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a b s t r a c t

Plants are continuously exposed to pathogen challenge. The most common defense response to
pathogenic microorganisms is the nonhost response, which is usually accompanied by transcriptional
changes. In order to identify genes involved in nonhost resistance, we evaluated the tobacco transcrip-
tome profile after infection with Xanthomonas axonopodis pv. citri (Xac), a nonhost phytopathogenic
bacterium. cDNA-amplified fragment length polymorphism was used to identify differentially expressed
transcripts in tobacco leaves infected with Xac at 2, 8 and 24 h post-inoculation. From a total of 2087
transcript-derived fragments (TDFs) screened (approximately 20% of the tobacco transcriptome), 316
ypersensitive response
icotiana tabacum
onhost response
anthomonas axonopodis pv. citri

TDFs showed differential expression. Based on sequence similarities, 82 differential TDFs were identified
and assigned to different functional categories: 56 displayed homology to genes with known functions,
12 to proteins with unknown functions and 14 did not have a match. Real-time PCR was carried out with
selected transcripts to confirm the expression pattern obtained. The results reveal novel genes associated
with nonhost resistance in plant–pathogen interaction in tobacco. These novel genes could be included

lecul
in future strategies of mo

ntroduction

Plants are exposed to a variety of pathogens including bacte-
ia, viruses and fungi. In plant–pathogen interactions, when the
athogen is capable of colonizing a susceptible plant and caus-

ng disease, it is known as a compatible interaction. On the other
and, if the pathogen enters a resistant or nonhost plant in which
o disease can be produced, the interaction is an incompatible
ne. Incompatible interactions stimulate the activation of defense
echanisms in the plant that delay pathogen growth (Kamoun,

001; Thordal-Christensen, 2003).

The nonhost interaction is the most common form of resistance

xhibited by plants against the majority of potentially pathogenic
icroorganisms and is considered a general defense mechanism

Nürnberger and Lipka, 2005). Two types of nonhost responses have

Abbreviations: ACO, aminocyclopropane-1-carboxylic acid oxidase; ADC, argi-
ine decarboxylase; cDNA-AFLP, cDNA-amplified fragment length polymorphism;
D, differential display; EIX, ethylene-inducing xylanase; GLOX, glycolate oxidase;
pi, hours post-inoculation; HR, hypersensitive response; LCD, localized cell death;
RM, RNA recognition motif; ROS, reactive oxygen species; TDFs, transcript-derived

ragments; TMV, tobacco mosaic virus; Xac, Xanthomonas axonopodis pv. citri.
∗ Corresponding author. Tel.: +54 341 4376815; fax: +54 341 4390465.

E-mail address: orellano@ibr.gov.ar (E.G. Orellano).

176-1617/$ – see front matter © 2010 Elsevier GmbH. All rights reserved.
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ar breeding for nonhost disease resistance.
© 2010 Elsevier GmbH. All rights reserved.

been described: type I does not produce any visible symptoms,
whereas type II results in a hypersensitive response (HR) (Oh et
al., 2006). The HR is a rapid and confined reaction characterized by
reactive oxygen species (ROS) production and a form of localized
cell death (LCD) at the site of infection that results in a necrotic area
where the pathogen is eliminated.

During plant–pathogen interactions, the expression levels
of many different genes are modified in the plants, allowing
for the activation/inhibition of defense mechanisms, depending
on the response triggered (Kazan et al., 2001). Genomic-scale
assays are revealing a complex network of signaling cascades
that are involved in the plant defense response (Ramonell and
Somerville, 2002). Transcript profiling plays an important role in
annotating and determining gene functions, and different meth-
ods have been used to study plant–pathogen interactions such
as differential display (DD), serial analysis of gene expression
(SAGE), microarrays and cDNA-amplified fragment length poly-
morphism (cDNA-AFLP) (Donson et al., 2002). Several studies
have employed the cDNA-AFLP technique to assess gene expres-

sion patterns in plants exposed to biotic stress. This technique
allows for the discovery of new genes without prior knowledge
of the genomic sequences of the model plant in a highly repro-
ducible way and with little false negative bands (Santaella et al.,
2004).

dx.doi.org/10.1016/j.jplph.2010.07.014
http://www.sciencedirect.com/science/journal/01761617
http://www.elsevier.de/jplph
mailto:orellano@ibr.gov.ar
dx.doi.org/10.1016/j.jplph.2010.07.014
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Previous studies have investigated tobacco gene expression
uring oxidative stress. Exposure of tobacco leaves to methyl vio-

ogen altered at least 95 genes as detected by DD; 85% of them
ncluded antioxidant genes, those implicated in abiotic and biotic
tress and those involved in cellular protection and detoxification
Vranová et al., 2002). Furthermore, tobacco plants deficient in cata-
ase were exposed to high light intensities, and the transcriptome

as analyzed by cDNA-AFLP (Vandenabeele et al., 2003). The tran-
criptional response was similar to that reported during biotic and
biotic stress (Vandenabeele et al., 2003). However, to date, no
tudy has been carried out to analyze the tobacco transcriptome
uring the HR nonhost response.

Xanthomonas axonopodis pv. citri (Xac) is a Gram-negative bac-
erium causing the citrus canker (Brunings and Gabriel, 2003). In a
revious study, we found that Xac is capable of inducing a HR non-
ost response in cotton, bean, tomato and tobacco leaves (Dunger
t al., 2005). In all cases, the HR phenotype was demonstrated by
he inhibition of bacterial growth, ion leakage, ROS production and
CD (Dunger et al., 2005; Daurelio et al., 2009).

Thus, a transcriptomic analysis of tobacco leaves inoculated with
ac was performed to elucidate the HR nonhost expression pattern.
e have detected several tobacco genes previously identified in

esponse to different stresses, including abiotic and biotic stress.
ovel genes were also identified in this tobacco nonhost plant-
athogen interaction.

aterials and methods

lant material and bacterial inoculation procedure

Nicotiana tabacum cv. Petit Havana plants were used to ana-
yze differentially expressed transcripts from the tobacco HR. Plants

ere grown in a greenhouse at 25/18 ◦C (day/night temperatures)
ith a photoperiod of 16 h and controlled relative humidity. Young

eaves from one-month-old plants were used. The Xac strain was
rown at 28 ◦C in SB medium (5 g/L sucrose, 5 g/L yeast extract,
g/L peptone, and 1 g/L glutamic acid, pH 7) containing 25 �g/mL
mpicillin. The Xanthomonas strain was kindly provided by Blanca
. Canteros (INTA Bella Vista, Argentina). For the pathogen treat-

ent, an overnight culture was diluted to 10 mM MgCl2 and 107

olony forming units/mL of Xac. The bacterial dilution and 10 mM
gCl2 (control) were pressure infiltrated into the abaxial side of

he leaves using a syringe without a needle (Daurelio et al., 2009).
ac-inoculated regions were cut and harvested at 2, 8 and 24 h post-

noculation (hpi). Plants inoculated with the control solution were
arvested at 2 hpi. Collected tissues were frozen in liquid nitrogen

mmediately after harvesting. Different plants were used for each
ample preparation. Samples were prepared in duplicate.

NA isolation and cDNA synthesis

Total RNA was extracted from frozen plant tissue samples using
he TRIzol® Reagent (Invitrogen), according to the manufacturer’s
rotocol. RNA quality and yield were assessed by spectrophotom-
try and agarose gel electrophoresis as described by Sambrook et
l. (1989). Double stranded cDNA was synthesized and purified as
ndicated in Blanco et al. (2005). The quality and yield of purified
s cDNA were assessed by agarose gel electrophoresis as described
y Sambrook et al. (1989).

DNA-AFLP analysis
A cDNA-AFLP analysis was performed as described by Bachem et
l. (1996) with some modifications (Blanco et al., 2005). Transcript-
erived fragments (TDFs) were generated by digestion of the ds
DNAs with a rare-cutting enzyme (BstYI) and a frequent-cutting
hysiology 168 (2011) 382–391 383

enzyme (MseI) as indicated in Blanco et al. (2005). The TDFs were
then subjected to adaptor ligation and two rounds of amplification.

A pre-amplification reaction was performed, using the adap-
tor ligated ds cDNA fragments as templates and oligonucleotides
complementary to the corresponding adaptors as primers. Two
reactions were carried out with different BstYI primers, gen-
erating two pre-amplified subpopulations. Conditions for the
pre-amplification reactions are indicated in Blanco et al. (2005). The
quality and yield of pre-amplifications were assessed by agarose gel
electrophoresis as described by Sambrook et al. (1989).

In a second round of amplification, independent subpopulations
of the pre-amplified cDNA fragments were selectively re-amplified.
The selective primers used during this step were identical to the
pre-amplification primers but were extended by two nucleotides
(in the case of the BstYI primer) or one nucleotide (in the case of
the MseI primer) at the 3′ end, respectively. To visualize the reac-
tion products by autoradiography, the BstYI selective primer was
end-labeled with [�33P]ATP and T4 polynucleotide kinase (Gibco),
according to the provider’s protocol. Conditions for selective ampli-
fication reactions are indicated in Blanco et al. (2005). Selective
amplification products were then resolved in a 6% polyacrylamide
sequencing gel at 100 W for approximately 3 h and detected by
autoradiography. The intensities of the detected bands were mea-
sured using the Gel-Pro Analyzer Software 3.1 (Media Cybernetics).
Oligonucleotides used as adaptors and primers for cDNA-AFLP anal-
yses are given in Supplementary Table 1. All primers were HPLC or
gel purified. Two biologically independent samples were analyzed
by cDNA-AFLP. Both samples were compared using the same sets
of primer combinations. In addition, to assess the reproducibility
of the electrophoresis results, two aliquots of several PCR reactions
were run in different gels.

Isolation and sequencing of TDFs

Gel slices containing TDFs from differentially expressed genes
were identified by alignment with the autoradiogram and excised
from the polyacrylamide gel, crushed with a micropipette tip and
incubated in 100 �L of TE buffer (10 mM Tris–HCl, pH 7.5, 0.1 mM
EDTA, pH 8) for 1 h at 65 ◦C with occasional vortexing. The eluted
DNA fragments were then PCR re-amplified using 2.5 �L of the
eluted sample as a template, the respective primer combination
used during the second round of amplification and the condi-
tions described for the pre-amplification reactions. The resulting
PCR products were checked on 2% agarose gels as described by
Sambrook et al. (1989). Those presenting with the correct size and
quality were sent to High-Throughput Sequencing Solutions for
sequencing analysis (University of Washington, www.htseq.org).
Sequence data from this article have been deposited in the GenBank
database under the accession numbers indicated in Table 1.

Gene function analysis

Database searches were performed using the BLAST Network
Service (NCBI, National Center for Biotechnology Information,
http://www.ncbi.nlm.nih.gov/BLAST). The sequence of each TDF
was searched against all sequences in the non-redundant databases
using the BLASTn, BLASTx and tBLASTx algorithms and in the
others-ESTs database using the BLASTn program. For those
sequences with homologous only in the others-EST database,
the most homologous ESTs were used for a new search with
the BLASTx program in the non-redundant databases (“x est”).

Putative functions were assigned to the sequences following the
classifications used by Mahalingam et al. (2003), considering, for
sequences showing an Arabidopsis ortholog, the functional classifi-
cations of MIPS (Munich Information Center for Protein Sequences,
http://www.mips.gsf.de) and MapMan (Thimm et al., 2004).

http://www.htseq.org/
http://www.ncbi.nlm.nih.gov/BLAST
http://www.mips.gsf.de/
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Table 1
TDF homologies classified by expression patterns (regulation). Similarities to genes in the database were determined by using different BLAST tools (see Material and Methods).
Fragment names are observed together with their respective expression ratio level (ratio). Accession number, putative function (function) and length (bp) of the fragment
sequenced also are indicated. The sequence with the highest similarity to each TDF is shown along with the respective E-value and BLAST tool utilized (see Materials and
Methods).

Regulation Fragment (Ratio) Accession Function Length Homologue E-Value Blast

2 hpi up 1T13-2-1a (4.83) GR557625 S 200 Mitogen-activated protein
kinase MAPKAPK5 (H.sap.
AL356476.13)

8.7E−02 tx

2T13-3-2a (7.45) GR557632 U 265 Conserved hypothetical
protein (R. comm. EEF29405.1)

5.0E−12 x

3T13-3-3a (4.13) GR557638 U 292 Homologous EST (N. tab.
FG155856.1)

3.0E−45 est

4T13-4-2a (4.61) GR557645 U 290 Hypothetical protein (V. vin.
XP 002273068.1)

2.0E−11 x

5T13-4-5a (2.11) GR557651 S 220 Protein kinase 2 (N. tab.
CAE55204.1)

4.0E−15 x

6T31-1-1a (2.13) GR557658 M 241 HAD-superfamily hydrolase
(M. trunc. ABE82011.1)

1.0E−19 x

8T31-3-7a (2.13) GR557672 T 224 Homologuos EST (N. ben.
CK293679.1) codes for a
putative

0.004 est

UDP-galactose transporter (S.
den., AAT40483.1)

8E−150 x est

9T31-4-2a (3.97) GR557680 U 156 Unknown protein (A. tha.
AAM64931.1)

8.0E−04 x

10T31-4-3a (3.82) GR557608 P 159 Homologous EST (N. tab.
EG650117.1) codes for a
Miraculin

1.0E−05 est

homologue protease inhibitors
(Y. jap. BAA82840.1)

3.0E−18 x est

23C23-2-2a (2.08) GR557628 U 243 DNA sequence (H. sap.
AL731561.12)

0.015 tx

37C24-4-7a (2.53) GR557636 R 169 Agenet Tudor-like domain (M.
trunc. ABE78986.1)

0.007 x

78T43-4-6a (7.61) GR557665 St 264 Polyprotein (C. par.
AAK70406.1)

2.00E−22 x

79T43-4-7a (2.95) GR557666 D 180 Homologous EST (S. tub.
BQ505441.2) codes for a
Glycoside hydrolase, family 18
chitinase (M. trunc.
ABD32310.1)

3.0E−09 est

3.0E−74 x est
98C14-2-1a (2.18) GR557679 S 338 Receptor protein kinase (I. trif.

AAC23542.1)
3.0E−34 x

103T12-1-5a (>10) GR557603 D 194 Cell wall peroxidase PO2 (C.
annuum. DQ632587.1)

8.0E−09 n

104T12-1-7a (4.96) GR557604 E 235 Homologous EST (N. tab.
EB683896.1) codes for a
putative

3.0E−10 est

COX VIIa-like protein (A. tha.
At4g21108)

6.0E−21 x est

116C42-2-4a (2.40) GR557614 M 175 Homologous EST (N.
tab.EH618685.1) codes for a
putative

5.0E−54 est

UDP-
glucose:glucosyltransferase (L.
bab. BAG80549.1)

3.0E−09 x est

120C42-4-1a (3.02) GR557615 T 293 Cytochrome P450 (N. tabacum
ABC69396.1)

4.0E−46 x

121C43-2-2a (2.63) GR557616 GD 163 GTP-binding protein (C.
annuum AAF65513.1)

1.0E−12 x

2 hpi down 15T31-2-3b (0.13) GR557621 St 174 Histone H3 family protein (O.
sat. EEE63859.1)

8.0E−07 x

24C23-1-1b (0.44) GR557629 E 352 Glycolate oxidase (S. lyc.
CAA63482.1)

1.0E−41 x

88T21-2-1b (0.42) GR557670 E 333 Chlorophyll a-b binding
protein 40 (N. tab. CAA36958.1)

5.0E−48 x

107T12-1-3b (0.48) GR557605 E 276 Chlo. phot. oxyg.-evol. prot.
33 kDa sub (N. bent.
AAX53163.1)

4.0E−24 x

8 hpi up 16T31-1-5c (3.71) GR557622 GD 364 Homologous EST (N. tab.
BP533045.1) codes for a
arabinogalactan-protein
precursor (N. ala. AAA66362.1)

3.0E−05 est

8.0E−04 x est
18T31-3-3c (4.50) GR557623 T 156 Water channel protein (N. tab.

DQ914525.1)
4.0E−25 n

19T31-1-2c (2.18) GR557624 St 208 H/ACA ribonucleoprotein
complex subunit 2 (O.sat.
ABR25566.1)

5.0E−11 x
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Table 1 (Continued)

Regulation Fragment (Ratio) Accession Function Length Homologue E-Value Blast

20T13-3-4c (2.24) GR557626 U 120 Homologous EST (S. lyc.
AK323204.1)

0.002 n

21T13-4-10c (3.14) GR557627 T 151 Glyc.rich protease inhib./seed
stor./LTP fam. (N. tab.
BAA95941.1)

0.012 x

28C23-2-3c (2.04) GR557630 M 239 Homologous EST (N. tab.
DV159906.1) codes for a
aminoacyl-tRNA hydrolase (A.
tha. NP 173279.2)

3.0E−07 est

2.0E−86 x est
29C23-2-5c (2.67) GR557631 U 205 Homologous EST (N. tab.

BP131039.1)
6.0E−14 est

30C23-4-2c (2.07) GR557633 D 462 Lipase class 3 protein-like (O.
sat. BAD19435.1)

6.0E−29 x

31C23-4-4c (6.56) GR557634 M 320 Palmitoyltransferase ZDHHC9
(Z. mays NP 001151207.1)

4.0E−17 x

41C24-4-4c (10.2) GR557639 D 242 Chitinase/lysozyme (N. tab.
CAA55128.1)

4.0E−35 x

42C24-3-4c (2.65) GR557640 P 294 Homologous EST (N. tab.
BP531211.1) codes for a
putative

8E−144 est

CAAX prenyl protease (A. tha.
AAL07084.1)

1.0E−41 x est

45C14-1-7c (2.27) GR557642 D 167 Pathogenesis-related protein
(S. tub. AAA03020.1)

1.0E−08 x

48C24-1-1c (3.93) GR557643 M 476 Arginine decarboxylase 2 (N.
tab. AAF42972.1)

1.0E−52 x

49C24-1-3c (2.20) GR557644 M 350 UDP-glucose:protein
transglucosylase-like (S. lic.
AAT44738.1)

1.0E−12 x

85T32-4-1c (>10) GR557668 M 381 Putative RRM-containing
protein (V. vin.
XP 002274164.1)

2.0E−25 x

89T21-2-5c (8.69) GR557671 U 170 Hypotethical protein (V. vin.
XP 002280988.1)

5.0E−9 x

95C24-2-3c (2.71) GR557676 D 204 EIX receptor 2 LRR RI (S. lic.
AAR28378.1)

3.0E−09 x

108T12-1-1c (3.03) GR557606 P 379 Proteasome activator subunit
4-like (O. sat. BAD53980.1)

2.0E−33 x

109T12-2-2c (>10) GR557607 P 201 Homologous EST (N. lan. x N.
san. EB698516.1) codes for an
armadillo-like helical
proteasome/cycl. reg. sub. (M.
tru. ABE85726.1)

7.0E−69 est

1.0E−29 x est
110T12-4-1c (2.31) GR557609 S 353 APK2A Protein Kinase (A. tha.

NP 172889.1)
3.0E−37 x

114C34-2-4c (3.31) GR557613 M 202 HMG-CoA synthase (N. lan.
ABV02025.1)

7.0E−16 x

125C42-2-2c (2.91) GR487951 R 240 WRKY transcription factor 6 (S.
tub. ABU49725.1)

6.0E−20 x

8 hpi down 56T13-1-1d (0.54) GR557647 M 269 Putative
trehalose-6-phosphate
synthase (R. com. EEF40113.1)

4.0E−29 x

57T13-2-2d (0.39) GR557648 M 136 CIG1 proline
dehydrogenase/oxygenase (N.
tab. BAB83948.1)

1.0E−29 n

58T13-4-1d (0.29) GR557649 M 363 Auxin repressed/dormancy
asso. prot. (N. tab. ABY16785.1).

3.0E−26 x

60T13-4-7d (0.31) GR557652 U 187 Homologous EST (N. tab.
FG639326.1)

2.0E−73 est

66C23-4-1d (0.49) GR557656 P 409 Subtilisin-like protease (N. tab.
ABQ58079.1)

2.0E−30 x

68C23-4-5d (0.50) GR557657 M 170 Putative amino oxidase (R. com.
EEF36188.1)

3.0E−13 x

70C23-2-1d (0.35) GR557659 S 282 Conserved hypothetical
protein (R. com. EEF30425.1),
similar to HHP1 protein (A. tha.
NP 197527.1)

2.0E−07 x

96C24-2-4d (0.24) GR557677 E 176 NDH dependent flow 6 (A. tha.
NP 173308.2)

2.0E−17 x

102C14-2-2d (0.33) GR557602 S 295 ACC oxidase (N. tab.
CAA67119.1)

8.0E−25 x

112T12-1-2d (0.18) GR557611 E 265 Homologous EST (S. lyc.
AK319582.1) codes for a
putative

2.0E−09 est

33 kDa polyp. water-oxidizing
complex of PII (N. tab.
CAA45701.1)

2.0E−48 x est
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Table 1 (Continued)

Regulation Fragment (Ratio) Accession Function Length Homologue E-Value Blast

128C42-2-1d (0.42) GR557618 U 337 Chromosome 2 clone (S. lyc.
AC215431.2)

7.0E−16 n

130C43-2-1d (0.35) GR557619 M 215 T-protein of glycine
decarboxylase complex (P.sat.
CAA52800.1)

1.0E−13 x

24 hpi up 71T31-2-4e (4.28) GR557660 P 154 Homologue EST (S. tub.
CV473671.1) codes for a
putative serine esterase
chloroplastic (A. tha.
NP 194307.2)

4.0E−11 est

6.0E−53 x est
92T21-2-2e (3.68) GR557674 S 314 Homologue EST (N. tab.

FG157013.1) codes for a
diacylglycerol kinase (A. tha.
NP 001078791.1)

2.0E−88 est

4.0E−70 x est
93T21-4-3e (3.30) GR557675 U 184 Conserved hypothetical

protein (M. tru. ABE82474.1)
3.0E−06 x

24 hpi down 64C23-2-4f (0.58) GR557655 R 194 Homologous EST (N. tab.
FG179771.1) codes for
WD-repeat putative protein (R.
com. EEF28403.1)

1.0E−85 est

1.0E−39 x est
75T13-1-3f (0.50) GR557662 T 286 Homologue EST (N. tab.

FG199638.1) codes for a
GDP-mannose transporter,
putative (R. com. EEF36730.1)

6.0E−119 est

5.0E−12 x est
76T13-4-4f (0.39) GR557663 U 235 Homologous EST (N. tab.

DV999170.1)
2.0E−69 est

77T13-3-1f (0.39) GR557664 P 475 Ubiquitin-conjugating enzyme
family protein-like (S. tub.
ABA40444.1)

5.0E−64 x

83T43-4-4f (0.32) GR557667 P 185 SM10(DCN1) gene (N. tab.
DQ885938.1)

2.0E−20 n

86T32-4-2f (<0.1) GR557669 R 267 Put. pollen-specific LIM
domain-containing prot. (S. lyc.
AAX73300.1).

1.0E−39 x

97C24-2-2f (0.23) GR557678 St 327 Beta-tubulin (N. ate.
AAR37366.1)

4.0E−36 x

113C34-2-2f (0.37) GR557612 T 239 Cytoc.P450-depen. fatty acid 3.0E−15 x
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eal-time PCR

Primer sequences were designed with Primer3 v.0.4.0 software
Rozen and Skaletsky, 2000), and analyzed TDFs and product sizes
re indicated in Supplementary Table 2. cDNA was synthesized
rom 1 �g total RNA from the same samples used in the cDNA-
FLP analysis with the M-MuLV RT enzyme (Promega, USA) and
(T)22 oligonucleotide, following the manufacturer’s instructions.
NAse treatment was not utilized, since control PCR reactions with-
ut the reverse transcription step yielded no products. Moreover,
CR products of the TDF 24C23-1-1b using genomic DNA or cDNA
s a template were sized differently, allowing for the detection of
enomic DNA contamination. Real-time PCR was performed with a
ealplex Instrument (Eppendorf) equipped with Realplex Software
ersion 4.0. Reactions were performed with 1 �L cDNA template
nd a homemade SYBR green-I reaction mixture (Karsai et al., 2002),
ontaining 1:50,000 diluted SYBR green-I (Invitrogen), 10 pmol
f each primer, 0.5 U Platinum-Taq DNA polymerase (Invitrogen),
0 mmol dNTPs, 3.75 mM MgCl2 and 1× Platinum-Taq buffer in
final volume of 20 �L under the following conditions: 95 ◦C for
min followed by 40 cycles of 95 ◦C for 15 s, 59 ◦C for 20 s and
2 ◦C for 40 s. Fluorescent intensity data were acquired during the
2 ◦C extension step. Specificity of the amplification reactions was

ssessed by agarose gel electrophoresis and melting curve analyses,
hich were run at 95 ◦C for 15 s and 60 ◦C for 15 s followed by an

ncrease in temperature from 60 to 85 ◦C (0.2 ◦C/s) with continuous
uorescence recording. To perform the analysis of relative expres-
ion we used the 2−��CT method (Livak and Schmittgen, 2001),
hydroxylase (N. tab.
AAL54887.1)

normalizing to actin expression levels. Tobacco actin primers were
provided by Dr. Nicolás Blanco. All real-time PCR experiments were
performed in duplicate.

Results

Analysis of differentially expressed genes during tobacco
hypersensitive response to Xac

Xac produces a nonhost plant-pathogen interaction in tobacco
plants, causing the HR to occur (Dunger et al., 2005). Tobacco leaves
were infiltrated with Xac and 10 mM MgCl2 as a control. Bacterial
growth curves were constructed to corroborate the interaction sta-
tus (data not shown). RNA was extracted at 2, 8 and 24 hpi for Xac
and at 2 hpi for control treatments and subjected to the cDNA-AFLP
protocol.

A total of 39 primer combinations were used on two biological
replicates. The expression profiles were highly reproducible and the
replicates showed a high correlation. A section of a typical cDNA-
AFLP electrophoresis profile is shown in Fig. 1. Each combination of
primers produced patterns of approximately 50 fragments on aver-
age, which ranged from 100 to 800 bp (Fig. 1). The primers used in
these reactions included the forward primer BstYI-C-AT and three

different reverse primers: MseI-A, MseI-G and MseI-T. The four
treatments employed are shown with their respective duplicates
(Fig. 1).

A total of 2087 TDFs were analyzed, out of which 316 displayed
differential expression (Supplementary Table 3). Considering only
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Fig. 1. Example of the results obtained from the cDNA-AFLP analysis. TDFs resulting
from selective amplification by using three combinations of primers that are indi-
cated in the top of the figure. Rows correspond to controls (C), infected 2 hpi (2 h),
infected 8 hpi (8 h) and infected 24 hpi (24 h) in duplicate. Arrows indicate examples
of TDFs that were selected in the analysis: for the primer pair combination BstYI-
C-AT/MseI-A, TDFs 24 h down, 8 h up and 2 h down are shown from the top to the
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(68C23-4-5d repressed 8 hpi) and a HMG-CoA synthase (114C34-
ottom, respectively; for the primer pair BstYI-C-AT/MseI-G, TDFs without modi-
cation in expression, 8 h down and 24 h up, respectively; and for the primer pair
stYI-C-AT/MseI-T, a TDF 8 h up.

hose expression changes in which the signal intensities were
oubled or decreased by half (ratios values ≥2 or ≤0.5), differen-
ially expressed TDFs were selected and classified by comparing
ac 2 hpi with control 2 hpi, Xac 8 hpi with Xac 2 hpi and Xac
4 hpi with Xac 8 hpi, respectively (Fig. 1). The number of dif-
erentially expressed TDFs belonging to each group is shown in
upplementary Table 3. The greatest change in the expression
attern, for both repressed and induced TDFs (down- and up-
egulated, respectively), corresponded to 8 hpi, which contained
prevalence of up-regulated transcripts (Supplementary Fig. S1,

upplementary Table 3). At 2 hpi, the number of up-regulated
enes was higher than the down-regulated ones, while at 24 hpi,
his pattern was reversed (Supplementary Fig. S1, Supplementary
able 3). In silico analysis allowed us to calculate that 20%
f the whole tobacco transcriptome was covered in this study
Supplementary Table 3). A total of 96 bands were isolated and PCR

e-amplified, and fragment sizes were confirmed in agarose gels
data no shown). Out of them, 82 TDFs were successfully sequenced,
resenting a size range of 151–522 bp with an average length
f 269 bp.
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Classification of differentially expressed TDFs

The 82 sequenced TDFs were sorted into 11 categories (Fig. 2,
Supplementary Fig. S2). The list of the 68 homology-assigned TDFs
with their corresponding protein similarities is given in Table 1.
Putative functions were assigned to 56 TDFs (68.3% of the ana-
lyzed sequences). Despite the categories “unknown” and “without
homologies” (14.6% and 17.1% of the analyzed sequences, respec-
tively), the largest set of genes corresponded to the functional
groups involved in primary and protein metabolism (19.9% and
9.8%, respectively). A minor number of TDFs belonged to the
disease defense, signal transduction and DNA transcription regu-
lation categories (7.3%, 8.5% and 4.9%, respectively) (Table 1, Fig. 2,
Supplementary Fig. S2).

The disease defense category included six TDFs displaying
differential expression. The TDFs 79T43-4-7a and 103T12-1-5a,
induced at 2 hpi, shared homology with Solanum tuberosum
(potato) ESTs similar to a chitinase of Medicago truncatula and a Cap-
sicum annuum (pepper) cell wall peroxidase, respectively (Table 1,
Fig. 2, Supplementary Fig. S2). The four remaining TDFs, induced
at 8 hpi, included 30C23-4-2c with homology to an uncharacter-
ized lipase class 3, 41C24-4-4c, homologous to a tobacco class V
chitinase/lisozyme, 45C14-1-7c, homologous to a potato ribonucle-
ase Bet v I and 95C24-2-3c, homologous to a Solanum lycopersicum
(tomato) ethylene-inducing xylanase receptor (Table 1, Fig. 2,
Supplementary Fig. S2).

Seven TDFs were classified as being involved in signal trans-
duction. These included five TDFs homologous to different protein
kinases (TDFs 1T13-2-1a, 5T13-4-5a and 98C14-2-1a induced at
2 hpi; 110T12-4-1c induced at 8 hpi; 92T21-2-2e induced at 24 hpi),
one to heptahelical transmembrane protein 1 (HHP1) (70C23-2-1d,
repressed 8 hpi) and one to an enzyme involved in ethylene synthe-
sis (102C14-2-2d repressed at 8 hpi) (Table 1, Fig. 2, Supplementary
Fig. S2).

Similar to the transcription factors, four TDFs were classified as
being involved in DNA transcriptional regulation (Table 1, Fig. 2,
Supplementary Fig. S2). The TDF 37C24-4-7a (induced at 2 hpi)
presented homology with an Agenet Tudor-like domain, the TDF
125C42-2-2c (induced at 8 hpi) with a WRKY transcription factor
and the TDFs 64C23-2-4f and 86T32-4-2f (repressed at 24 hpi) with
a WD-repeat protein and a putative pollen-specific LIM domain-
containing protein, respectively.

Eight TDFs were classified as being involved in protein
metabolism (Table 1, Fig. 2, Supplementary Fig. S2). In this group,
four TDFs were related to the proteosomal processing of pro-
teins (108T12-1-1c and 109T12-2-2c induced at 8 hpi; 77T13-3-1f
and 83T43-4-4f repressed at 24 hpi), three were similar to pro-
teases (42C24-3-4c induced at 8 hpi; 66C23-4-1d repressed at
8 hpi; 71T31-2-4e induced at 24 hpi) and one was similar to a pro-
tease inhibitor (10T31-4-3a induced at 2 hpi).

The transport category clustered 6 TDFs (Table 1, Fig. 2,
Supplementary Fig. S2), including those similar to the electron
transporter cytochrome P450 (120C42-4-1a induced at 2 hpi),
a water channel protein (18T31-3-3c induced at 8 hpi) and a
glycine-rich protein/protease inhibitor/seed storage/LTP family
(21T13-4-10c induced at 8 hpi).

There were 13 TDFs classified as being involved in metabolism
(Table 1, Fig. 2, Supplementary Fig. S2), including those homolo-
gous to arginine decarboxylase (ADC) 2 (48C24-1-1c induced 8 hpi),
an UDP-glucose transglucosylase-like protein involved in cellu-
lose biosynthesis (49C24-1-3c induced 8 hpi), an amino oxidase
2-4c induced 8 hpi). These four TDFs are generally considered as
part of the defense response.

Moreover, six TDFs were classified as being involved in energy,
four as part of structural cell components and two as being involved
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Fig. 2. Distribution of TDFs in functional categories based on putative functions as deduced from BLAST analysis. Classification is shown for each time point (2, 8 or 24 hpi)
and type (up or down) of regulation. The numbers above the bars indicate the number of sequences in each category. Defense: disease defense; Signaling: signal transduction;
Protein: protein metabolism; Growth-Dev.: growth and development, Regulation: DNA transcriptional regulation; Unknown: unknown function; Without hom.: without
homology. The names of the other categories are clearly indicated in the figure.
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ig. 3. Real-time PCR showing the expression levels for selected TDFs that are indic
ndicate standard deviations. Treatments are indicated in the figure. The experimen

n growth and development (Table 1, Fig. 2, Supplementary Fig. S2).
In addition, 12 sequences comprising 14.3% of the TDFs exhib-

ted significant similarities with proteins of unknown function,
nd thus they were referred to as unknown (Table 1, Fig. 2,
upplementary Fig. S2). Eight of them showed homologous ESTs
rom stress libraries, including some involved in plant-pathogen
nteractions (Supplementary Table 5).

The remaining 17.1% of the sequences (14 TDFs) encoded
utative proteins with insufficient or no similarity to the
enBank databases and were classified as without homology

Supplementary Table 4, Fig. 2, Supplementary Fig. S2).

xpression analysis

The expression pattern was validated by real-time PCR. The
elected TDFs were 98C14-2-1a and 120C42-4-1a (induced at
hpi), 24C23-1-1b (repressed at 2 hpi), 30C23-4-2c and 48C24-1-
c (induced at 8 hpi) and 102C14-2-2d (repressed at 8 hpi). These
DFs were putatively involved in pathogen defense (30C23-4-2c

r lipase class 3 and 98C14-2-1a or kinase receptor), signal-
ng (102C14-2-2d or ACC oxidase), transport (120C42-4-1a or
ytochrome P450) and energy (24C23-1-1b or glycolate oxidase).
he TDF 48C24-1-1c (induced at 8 hpi) or ADC, reported previ-
usly as being induced in tobacco during incompatible interactions
elow the axis. Columns show the expression value relative to the control, and bars
performed twice with identical RNA samples, obtaining similar results.

(Sugimoto et al., 2004), was used as an expression profiling con-
trol. The expression profiles were confirmed for TDFs 24C23-1-1b,
48C24-1-1c, 102C14-2-2d and 120C42-4-1a (Fig. 3). The expression
profile was similar for TDF 30C23-4-2c, which presented higher rel-
ative increase at 8 hpi (Fig. 3). The pattern could not be confirmed
by real-time PCR for TDF 98C14-2-1a (Fig. 3).

Discussion

The discovery of plant molecular mechanisms responsible for
pathogen defense may provide valuable information in the search
for disease control alternatives. These mechanisms involve regula-
tion at the transcriptional level, and for this reason, great effort is
being made to detect genes that are differentially expressed during
this plant response. Although tobacco has been used as a model
in different studies including those looking at plant–pathogen
interactions, its nonhost response transcriptome has not yet been
analyzed. In this work, the tobacco genes involved in nonhost

resistance to the bacterial pathogen Xac were detected using cDNA-
AFLP. cDNA-AFLP has been used to study host plant responses
in several plant–pathogen interactions allowing the detection of
many genes related to different functions (Durrant et al., 2000;
Santaella et al., 2004; Kemp et al., 2005).
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Here, a time course study of the tobacco nonhost response tran-
criptome was carried out. In previous works, we have shown that
he initial symptoms of the tobacco HR against Xac are observed
t 8 hpi, while tissue necrosis occurs at 24 hpi. To detect genes that
re differentially expressed before, during and after the appear-
nce of these symptoms, samples were taken and analyzed at 2,
and 24 hpi, respectively. As it was shown previously, this post-

noculation period thoroughly covers the expression pattern of
epresentative tobacco genes that are part of the nonhost response
Oh et al., 2006), thus increasing the chance of detecting genes
hat could be putatively involved in the defense response. Previ-
us literature has employed variable control designs in their plant
esponse time course studies. Several authors have chosen just a
eference sample, generally non-infected leaves or the earliest pi
oint (Santaella et al., 2004; Kemp et al., 2005). The specific symp-
oms associated with the nonhost response such as ROS formation,

embrane disruption and LCD have not been observed in tobacco
eaves after control treatment at the pi times selected (Dunger et al.,
005; Daurelio et al., 2009; data not published). Consequently, we
onsidered that the control inoculation should not produce major
hanges in transcription of the nonhost response-related genes.
he 2 hpi control allowed us to have a reference point, making it
ossible to compare the 2 hpi bacterial treatment. In this context,
e could assume that the differential expressions detected at 2,
and 24 hpi were mainly related to the presence of the bacterial

athogen.
A total of 2087 TDFs were obtained, 316 of which displayed

ifferential expression, and 82 were sequenced. The highest num-
er of modifications in the tobacco transcriptome was observed at
hpi, which correlated with symptom occurrence, while the low-
st number of modifications was detected at 24 hpi, due to tissue
ecrosis (Supplementary Fig. S1, Supplementary Table 3). At early
ime intervals post-infection (2 and 8 hpi) induced TDFs prevailed,
hich indicated transcriptional activation, while these findings
ere reversed at late time post-inoculation (24 hpi, Supplementary

ig. S1, Supplementary Table 3). Based on their deduced sequence
imilarities, TDFs were assigned to different functional categories,
ncluding disease defense, metabolism, DNA transcriptional regu-
ation, signal transduction, transport, protein degradation/storage
nd energy-associated proteins. At 2 hpi, induced genes belong-
ng to the category “without homology” were the most abundant,

hile at 8 hpi, induced and repressed genes related to metabolism
ere markedly affected by the infection (Fig. 2, Supplementary

ig. S2).
Among the six induced TDFs from the disease defense group,

hree were associated with pathogenesis-related proteins (PR).
he TDF 79T43-4-7a (2 hpi) exhibited homology to a potato EST
imilar to a family 18 chitinase, called h-type or class III, which
as characterized by having lysozyme activity. These chitinases,

nown as PR-8, have been shown to be induced in response to
athogens during incompatible interactions in rice (Park et al.,
004). The TDF 45C14-1-7c (8 hpi) showed homology to a potato
athogenesis-related protein (Table 1), also known as PR-10. This
rotein displays structural homology to the Bet v I allergen fam-

ly and to proteins whose expression are induced in response to
ntracellular pathogens, with some showing ribonuclease activ-
ty, suggesting a role in the degradation of pathogenic RNA (Sree
idya et al., 1999). The TDF 41C24-4-4c (8 hpi) showed homol-
gy to a class V chitinase/lysozyme from tobacco (Table 1), within
he tobacco PR-3 group. This tobacco allele has demonstrated
ndoglucanase activity against fungal pathogens and induction

fter treatment with viruses, ethylene or wounding (Melchers
t al., 1994). Our finding is the first report of the tobacco
R-8 and PR-10 alleles, revealing their participation together
ith the PR-3 allele in the tobacco nonhost response against

acteria.
hysiology 168 (2011) 382–391 389

The other three disease defense TDFs possessed similarities
with proteins of diverse function in the plant response. The
TDF 103T12-1-5a (2 hpi) showed similarity to cell wall peroxi-
dases. The peroxidase genes are likely up-regulated in response
to pathogen elicitors and play a role in pathogen-induced cell wall
modifications, including lignification, suberization and oxidative
crosslinking (Passardi et al., 2004). The TDF 95C24-2-3c (8 hpi)
displayed homology to tomato ethylene-inducing xylanase (EIX)
receptor 2 LeEIX2 (Table 1). LeEix-induced gene silencing in tobacco
suppressed the response to xylanase (Ron and Avni, 2004), while
the LeEix2 allele in tomato regulated the induction of defense
responses, including the HR (Bar and Avni, 2009). The TDF 30C23-
4-2c (8 hpi) showed homology to a rice lipase class 3 (Table 1),
which is different from the alleles reported in tobacco EDS1 and
the calmodulin-binding heat-shock protein, but similar to an EST
from a pathogen-challenged potato library. Although its role is still
unknown, EDS1 is fundamental to the plant-pathogen response (Hu
et al., 2005), indicating the significance of this lipase family in situ-
ations of biotic stress. Consequently, novel tobacco alleles from the
cell wall peroxidase, EIX receptor and lipase class 3 involved in the
nonhost response were reported.

Another group of noteworthy induced TDFs is reported. WRKY
transcription factors constitute a protein superfamily that reg-
ulates the expression of many plant genes during biotic stress
(Eulgem et al., 2000), and the TDF 125C42-2-2c (8 hpi) showed
homology to potato WRKY6 (Table 1) and tobacco WRKY4. Tobacco
WRKY4 was induced by salicylic acid and in host resistance to the
tobacco mosaic virus (TMV) (Chen and Chen, 2000). The partici-
pation of polyamine metabolism in plant–pathogen interactions
has also been reported, and the TDF 48C24-1-1c (8 hpi) displayed
high homology to tobacco ADC2. Tobacco ADC1 has been shown to
be induced during the host HR (Yoda et al., 2002) in necrotrophic
interactions (Marina et al., 2008) and nonhost bacterial interactions
(Yoda et al., 2009). The TDF 85T32-4-1c (8 hpi) showed similari-
ties to a Vitis putative protein containing a RNA recognition motif
(RRM) (Table 1). RRM proteins are involved in pre-mRNA splic-
ing via interactions with specific RNA sequences, mainly through
the RRM domain, and their function in plant-pathogen interactions
has not yet been reported. The TDF 120C42-4-1a (2 hpi) showed
similarities to the pepper cytochrome P450 CaCYP1 (Table 1).
CaCYP1 was induced during the HR, and its silencing resulted in
enhanced bacterial growth and reduced expression of defense-
related genes, suggesting it is a fundamental part of the pepper
defense response (Oh et al., 2007). The current analysis reveals
the participation of the WRKY4 transcription factor, the ADC2
allele, a novel tobacco cytochrome P450 allele and a novel tobacco
RRM-containing protein in the tobacco nonhost response during
bacterial attack.

In addition, three significantly repressed TDFs were detected.
The TDF 102C14-2-2d (8 hpi) showed homology to NT-ACO1, a
tobacco aminocyclopropane-1-carboxylic acid oxidase allele (ACC
oxidase or ACO). After inoculation with HR-inducing TMV, the
tobacco ACO genes EFE-26, EFE-27 and DS321 showed increased
expression (Ohtsubo et al., 1999), but one ACO gene from Nicotiana
glutinosa was suppressed (Kim et al., 1998). The TDF 24C23-1-
1b (2 hpi) showed similarities to the H2O2-producing enzyme
glycolate oxidase (GLOX) (Table 1). GLOX was strongly down-
regulated in the barley host-incompatible response to Bipolaris
sorokiniana (Schäfer et al., 2004), suggesting that photorespira-
tion was not the main source for the observed H2O2 accumulation.
The TDF 70C23-2-1d (8 hpi) presented similarities to Arabidopsis

HHP1. Five HHP genes similar to human AdipoRs were studied
in Arabidopsis that showed HHP1 repression during syringolin
treatment and temperature stress (Hsieh and Goodman, 2005).
Here, we report NT-ACO1 as a repressed ACO allele with ROS
formation that is independent of photorespiration and the involve-
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ent of a novel tobacco HHP1 allele in tobacco HR athwart
acteria.

A group of TDFs with unknown function showed homology
o ESTs from stressed Solanaceae libraries, including five ESTs
etected in pathogen-challenged plants (Supplementary Table 5).
wo TDFs (2T13-3-2a, 4T13-4-2a) showed sequences and induced
xpression patterns similar to TDFs detected in hydrogen peroxide-
tressed tobacco (Vandenabeele et al., 2003). The above mentioned
imilarities suggest that these new proteins might be involved in
he plant defense response. Further investigation will be necessary
o know their function.

One of the most important advantages of the cDNA-AFLP
echnology is the possibility of discovering novel genes. In this
ork, several tobacco TDFs showed no similarity to proteins in
atabases and likely represented novel plant defense proteins.
urthermore, other TDFs did not exhibit homology with any previ-
usly reported tobacco sequences, thus constituting putative novel
obacco defense proteins. On the other hand, since fragments were
ather small, TDFs presenting with homology to the same protein
ut corresponding to alternatively spliced products could not be
istinguished with this technique. Nevertheless, each TDF assigned

n this study presented with a particular homology, and no similar-
ties between them were observed.

Although there is a high level of reproducibility associated with
DNA-AFLP, TDF profile corroboration using alternative techniques
s recommended. The manner of validating TDF pattern repeatabil-
ty varies greatly between different reports. Here, to have a broad
dea of the results obtained, 4 expression patterns categories were
alidated (2 hpi up, 2 hpi down, 8 hpi up and 8 hpi down) using real-
ime PCR. A total of 5 TDFs out of the 6 analyzed were confirmed,
panning all categories (1 of 2, 1 of 1, 2 of 2 and 1 of 1, respectively)
nd showing a good correlation between both results. The putative
unction of corroborated TDFs has been discussed previously. The
iscrepancy observed may be due to the techniques employed or
o the gene family complexity.

Our transcriptome-analytical data contribute to a better under-
tanding of the molecular mechanisms involved in the nonhost
efense response to bacterial infection of tobacco and may also
pply to other species under similar stress. In summary, in
his work we have identified PR-8 and PR-10 chitinases, a per-
xidase, an ethylene-inducing xylanase receptor, a lipase class
, a protein with a RRM domain, a cytochrome P-450 and a
HP receptor as novel genes involved in the nonhost response.
e suggest these novel genes as possible targets in transgenic

reeding for the improvement of plant resistance to pathogen
ttacks.
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