin biosynthesis (Pinot et al. 1993). Both of the above
putative roles make EH-s promising candidates as genes
involved in resistance responses.

Time course

Gene expression levels were investigated in a time course
on the first day after inoculation. Figure 1 shows that tran-
scription of the studied genes have followed a general pat-
tern: they were already activated as early as 1-3 h after in-
oculation (depending on plant material). Activation peaked
at 3-12 hpi, and their transcript level was already very
low at 24-48 hpi. This pattern is well correlated to the
temporal pattern (shown in Fig. 4.) of the HR-inhibiting
nature of basal resistance (Klement et al. 1999) there-
fore these genes seem to be good molecular markers of
EBR.
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Within this common pattern some genes could be identi-
fied displaying either “quick” or “delayed” induction. Cin-
namic acid-4-hydroxilase and epoxide hydrolase were con-
sidered to be the earliest induced genes (peak at 1-3 hpi,
strongly declining at 6 hpi), while OMT-I and GST were
induced with a slight delay (peak at 3 hpi, some decline
at 6 hpi). Finally, the two genes encoding for extensin and
glycine-rich protein had induction peaks at 12-24 hpi (de-
pending on plant material) and their expression was still
relatively high at 24-48 hpi. The results indicated that the
general defence response has a well-established course of
events. The connection is very clear in the case of cinnamic
acid 4-hydroxilase and OMT as they follow each other
not only in induction time, but also within the phenyl-
propanoid biosynthetic pathway (Maury et al. 1999). Ex-
tensin and glycine-rich protein, the latest responders, are
both structural proteins of the plant cell-wall, so this kind
of cell-wall strengthening might represent a later step of
defence events. Revealing sequential patterns of gene ex-
pression helps identifying sequential steps of the general
defence response, and could provide new insights into its
temporal regulation.

Different plant—bacterium interactions

We have examined different plant-bacterial interactions,
as illustrated in Fig. 2. We used non-pathogenic as well



736

B |0.5 1h  1.5h 2h 2.5h 3h 3.5h 4h 4.5h 5h 5.5h
SA(0 0 0o 0 0 o o 1.5 2 2 2
hreClO 0 0 05 05 05 1 25 3 3 3

water|/0 0 0 0 0

Fig. 4 HR-inhibition test. Demonstration of the ability of salicylic
acid to cause a similar HR-inhibition as described in Materials and
methods. 4a. Leaf panels pretreated with SA, P. syringae hrcC and
water. Challenging bacteria—P. syringae pv. pisi—were injected ev-
ery 0.5 h. Control leaf was injected with water, and HR was present
at all time points. Numbers indicate time of challenging treatment

as pathogenic bacteria, including compatible and incom-
patible relationships (Table 1). Our general findings were
that the EBR-inducing mutant P. syringae hrcC bacterium
caused similar gene activation increases to that of the HR-
causing isogenic strain (P. syringae 61), the kanamycin-
inactivated pathogen (P. tabaci), the saprophytic P. flu-
orescens and the non-pathogenic E. coli. Only a lim-
ited degree of induction was observed in three different
cases: the virulent compatible pathogenic P. tabaci, the
non-tumorigenic strain of A. tumefaciens and the non-
pathogenic (non-symbiont to tobacco) S. meliloti strain.
High rate of gene-induction was detected upon infec-
tion with HR-causing bacteria. Our results indicate that
the genes of EBR are also transcribed intensively during
the formation of HR, implying that the processes of these
two reactions are overlapping in time. Recently Navarro
et al. (2004) found significant overlap between transcrip-
tional changes in array experiments comparing flagellin
(general elicitor) treated Arabidopsis and Avr9 treated to-
bacco (specific, HR-inducing elicitor). Tao et al. (2003)
suggested that Arabidopsis responses are quantitative in
nature during different interactions with P syringae. They
differentiated between two levels: low (compatible interac-
tion) vs. high, (i.e. incompatible and non-host interaction).
We have confirmed these two levels in our measurements.
However, some independent repeats showed the existence
of a 3rd, medium level in the case of EBR-causing bacte-
ria (data not shown). There are some circumstances among
which incompatible bacteria induce a stronger induction of
EBR-related genes, however, these circumstances remain
to be determined in the future. Besides overlaps it is likely
that there are qualitative differences between EBR and HR

0o 0 0 0 0 05

after primary treatment. “x” indicates no challenging infection. Two
HR patches in the same intervenial indicate two sites of challenging
infection. 4b. Numeric data about the above experiment. Values are
means of three independent repeats. 0=No EBR, full HR; 1=HR on
cca. 60% of challenged area; 2= HR on cca. 30% of challenged area;
3=Full EBR, no HR

on the expressional level. It should also be subject of fu-
ture experiments to find selectively EBR-specific and HR-
specific genes. One theory that we have considered based
on our running experiments (Bozsd, unpublished data) that
HR is the combination of EBR plus some complementary
mechanisms that lead the process towards plant cell death
(Klement et al. 1999).

Some isolated genes showed a limited induction in cer-
tain cases. Virulent P. tabaci actively suppresses EBR, as
kanamycin-inactivated bacteria showed a “restored” gene-
activity inducing feature, indicating that living virulent
pathogens in susceptible hosts have special mechanisms
to avoid this defence response, as was first suggested by
Burgyan and Klement (1979), later by Jakobek et al. (1993),
Klement et al. (2003), reviewed by Abramovitch and Mar-
tin (2004). Hauck et al. (2003) have recently shown that
suppression of cell-wall based defence is carried out by
effectors of the type III secretion system as proposed ear-
lier (Brown et al. 1995). A. tumefaciens is also a plant-
pathogen, however the strain used in our experiments was a
non-tumorigenic one. Still it was able to diminish the induc-
tion of the responsive genes, so this species does not elicit
or is able to actively suppress plant defence. S. meliloti,
a symbiont of alfalfa also caused lower induction of de-
fence genes, although it is not known to be involved in any
specific relationship with tobacco.

We found that defence genes are also activated by
non-HR inducing mutants, by non-pathogenic bacteria,
and killed pathogens. This supports the assumption that
the general defence response of plants contributes to the
inhibition of the proliferation of a wide range of bacteria
that have entered the intercellular spaces, unless those



bacteria use special suppressor effectors. Such effectors
mainly remain to be identified in the future. Our findings
also emphasise the connection between pathogenic and
symbiotic lifestyles of bacteria.

Signal molecules

We used four different signal molecules, which have for-
merly been associated with processes of pathogenesis and
resistance, in order to find out which signal pathway(s) have
a role in initiating the BR response. These were salicylic
acid (SA), methyl-jasmonate (MelJa), an ethylene precur-
sor (ACC) (aminocyclopropane-carboxylic acid), and sper-
mine (SPM), as indicated by Fig. 3.

Salicylic acid is known to accumulate in plants after in-
fections with necrotising pathogens. SA is able to cause
systemic acquired resistance (SAR) and to activate a wide
range of pathogenesis related (PR) proteins. Exogenously
applied SA is also known to cause the previously mentioned
effects (reviewed in Machackova et al. 2004). Jasmonates
(JA) are volatile compounds that can modulate resistance
to pathogens and insects, fruit ripening, senescence, etc.
and are accumulated in plants upon wounding and elicitor
treatment (Creelman and Mullet 1997). Ethylene is also
a volatile molecule that, apart from developmental func-
tions, has been shown to be involved in disease resistance
and also susceptibility. Ethylene was shown not to be re-
quired for active defence against avirulent bacteria (Bent

Fig. 5 Expression patterns of
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et al. 1992). Ethylene and jasmonates have been shown to
be in both negative and in positive interaction regarding
the regulation of defense-associated genes in some cases.
(Lorenzo et al. 2003; Sasaki et al. 2001; Diaz et al. 2002).
Spermine is a polyamine, isolated from resistant tobacco
plants upon tobacco mosaic virus (TMV) infection. It has
been described as a salicylate-independent exogenous in-
ducer for acidic pathogenesis-related proteins and TM V-
resistance (Yamakawa et al. 1998). A tobacco peroxidase,
tpoxC1 was found not to respond to general defence-related
signal compounds (SA, MeJa, ethylene) only to spermine,
therefore spermine seems to represent a distinct signalling
pathway (Hiraga et al. 2000).

Our genes, however, showed no significant transcrip-
tional alterations in response to MeJa or ACC, nor displayed
any significant change in transcription upon spermine treat-
ment at the investigated time point, 6 h after injection.

The tested genes generally did not respond to exoge-
nously applied SA either, but in some repeats a limited ac-
tivation was observed (see 38B, 44 and 52). So we assayed
if there is a BR-like phenomenon caused by SA (Fig. 4.).
It was able to inhibit the HR to be caused by challenging
incompatible bacteria, although to a lower extent than typ-
ical BR. Small necroses and chlorotic patches were still
observed. In some repeats the combined application of SA
and P. syringae hrcC mutant had a synergistic or additive
gene activation effect. (see e.g. 38B and 43). Therefore we
assume the existence of a potentiating effect between SA-
induced resistance and BR. Shirasu et al. (1997) found a
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potentiating effect of SA on defence transcript accumula-
tion and hypersensitive cell death in incompatible interac-
tions. They observed the potentiating effect of SA in Avr-
involving reactions, which we have now found to exist also
in a non-HR reaction. Our results imply that the genes as-
sociated with BR are under primary control of an unknown
signal that induces their transcriptional activation, but the
SA-mediated pathway overlaps with BR events. To find out
more about the role of SA, transgenic NahG tobacco plants
were applied that metabolise SA into an ineffective com-
pound so SA-dependent mechanisms cannot be induced. In
our experiments gene activation was not impaired in NahG
plants (Fig. 5.) proving the assumption that SA is not nec-
essary for BR gene activation. Glazebrook et al. (2003)
have found a group of genes in bacteria-infected Arabidop-
sis, that were regulated by SA and an unknown pathway,
that was distinct from the group of genes regulated ex-
clusively by SA. This unknown pathway might be related
to the primary inducing pathway in our experimental sys-
tem. DebRoy et al. (2004) have assayed callose deposition
in Arabidopsis using hrpA mutants of P. syringae. Their
results confirmed the SA-independent nature of cell-wall
based immunity elicited by Arp mutants. However they
have found another group of bacterium mutants inducing
a SA-dependent pathway, approving the existence of two
pathways.

In conclusion, none of the signal molecules alone induced
significant increases in expression of the BR-responsive
genes identified in this study. Based on our results, these
signal molecules do not play a primary role in signal trans-
mission during BR. Therefore, we propose the existence
of a yet unknown plant defence signalling pathway during
BR that might be potentiated by salicylic acid, and should
be identified in the future.

Concluding remarks

Innate immunity, local induced resistance and basal resis-
tance are terms in plant-pathology gradually gaining higher
interest. We have isolated several genes associated with the
early phase of basal resistance (EBR), which is an initial
step towards the understanding of defence reactions. In this
study we have focused on the expression patterns of genes
involved in secondary metabolism, cell-wall fortification
and detoxification, plant processes, which might have sig-
nificant effector functions in plant defence. Our selected
genes seem to be under control of a common signalling
pathway, as their transcriptional activation patterns were
closely similar upon the used treatments. This pathway is
not under primary control of the tested signal molecules,
however it might be potentiated by salicylic acid. The genes
discussed are characteristic markers of the EBR, and could
be used in later studies concerning this mechanism. It also
remains a task for the future to find out if these marker
genes have primary roles in the development of EBR and
what their functions are. Real-time PCR assessment of the
expression of selected marker genes was an effective and
rapid method. Thus we were able to select those treatments,

that are worth further studying. In the near future we are
planning to perform a high-scale gene-identification and
expression-analysis with the help of DNA chip technology,
in order to gain as much insight as possible into the basal
resistance of plants.
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