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Clavibacter michiganensis subsp. michiganensis (Cmm) is a gram-positive actinomycete, causing bacterial wilt and canker disease
in tomato (Solanum lycopersicum). Host responses to gram-positive bacteria and molecular mechanisms associated with the
development of disease symptoms caused by Cmm in tomato are largely unexplored. To investigate plant responses activated
during this compatible interaction, we used microarray analysis to monitor changes in host gene expression during disease
development. This analysis was performed at 4 d postinoculation, when bacteria were actively multiplying and no wilt
symptoms were yet visible; and at 8 d postinoculation, when bacterial growth approached saturation and typical wilt
symptoms were observed. Of the 9,254 tomato genes represented on the array, 122 were differentially expressed in Cmm-
infected plants, compared with mock-inoculated plants. Functional classification of Cmm-responsive genes revealed that Crmm
activated typical basal defense responses in the host, including induction of defense-related genes, production and scavenging
of free oxygen radicals, enhanced protein turnover, and hormone synthesis. Cmm infection also induced a subset of host genes
involved in ethylene biosynthesis and response. After inoculation with Cmm, Never ripe (Nr) mutant plants, impaired in
ethylene perception, and transgenic plants with reduced ethylene synthesis showed significant delay in the appearance of wilt
symptoms, compared with wild-type plants. The retarded wilting in Nr plants was a specific effect of ethylene insensitivity,
and was not due to altered expression of defense-related genes, reduced bacterial populations, or decreased ethylene synthesis.
Taken together, our results indicate that host-derived ethylene plays an important role in regulation of the tomato susceptible

response to Cmm.

The gram-positive bacterium Clavibacter michiganensis
subsp. michiganensis (Cmm) is the causal agent of canker
and wilt disease in tomato (Solanum lycopersicum;
Davis et al., 1984). This disease causes severe economic
losses that may become devastating to tomato pro-
duction worldwide. Cmm bacteria penetrate the plant
through wounds or natural openings, find their way
into the xylem, and develop a massive systemic infec-
tion (Jahr et al., 1999). Cmm colonization of xylem ves-
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sels leads to the appearance of typical disease symptoms
that include unilateral wilting of leaves, leaflet necro-
sis, and development of canker lesions on the stem.
Although little is known about the virulence strat-
egies utilized by Cmm bacteria during infection, sev-
eral hypotheses have been proposed to explain the
mechanism by which Cmm induces bacterial wilt
(Gartemann et al., 2003). Early claims that exopolysac-
charides (EPS) are responsible for the wilt symptoms
caused by Cmm, either by plugging xylem vessels or
through a phytotoxic effect (Van Alfen et al., 1987; Van
den Bulk et al., 1989), were ruled out (Jahr et al., 1999).
Endophytic growth of certain Cmm strains, without
the appearance of disease symptoms, indicated that
there is an active enzymatic or other activity that leads
to the formation of symptoms (Bermpohl et al., 1996).
This was also confirmed by the finding that genes
encoded by the endogenous plasmids pCM1 and
pCM2 are important virulence determinants (Meletzus
et al., 1993). One of these genes, celA, is located on the
pCM1 plasmid and encodes a secreted cellulase with
endo-B-1,4 glucanase activity (Jahr et al., 2000). CelA
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and other extracellular enzymes produced by Cmm
were hypothesized to cause degradation of cell walls
in xylem vessels, resulting in impairment of water
transport and consequent wilting (Jahr et al., 2000;
Gartemann et al., 2003). An additional Cmm pathoge-
nicity determinant is the pat-1 gene, which is located
on the pCM2 plasmid and encodes a secreted, cell-
wall-bound protease (Dreier et al., 1997). However, the
exact molecular function of Pat-1, and its possible
plant protein targets remain to be determined.

Host responses to Cmm infection, and the molecular
mechanisms associated with the development of dis-
ease symptoms caused by this pathogen are largely
unexplored. The attempt of the plant to counteract
pathogen invasion is opposed by the virulence mech-
anisms of the pathogen that contribute to disease
development. Upon pathogen infection, recognition
of extracellular pathogen-associated molecular pat-
terns (PAMPs) by transmembrane pattern recognition
receptors (PRRs) activates basal defense responses in
the host plant (Nurnberger et al., 2004; Zipfel and
Felix, 2005). These responses have a profound effect on
plant cellular activities and they include production of
reactive oxygen species, alkalinization of the medium,
activation of mitogen-activated protein kinase cas-
cades, and induction of pathogenesis-related genes
(Asai et al., 2002; Nurnberger et al., 2004; Zipfel et al.,
2004, 2006). For their part, bacterial pathogens have
evolved a variety of virulence determinants that sub-
vert host defenses and act to derive nutrients from the
plant (Abramovitch et al., 2006). For example, bacterial
phytotoxins, plant hormones, EPS, and, for most
gram-negative bacteria, effectors of the type III secre-
tion system have been shown to manipulate host
physiological processes and contribute to the devel-
opment of disease (Abramovitch et al., 2006).

Several lines of evidence indicate that during com-
patible plant-pathogen interactions the host, too, plays
an important role in the development of disease
symptoms. For example, various Arabidopsis (Arabi-
dopsis thaliana) mutants were reported to form disease-
like lesions spontaneously (Pilloff et al., 2002; Yao and
Greenberg, 2006). In addition, inhibition of cell death
in tomato plants infected with bacterial pathogens
limits the appearance of disease symptoms and re-
duces pathogen growth (Lincoln et al., 2002; del Pozo
et al., 2004). Interestingly, the plant hormones ethyl-
ene, jasmonic acid (JA), and salicylic acid (SA), which
are known to be involved in plant defense responses
(Feys and Parker, 2000; Kunkel and Brooks, 2002), have
also been reported to play a role in disease develop-
ment (O’'Donnell et al., 2003). Arabidopsis and tomato
mutants impaired in ethylene perception develop re-
duced disease symptoms in response to Pseudomonas
and Xanthomonas pathogens (Bent et al., 1992; Lund
et al.,, 1998; Cohn and Martin, 2005). There is also
evidence that when tomatoes become infected by
Xanthomonas bacteria ethylene promotes SA produc-
tion, which is critical for the necrosis caused by this
pathogen (O’Donnell et al., 2001, 2003). In addition to
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ethylene and SA, host-derived JA actively contributes
to the virulence of phytopathogens. In fact, signaling
pathways activated in response to JA are critical to the
ability of Pseudomonas bacteria to cause disease on
Arabidopsis and tomato (Feys et al., 1994; Zhao et al,,
2003).

In recent years, gene expression studies have facili-
tated significant progress in the characterization of
plant responses to virulent and avirulent gram-negative
bacteria and to their PAMPs (e.g. Mysore et al., 2002;
Tao et al., 2003; Gibly et al., 2004; Navarro et al., 2004;
Thilmony et al., 2006; Zipfel et al., 2006). However,
host responses to infection by gram-positive bacteria
still await elucidation. In this study, we hypothesized
that Cmm infection activates tomato basal defense
responses and that defense-related hormones are in-
volved in the regulation of such responses and in the
development of disease symptoms. To test these hy-
potheses, we used microarray analysis to identify
transcriptional changes in the stems of a susceptible
tomato host, in response to Cmm. In addition, we used
tomato lines defective in ethylene synthesis or percep-
tion to test whether ethylene plays a role in regulation
of wilt disease caused by Cmm. Our study provided a
detailed description of the main cellular responses
triggered by this gram-positive bacterium in tomato
stems. Moreover, our findings demonstrate that both
synthesis and perception of ethylene play important
roles in the development of wilt symptoms caused by
Cmm in tomato plants.

RESULTS

Disease Progress and Bacterial Growth in Tomato
Plants Infected with Cmm

An experimental system was developed to achieve
coordinated and reproducible infection of tomato
plants by Cmm. Plants of the tomato line Rio Grande
were inoculated by injecting a suspension of Cmm
bacteria at a titer of 10° colony forming units (cfu)/mL
into the stem region between the cotyledons. A mock-
inoculation treatment was also included as control,
and the plants were monitored for development of
canker and wilt disease symptoms. As shown in
Figure 1A, at 4 d postinoculation (dpi), canker lesions
were visible at the inoculation site in the stem of about
50% of the Cmmv-infected plants, whereas wilt symp-
toms were not yet apparent. Wilting of leaves started
to appear at 6 dpi. At 8 dpi about 80% of the Cmm-
inoculated plants showed initial wilt symptoms, and
the canker lesions had enlarged by spreading in both
directions from the inoculation site, and appeared on
the stems of all the Cmm-inoculated plants. At 12 dpi,
advanced wilt symptoms and large canker lesions
were observed in the infected plants. Mock-inoculated
plants remained symptom-free throughout the course
of the experiment. To establish a correlation between
the appearance of disease symptoms in infected plants
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Figure 1. Disease symptoms and bacterial growth in

tomato plants infected with Cmm. Four-week-old
plants of the tomato line Rio Grande were inoculated
with a suspension of Cmm bacteria at a titer of 10°
cfu/mL in the stem region between the cotyledons or
mock inoculated. A, Leaves and stems photographed
at4, 8, and 12 dpi. B, Bacterial populations estimated
from stem samples harvested at different time points
during an 11-d period after inoculation. Data repre-
sent the mean = st (n = 3).
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and the size of bacterial populations, Cmm growth in
stem tissues above the inoculation site was monitored
for 11 d. As shown in Figure 1B, bacterial multiplica-
tion was linear during the first days after infection and
approached saturation at 7 dpi. In typical experiments
Cmm populations colonized stem tissues with a titer of
up to 10" cfu/g. Taken together, these results show
that in our experimental system initial canker lesions
appear when Cmm is still growing in infected stems,
whereas leaf wilting and formation of enlarged can-
kers is observed when the bacterial growth has already
reached saturation.

Tomato Transcriptional Changes in Response to
Cmm Infection

To identify host responses caused by Cmm infection,
we analyzed the expression profiles of 9,254 genes
represented on the Affymetrix Tomato Genome Array
GeneChip. Plants were inoculated with Cmm or mock
inoculated, and total RNA was extracted from stem
samples taken at two time points: at 4 dpi, when
bacterial growth in infected stems was linear and the
only disease symptom detected was the initial appear-
ance of canker lesions; and at 8 dpi, when bacterial
growth had already reached saturation and distinctive
symptoms were visible in stems and leaves (Fig. 1).
Gene expression levels were analyzed at the two time
points in stems of tomato plants inoculated with Cmm,
and were compared with those in mock-inoculated
plants by using two independent biological repli-
cates. Genes were considered as differentially ex-
pressed if they showed at least a 2-fold change that
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was significant at P < 0.05 in both replicates. Accord-
ing to these criteria, a total of 122 genes exhibited
differential expression in at least one time point (Sup-
plemental Table S1). At 4 dpi, 41 transcripts were
up-regulated, whereas none of the genes assayed was
down-regulated (Fig. 2). At 8 dpi, 112 genes were up-
regulated and eight were down-regulated. Remark-
ably, 39 out of the 41 genes that were up-regulated at
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Figure 2. Differential gene expression in tomato stems infected with
Cmm. Numbers of genes differentially expressed in tomato stems at 4
and 8 d after inoculation with Cmm bacteria. Genes were considered as
differentially expressed if they showed a change by a factor of at least 2,
and withstood a statistical Student’s ttest at P < 0.05, in both biological
repeats. White and black bars represent up- and down-regulated genes,
respectively.
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4 dpi were also up-regulated at 8 dpi, and their
changes in expression level were higher at the late
time point than at the early one.

To validate the microarray results, transcript levels
of randomly selected genes that were differentially
expressed at 8 dpi were determined by quantitative
reverse transcription (RT)-PCR (qRT-PCR) analysis in
stems of Cmm- and mock-inoculated plants. These
experiments were performed with specific primers for
11 up-regulated and four down-regulated genes (Sup-
plemental Table S2), and in three biological replicates
that were independent of those used for microarray
analysis. As summarized in Table I, the qRT-PCR data
correlated well with the microarray results, confirming
the trends of up- or down-regulation of all the ana-
lyzed genes. Although differences in the magnitudes
of changes were observed between the qRT-PCR and
microarray results, 13 out of 15 genes tested by qRT-
PCR showed at least a 2-fold change, which was used
as the threshold value for differential expression in the
microarray analysis.

Host Cellular Processes Affected by Cmm Infection

To explore host cellular processes affected by Cmm
infection, differentially expressed genes were classi-
fied into 16 functional categories, based on annotations
of the tomato databases of the Solanaceae Genomics
Network and the Institute for Genomic Research (Fig.
3). At the early stage of infection (4 dpi) the most
represented category was defense (21%), followed by
stress (12%), protein degradation (12%), hormone-
related (10%), transcription (10%), and oxygen and
radical metabolism (10%; Fig. 3A). Intermediate cate-
gories (5%—7%) included genes related to protein
synthesis (7%) and cell wall (5%). At the later stage

of infection (8 dpi), major categories were defense
(16%), transcription (9%), oxygen and radical metab-
olism (9%), stress (8%), and signaling (8%, Fig. 3B).
Intermediate functional groups were: protein degra-
dation (7%), hormone-related (6%), and protein syn-
thesis (5%). It is interesting to note that both at 4 and
8 dpi the functional groups of defense, oxygen and
radical metabolism, stress, and hormone-related
were significantly enriched (P < 0.05) as compared
to their estimated frequency in the tomato genome
(Supplemental Table S3). Differentially expressed
genes that did not exhibit significant similarity to
known genes in the database were classified under the
category of unknown function. This category repre-
sented 5% and 12% of the Cmm-modulated genes at 4
and 8 dpi, respectively.

Prominent in the category of Crmm-responsive genes
classified as related to defense were pathogenesis-
related genes of various classes, and other genes in-
duced during R gene-mediated resistance, such as a
Pto-responsive gene and an Avr9/Cf9 rapidly elicited
gene (Supplemental Table S1). This group also con-
tained the EDS1 gene, which is required for resistance
mediated by certain classes of disease resistance (R)
proteins, and is involved in basal defense against vir-
ulent biotrophic fungi and bacterial strains (Wiermer
et al., 2005). The up-regulation of two extensin genes,
which were categorized in the cell-wall-related cate-
gory, is also consistent with a defense function. Ex-
tensins are, in fact, Hyp-rich glycoproteins that are
hypothesized to form cross-linked networks that
strengthen the plant cell wall, and so create a barrier
to pathogen attack (Wei and Shirsat, 2006). A signifi-
cant number of genes related to the production and
neutralization of reactive oxygen species were found to
be up-regulated in this study. The genes of this group

Table 1. Validation of microarray data by quantitative RT-PCR for 11 up-regulated and four

down-regulated genes

GenBank Gene Product Array Ratio® qRT-PCR Ratio”

Accession (Cmm/Mock) (Cmm/Mock)
U89256 Pti5, ERF/AP2 transcription factor 163 193
AF272366 Verticillium wilt disease R protein 88 3
Al776170 Cys protease 81 116
AJ133600 Extensin 20 105
BG629612 Chitinase 55 317
AY359965 EIX receptor 1 10 9
AW219676 Wound-induced protein Sn-1 8 21
AY093595 Osmotin-like protein 10 2
AW032581 KNOTTEDT1 transcription factor 9 24
BG629373 Zeatin glucosyl transferase 6 6
CN385925 Patatin-like protein 3 5 4
AW622607 Nitrate reductase 0.5 0.6
AW647641 Peroxidase 0.5 0.9
BG630282 Probable protein kinase 0.4 0.4
BF176599 Pro-rich protein 0.2 0.2

“Ratio between expression in Cmm- and mock-inoculated stems as estimated by microarray analysis at

8 dpi. Data represent the mean of two biological replicates

PRatio between expression in Cmm- and mock-

inoculated stems as estimated by qRT-PCR at 8 dpi. Data represent the mean of three biological replicates.
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Figure 3. Classification into functional categories of genes differen-
tially expressed between stem tissues of tomato plants infected with
Cmm and those of mock-inoculated ones. A and B, Pie charts show
classification and percentage of functional categories for 41 and 120
genes differentially expressed at 4 and 8 dpi, respectively.

showing the highest differential expression were oxi-
doreductase, disulfide isomerases, and peroxidase.
Because basal defense responses are triggered by the
plant surveillance system upon recognition of bacte-
rial PAMPs (Jones and Dangl, 2006), it is interesting
that a group of genes encoding cell-surface receptors
were differentially expressed during Cmm infection.
These proteins include several receptor-like kinases
and the putative extracellular glycoproteins EIX1 (Ron
and Avni, 2004) and Vel (Kawchuk et al., 2001). The
gene expression levels of transcription factors of sev-
eral classes were altered by Cmm infection. There was
remarkably high induction of the Pti5 transcription
factor, which belongs to the ERF/AP2 class and is
involved in transcriptional activation of pathogenesis-
related genes (Gu et al., 2002), and there was also high
up-regulation of the expression of three genes encod-
ing members of the WRKY family of transcription
factors that are well known for their involvement in
plant basal defense and disease resistance (Asai et al.,
2002; Eulgem, 2005). Genes encoding three zinc finger
transcription factors of the C2H2 type, the homeobox
KNOTTED], and a protein with an NAC domain were

Plant Physiol. Vol. 146, 2008

Ethylene Involvement in Bacterial Wilt and Canker Disease

also differentially expressed. A large proportion of the
Cmm-modulated genes were related to protein degra-
dation at both of the analyzed time points. For exam-
ple, an AAA-type ATPase, which is a component of the
265 proteasome complex, a Cys protease, an ubiquitin-
conjugating enzyme, and subtilin-like proteases were
found to be highly up-regulated.

Our microarray analysis also revealed differential
expression of genes related to plant hormones, exam-
ples of which include genes involved in the biosyn-
thesis of JA (allene oxide synthase and lipoxygenase),
and polyamines (arginase 2). JA is involved in wound
responses and resistance to necrotrophic pathogens
(Browse, 2005), whereas polyamines are involved in
responses to abiotic and biotic stresses (Walters, 2003;
Groppa and Benavides, 2008). Also intriguing was
the up-regulation of the SIACO1 gene, which encodes
1-aminocyclopropane-1-carboxylic acid (ACC) oxi-
dase (ACO), a key enzyme of ethylene biosynthesis
(Broekaert et al., 2006). Additional genes associated
with ethylene signaling and response were identified
in other functional categories (Table II). These included:
genes encoding transcription factors of the ERF/AP2
family, which bind to a cis-acting element commonly
found in the promoter of ethylene-inducible genes
(Gutterson and Reuber, 2004); pathogenesis-related
genes, e.g. chitinases of various classes, PR1a, and
osmotin; and other defense-related genes (Schenk
et al., 2000; Zhong and Burns, 2003). Because ethylene
is a principal modulator of host-pathogen interactions
and was shown to regulate the susceptible response to
pathogen infection in tomato plants (Lund et al., 1998;
Broekaert et al., 2006), the role of this phytohormone in
bacterial canker and wilt disease of tomato was further
investigated.

Cmm Infection Promotes Ethylene Production in
Tomato Stems and Specific SIACO1 Up-Regulation

The up-regulation of ethylene-related genes by Crmm
prompted us to monitor ethylene production in to-
mato stem tissues after Cmm infection. As shown in
Figure 4A, small, yet significant levels of ethylene were
released by Cmm-infected stems, starting at 12 dpi and
peaking at 16 dpi when leaf wilting and canker were
clearly visible in the plants (Figs. 1A and 4A). Although
at4 and 8 dpi differential expression of ethylene-related
genes was already evident, at these time points ethylene
accumulation was not detected in Cmim-infected stems
(Fig. 4A). Despite the failure to detect ethylene release
from stem tissues before the appearance of disease
symptoms, we cannot exclude the possibility that at
these time points ethylene was produced at levels that
are biologically significant but below the detection limit
of our experimental system.

Ethylene production in response to Cmm infection
was suggested by up-regulation of the ACO-encoding
gene SIACOI. ACO is encoded in tomato by at least
five family members that show different expression
patterns during plant development and in response
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Table Il. Cmm-modulated tomato genes related to ethylene synthesis and response

GenBank Accession

Gene Product

Expression Ratio®

4 dpi 8 dpi
U89256 Pti5, ERF/AP2 transcription factor 21.6 163.2
K03291 Wound-induced protease inhibitor 1 18.1 24
BT012691 2-Oxoglutarate-dependent dioxygenase E8 3.9 22.5
CN384809 ACO1 4.9 17.6
M69247 Pathogenesis-related protein PR1a (P4) 1.8 16.2
M69248 Pathogenesis-related protein 6 (P6) 3.6 13.5
U30465 Chitinase class 2 2.2 11.4
AY093595 Osmotin-like protein 3.1 10.1
Z15141 Acidic 26-kD endochitinase precursor 4.5 10
BM956714 Protease inhibitor/lipid transfer protein 2.6 5.8
CN385772 ERF/AP2 transcription factor 1.6 4.3
BT013355 Pathogenesis-related protein 2 (P2) 1.9 3.4

“Ratio between expression in Cmm- and mock-inoculated stems as estimated by microarray analysis at

4 and 8 dpi.

to biotic and abiotic challenges (Barry et al., 1996;
Tuomainen et al., 1997; Moeder et al., 2002; Cohn and
Martin, 2005). Interestingly, SIACO1 and SIACO2 were
recently shown to be up-regulated during a compat-
ible interaction of tomato plants and the bacterial
pathogen Pseudomonas syringae pv tomato, whereas
other SIACO genes remained unaffected (Cohn and
Martin, 2005). In our microarray analysis, although all
five SIACO family members were represented on the
slides, only the SIACO1 gene was differentially ex-
pressed in response to Cmm infection. To confirm that
SIACO1 was specifically up-regulated and that tran-
scriptional control of other family members did not
contribute to the regulation of ethylene production
during the tomato-Cmm interaction, we used semi-
quantitative RT-PCR to determine the transcript levels
of SIACO1, SIACO2, SIACO3, SIACO4, and SIACO5 in
stems of Cmm- and mock-inoculated plants. For this
analysis we used stem samples harvested either at 8
dpi, before ethylene emission was detected, or at 12
dpi, when ethylene accumulation was already at mea-
surable levels. As shown in Figure 4B, SIACO1 was up-
regulated at both time points, whereas transcript
abundance of the other family members did not in-
crease significantly upon Cmm infection. Taken together
with the SIACO1 differential expression observed in
microarray analysis at 4 and 8 dpi, these results indi-
cate that SIACOL1 is specifically up-regulated in to-
mato stems throughout the entire course of infection,
whereas ethylene emission from stem tissues reaches
measurable levels only concomitantly with the ap-
pearance of well-developed disease symptoms.

Impaired Perception and Synthesis of Ethylene Delay
the Development of Wilt Symptoms in Tomato

Ethylene previously has been shown to play an
important role in symptom development during com-
patible interactions of tomato plants with phytopath-
ogenic gram-negative bacteria and fungi (Lund et al,,
1998, Cohn and Martin, 2005). We therefore tested
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whether ethylene perception is involved in the regu-
lation of Cmm-induced symptoms. For these experi-
ments we used the ethylene insensitive tomato mutant
Never ripe (Nr), which carries a mutation in a member
of the ethylene receptor gene family, which renders
plants ethylene insensitive in all tissues examined
(Lanahan et al., 1994). Nr mutants in the Ailsa Craig
background and wild-type plants were inoculated
with a Cmm suspension and scored for the develop-
ment of wilt symptoms during a period of 20 d. In
these experiments, to highlight differences between
wild-type and mutant plants, we used 6-week-old
plants that develop disease symptoms more slowly
than the 4-week-old plants used for the microarray
analysis. As shown in Figure 5A, in Nr plants the
development of wilt symptoms was significantly de-
layed as compared with wild-type plants. The wilting
index, which was defined elsewhere as the number of
days after infection at which 50% of the plants dis-
played the first wilt symptoms (Meletzus et al., 1993),
was 9 d for wild-type plants and 15 d for the Nr
mutant. Similar results were obtained by comparing
the development of disease symptoms in the Nr mu-
tant in the Pearson background with that in wild-type
plants (data not shown).

To substantiate further the involvement of ethylene
in the plant host response to Cmm, we tested whether
the impairment of ethylene production in the host
affected the appearance of wilt symptoms. In these
experiments we used a transgenic tomato line express-
ing the ACD (bacterial ACC deaminase) gene under
the control of a constitutive promoter (Klee et al.,
1991). ACD converts ACC, the substrate of ACQO, into
a-ketobutyric acid, and its overexpression in plant
tissues inhibits ethylene biosynthesis. As previously
observed in the Nr mutant, the appearance of wilt
symptoms after inoculation with Cmm was slower in
the ACD line than in the UC82B progenitor line (Fig.
5B). The wilting index was determined to be 13 and
20 d for the UC82B and ACD lines, respectively. Ethyl-
ene emission was undetectable in stems of Crmm-infected

Plant Physiol. Vol. 146, 2008
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Figure 4. Ethylene emission and expression analysis of the ACO gene
family in stems infected with Cmm. Four-week-old Rio Grande tomato
plants were inoculated with Cmm or mock inoculated. A, Ethylene
emission was measured in inoculated plants at the indicated time
points for a period of 20 d. Gas chromatography was performed as
described in “Materials and Methods”. Data represent the mean * st
(n = 3) and are representative of two independent experiments. B, Total
RNA was extracted from samples of inoculated stems harvested at 8 and
12 dpi, and used for semiquantitative RT-PCR analysis with gene-
specific primers designed to amplify individual ACO gene family
members or GAPDH, as control. PCR products were sampled at the
indicated cycles, separated on a 1% agarose gel, and visualized by
ethidium bromide staining.

ACD plants (data not shown), in agreement with the
reported 95% reduction in ethylene production in
leaves and fruits of the ACD line as compared with
that in UC82B (Klee et al., 1991). Taken together, these
data indicate that both perception and production of
ethylene play important roles in the onset of Cmm-
induced disease development.

Delayed Appearance of Wilt Symptoms in the Nr
Mutant Does Not Correlate with Altered Expression of
Defense-Related Genes, Reduced Bacterial Growth, or
Decreased Ethylene Emission

We next tested whether the retarded-wilting pheno-
type observed in Cmm-inoculated Nr plants resulted
specifically from ethylene insensitivity, or was a result
of one of the following factors: altered expression of
defense-related genes, reduction in the bacterial pop-
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ulations, or decrease of ethylene emission in the stem.
To estimate the extent of basal defense responses
activated by Cmm infection in the Nr mutant, qRT-
PCR analysis was used to compare expression levels of
17 Cmm-modulated defense genes in Nr mutant and
wild-type Ailsa Craig plants. Plants were inoculated
with Cmm or a mock solution, as previously per-
formed with Rio Grande plants for the microarray
experiments, and expression levels of the selected
genes were monitored in stems of treated plants at
8 dpi. Induction levels of the analyzed defense-related
genes in the Ailsa Craig line correlated well with those
previously observed in Rio Grande plants (Supple-
mental Table S4). The expression of most of these
genes (14 of 17) was significantly lower (P < 0.05) in
the mock-inoculated Nr mutant than in wild-type
plants (Fig. 6A). However, upon Cmm infection expres-
sion levels of all monitored genes did not significantly
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Figure 5. Effect of impaired ethylene sensitivity or production on
development of wilt symptoms in tomato plants infected with Cmm.
Six-week-old plants were infected with a Cmm suspension (1 08 cfu/mL)
and examined for development of wilt symptoms during a 20-d period.
The percentage of plants showing wilt symptoms was calculated in a
group of at least 30 plants for each line. A, The ethylene-insensitive
mutant Nr and wild-type Ailsa Craig plants. B, The ethylene-deficient
transgenic tomato line ACD and progenitor line UC82B. Data shown
are representative of at least two independent experiments for each
genetic background.
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Figure 6. Expression of defense-related genes in the ethylene-insensi-
tive Nr mutant relative to that in wild-type Ailsa Craig plants. Four-
week-old Nrand wild-type plants were inoculated with a suspension of
Cmm bacteria (10® cfu/mL) or mock inoculated. Total RNA was
extracted from leaf samples collected at 8 dpi and used to perform
qRT-PCR analysis using primers specific for the following 17 Cmm-
modulated defense genes (Supplemental Table S2): 1, PR P6; 2,
chitinase class 2; 3, acidic 26-kD endochitinase; 4, protease inhibitor;
5, Pti5; 6, wound-induced protease inhibitor II; 7, Verticillium wilt R
protein; 8, cysteine protease; 9, extensin; 10, dioxygenase E8; 11, PR
P4; 12, PR P2; 13, chitinase; 14, EIX receptor 1; 15, wound-induced
protein Sn-1; 16, osmotin-like protein; 17, patatin-like protein 3. Gene
expression levels in Nrplants were calculated relative to those in wild-
type plants for mock-inoculated (A) and Cmm-infected plants (B).
Values are average * st (n = 4). Genes, whose expression was
significantly different (P < 0.05) in Nr than in wild-type plants
according to a two-sided one sample ttest, are marked with an asterisk.

differ between mutant and wild-type plants (Fig. 6B).
These results suggest that the Nr mutation affects
expression levels of defense-related genes in unchal-
lenged but not in Cmm-infected plants.

Bacterial population sizes were monitored in stem
tissues for 10 d after inoculation of 6-week-old plants
of the wild-type Ailsa Cralg line, and Nr mutants with
a Cmm suspension (10° cfu/mL). As shown in Figure
7A, for the entire course of the experiment the bacterial
populations were nearly equivalent in stem extracts
derived from wild-type and from Nr plants. In these
experiments, which were carried out in the Ailsa Craig
background, the bacterial populations at saturation
(10° cfu/ g) were lower that those observed when Rio
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Grande plants were infected (Figs. 1B and 7A). This
difference can be attributed to differing susceptibility
of the two lines and/or to the fact that the Rio Grande
plants were used at earlier developmental stages, so
that there was a higher ratio between bacterial count in
the xylem vessels and the amount of stem tissue
utilized for preparation of the extracts. Bacterial pop-
ulations were also compared between wild-type and
Nr mutant plants of the Pearson background, and no
significant difference was detected (data not shown),
which provides further support for the observations
related to the Ailsa Craig background.

As shown in Figure 7B, ethylene emission from stem
tissues was detected in both Ailsa Craig wild-type and
Nr plants, starting 4 d after Cmm infection, before wilt
symptoms were visible, and reached their highest
levels at 16 dpi, concomitantly with the appearance
of well-developed disease symptoms. Emission of
greater amounts of ethylene was observed from the
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Figure 7. Effect of ethylene insensitivity on bacterial growth and
ethylene emission in tomato plants infected with Cmm. Six-week-old
plants of the ethylene-insensitive mutant Nr and wild-type Ailsa Craig
plants were infected with a Cmm suspension (1 0° cfu/mL). A, Bacterial
populations were estimated in stems of the infected plants from
samples harvested during a 10-d period. B, Ethylene emission from
stems of infected plants measured at the indicated numbers of days after
infection with Cmm. Gas chromatography was performed as described
in “Materials and Methods”. A and B, Data represent the mean =* st
(n = 3) and are representative of two independent experiments.
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stems of the Nr mutant than from those of the wild-
type plants (Fig. 7B). This is consistent with enhanced
ethylene emission previously observed in leaves of Nr
plants and ascribed to an autoinhibition mechanism
that regulates ethylene synthesis and is impaired by
ethylene insensitivity (Lund et al.,, 1998). Taken to-
gether, these results indicate that the delayed appear-
ance of wilt symptoms in Nr plants is a specific effect
of ethylene insensitivity rather than increased resis-
tance to Cmm.

DISCUSSION

In this study, to get molecular insights into the
response of susceptible tomato plants to the gram-
positive bacterium Cmm, we analyzed gene expression
profiles of 9,254 tomato genes in Cmm-infected stem
tissues. This analysis was performed during the early
endophytic stage of infection (4 dpi) and again at a
later stage (8 dpi) when wilt symptoms in the plant
were already visible. We identified a total of 122 genes
that were differentially expressed in at least one time
point and represent about 1.3% of the genes analyzed.
Alterations of gene expression in various compatible
plant-pathogen interactions have been reported to typ-
ically involve a larger number of genes representing up
to 13% of the plant genome (Wise et al., 2007). For
example, 643 of 7,680 analyzed genes (13%) were found
to be differentially expressed in potato (Solanum tuber-
osum) plants infected by the fungal pathogen Phytoph-
tora infestans (Restrepo et al., 2005), whereas 1,396 of
24,000 analyzed genes (5.8%) were induced or re-
pressed in susceptible Arabidopsis plants challenged
with P. syringae (Thilmony et al., 2006). It should be
noted that the number of tomato genes differentially
expressed in response to Cmm infection is probably
larger than that identified in our study due to the fact
that the array we used includes approximately one-
fourth (9,254 genes) of the total genes (35,000) that are
estimated to be present in the tomato genome (Van der
Hoeven et al., 2002). Moreover, the impact of Cmm
infection on the tomato transcriptome might have been
underestimated, because of the low proportion of stem
tissues that directly sense and respond to this bacte-
rium, which specifically colonizes xylem vessels.

The extent of differential gene expression differed
between the two analyzed time points: it affected 41
and 120 genes at 4 and 8 dpi, respectively. The vast
majority of the genes modulated by Cmm infection at
the early time point were also differentially expressed
at the later infection stage, which hampered the iden-
tification of genes specific to the very first stages of
infection. Conversely, a group of 81 genes was specific
for the later time point and these genes are possibly
associated with physiological processes related to the
development of disease symptoms. An unexpected
result of our analysis was the very small number of
down-regulated genes at each time point. A typical
response to various pathogens, which is qualitatively
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similar in compatible and incompatible interactions, is
a shift from housekeeping to defense metabolism,
which is associated with down-regulation of genes
related to cellular processes such as chloroplast organ-
ogenesis, chlorophyll biosynthesis, and carbohydrate
metabolism (Mysore et al., 2002; Gibly et al., 2004;
Restrepo et al., 2005; Zou et al., 2005). The almost
complete absence of gene down-regulation observed
during the tomato-Cmm interaction in this study may
be related to derepression by Cmm of general meta-
bolic processes that limit the allocation of cellular
resources to defense responses.

We anticipated that changes in gene expression that
occur during the compatible interaction between to-
mato and Cmm would reflect the interplay between, on
the one hand, the attempt of the plant to counteract
pathogen invasion and, on the other hand, the activity
of bacterial virulence determinants that facilitate the
establishment of disease. Our finding that a large
number of the Cmm-modulated genes were related to
defense, stress, oxygen metabolism, and protein deg-
radation strongly supports the notion that basal de-
fense responses are activated in tomato plants during
their interaction with Cmm. In fact, activation of path-
ogenesis-related genes, an oxidative burst, and dere-
pression of defense responses by enhanced protein
turnover are typical cellular responses activated in
plants by recognition of PAMPs (Nurnberger et al.,
2004). In addition, classes of genes similar to those
differentially expressed during Cmm infection were
shown to be modulated in Arabidopsis by perception
of the bacterial PAMPs flagellin and EF-Tu (Navarro
et al., 2004; Zipfel et al., 2004, 2006).

An important question to be addressed is: what are
the Cmm PAMPs perceived by tomato plants and their
corresponding PRRs? Cold-shock protein from gram-
positive bacteria and various microbial patterns of
gram-negative bacteria have been shown to act as
PAMPs in plants (Nurnberger et al., 2004). Similarly,
Cmm cold shock protein or several cell wall compo-
nents, which are known to be gram-positive-derived
PAMPs in animal systems (Aderem and Ulevitch, 2000),
may act as PAMPs during the tomato-Cmm interaction.
Additional possible Cmm PAMPs are EPS, which are
produced in large amounts by the bacterium (Van den
Bulk et al., 1989), or the numerous extracellular cell-
wall-degrading enzymes secreted by Cmm, and prod-
ucts of their hydrolytic activity. Only a few of the PRRs
responsible for PAMP recognition have been identified
to date (Ingle et al, 2006). Interestingly, we found
several tomato genes encoding proteins with character-
istics of cell-surface receptors that were differentially
expressed in response to Cmm infection. These proteins,
which can be considered candidate PRRs, include two
receptor-like kinases, the Vel R protein, which confers
resistance in tomato to the vascular disease Verticillium
wilt (Kawchuk et al., 2001), and a homolog of the EIX
receptor (Ron and Avni, 2004).

The identity of plant targets of Crnm virulence is still
elusive, and it is still not clear whether some of the
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Cmm-modulated genes were differentially expressed
as a result of the activity of Cmm pathogenicity deter-
minants. Whereas type III effectors of gram-negative
bacteria have been shown to have a large impact on the
transcriptome of the host plant (Cohn and Martin,
2005; Thilmony et al., 2006; Truman et al., 2006), the
effect of virulence determinants of gram-positive bac-
teria on plant gene expression is largely unknown. An
important observation, derived from our microarray
analysis and that may be related to the virulence
activity of the pathogen, is the up-regulation of a sig-
nificant number of genes related to ethylene response,
as well as differential expression of the ACOI gene
encoding the ethylene biosynthetic enzyme ACO (Ta-
ble II). Measurements of ethylene emission confirmed
that ethylene production in tomato stem tissues was
stimulated by Cmm infection. However, although
ethylene-related genes were already up-regulated at
4 and 8 dpi, ethylene release reached detectable levels
only at 12 dpi. In addition, it should be noted that
ethylene levels were significantly lower than those
previously reported to be released from leaves inocu-
lated with foliar bacterial pathogens (Lund et al., 1998;
Cohn and Martin, 2005). The late detection and the
relatively low levels of ethylene emitted may be as-
cribed to the lifestyle of Cmm: it is possible that during
the early stages of infection ethylene synthesis was
localized and restricted to the cells immediately sur-
rounding the xylem vessels where Cmm bacteria pro-
liferate, whereas later in the infection development,
maceration of stem parenchymatic cells further en-
hanced ethylene production.

Our microarray and semiquantitative RT-PCR anal-
yses revealed that transcriptional control of SIACO1,
but not of other SIACO family members, may contrib-
ute to the regulation of ethylene production during the
tomato-Cmm interaction. Interestingly, the SIACO1
and SIACO2 genes were recently shown to be up-
regulated by the type III effectors AvrPto and AvrPtoB
from Pst (Cohn and Martin, 2005), prompting us to
hypothesize that expression of a specific subset of
ACO genes may be modulated by virulence determi-
nants of different phytopathogenic bacteria. ACC syn-
thase (ACS) is an additional key enzyme in ethylene
biosynthesis, that could be subject to transcriptional
regulation (Broekaert et al., 2006). However, none of
the six genes encoding ACS present in our microarray
were differentially expressed during the tomato-Cmm
interaction. Our results correlate with previous reports
that ACS gene family members were not up-regulated
in tomato challenged with Pst (Cohn and Martin,
2005). These findings together with the evidence that
certain members of the ACS family can be regulated at
the posttranslational level (Liu and Zhang, 2004) sug-
gest that transcriptional regulation of ACS does not
play a critical role in ethylene production during
plant-pathogen compatible interactions.

Ethylene plays distinct roles in different plant-
pathogen interactions: it contributes to resistance in
some interactions but is involved in disease develop-
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ment in others (Kunkel and Brooks, 2002). For exam-
ple, the ethylene-insensitive Arabidopsis mutant ein2
exhibited increased susceptibility to Botrytis cinerea
and Erwinia carotovora (Thomma et al., 1999; Norman-
Setterblad et al., 2000). Conversely, Arabidopsis and
tomato mutants of ethylene synthesis or perception
showed decreased symptoms when infected with vir-
ulent strains of Pst and Xcv (Bent et al., 1992; Lund
et al., 1998; O’Donnell et al., 2003; Cohn and Martin,
2005). The significant delay in the appearance of wilt
symptoms that was observed following Cmm infection
of tomato mutants impaired in ethylene synthesis or
perception is important evidence that during the
Cmm-tomato compatible interaction host-derived eth-
ylene is a major signal that regulates disease progres-
sion. In addition, although defense-related genes were
expressed at lower levels in mock-inoculated Nr mu-
tant plants than in the wild type, their expression upon
Cmm infection was similar in the two genetic back-
grounds. This evidence, together with the similar
bacterial growth observed in Nr and wild-type plants,
suggests that ethylene perception is not important for
the regulation of basal defenses against Cmm infection.
The delayed appearance of wilt symptoms in the
mutant plants started to be evident at 6 dpi, when
ethylene emission was barely detectable in wild-type
and mutant plants. This observation, along with the
differential expression of ethylene signaling and bio-
synthetic genes as early as 4 dpi, suggest that ethylene,
albeit at levels not measurable in our experimental
system, plays a physiological function during the
initial stages of Cmm infection, before the development
of visible disease symptoms.

How ethylene contributes to the development of
wilt symptoms during Cmm infection of tomato plants
remains to be determined. Host ethylene perception
and synthesis have been previously shown to be an
important factor in development of wilt symptoms
elicited by fungal vascular pathogens (Van der Molen
et al., 1983; Lund et al.,, 1998; Robison et al., 2001).
Interestingly, ethylene treatment of various plant spe-
cies causes xylem occlusion, which leads to the wilt
phenotype of vascular diseases (Van der Molen et al,,
1983; Perez-Donoso et al., 2007). In addition, it was
shown that ethylene produced by galls of Agrobacte-
rium-infected tomato plants decreases the diameter of
xylem vessels in the stem adjacent to the tumor (Aloni
et al., 1998). In light of these observations, it is tempt-
ing to speculate that ethylene emission by Cmm-
infected tissues may contribute to the development
of wilt symptoms by affecting physical properties of
xylem vessels in the host plant.

In conclusion, our study provides a comprehensive
view of host responses associated with the infection
of tomato plants by a gram-positive bacterium, and
reveals that typical basal defense responses and hor-
mone biosynthesis are activated during tomato infec-
tion by Cmm. In addition, our findings demonstrate
that ethylene plays an important role in the develop-
ment of Cmm-induced wilt symptoms, and represent a
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first step in understanding the molecular mechanisms
involved in the progression of bacterial wilt disease.
This and future investigations will improve our ability
to mitigate the effects of this highly detrimental dis-
ease.

MATERIALS AND METHODS
Plant Materials and Bacterial Strains

The tomato (Solanum lycopersicum) lines used were: Rio Grande (Pedley
and Martin, 2003); Nr mutant and its background lines Pearson (Lanahan
etal., 1994) and Ailsa Craig (Alba et al., 2005); and a transgenic line expressing
ACD and its background line UC82B (Klee et al., 1991). Plants were grown
using standard greenhouse practices (25°C * 2°C and 16-/8-h light/dark
regime). The bacterial strain 42 of Clavibacter michiganensis subsp. michiganen-
sis (Cmm), isolated in Israel, was used throughout this study.

Inoculation Procedures and in Planta Bacterial Growth

Cmm bacteria were grown overnight at 28°C with shaking, in Luria-Bertani
broth medium supplemented with rifampicin at 100 mg/L. Bacteria were
pelleted by centrifugation at 5,400¢ for 20 min, washed twice, and diluted to
the desired titer in 10 mm MgCl,, as indicated for each experiment. Bacterial
suspensions or a 10 mm MgCl, mock solution (25-50 uL) were injected into the
stem region between the cotyledons of 4- to 6-week-old plants with a syringe
fitted with a 30-gauge needle. In planta bacterial growth was measured for
10 d at 2-d intervals by grinding three stem pieces (1 cm in length) in 10 mm
MgCl, and plating serially diluted samples on Luria-Bertani broth medium
plates supplemented with rifampicin at 100 mg/L. Each stem piece was
derived from an independent plant and was cut at 1 cm above the inoculation
site. After incubation of the plates at 28°C for 5 d, the number of colony-
forming units per gram of tissue (cfu/g) was determined for each sample.

DNA Microarray and Data Analysis

Microarray experiments were performed with the GeneChip Tomato
Genome Array (Affymetrix), which contains 10,038 probe sets representing
9,254 transcripts. The procedure followed the Minimum Information about a
Microarray Experiment guidelines for international standardization and
quality control of microarray experiments (Brazma et al., 2001). Two inde-
pendent biological repeats were performed for each time point analyzed. For
each treatment, a pool of 16 1-cm-long stem pieces, cut from independent
plants at 1 cm above the inoculation site, was used as a source for extraction of
total RNA with the RNeasy Plant Mini Kit (QIAGEN) according to the
manufacturer’s instructions. Preparation of biotinylated target complemen-
tary RNA (cRNA), hybridization, and imaging procedures were performed
according to Affymetrix protocols (http://www.affymetrix.com/support/
technical/manuals.affx). Briefly, double-stranded cDNA was synthesized
from 5 ug of total RNA and in vitro transcription was performed with
biotinylated UTP and CTP, to generate biotinylated target cRNA. The labeled
target cRNA was purified, fragmented, and hybridized to the GeneChip
Tomato Genome Array for 16 h in a Hybridization Oven 640(Affymetrix). The
GeneChips were washed and stained with streptavidin-phycoerythrin using a
GeneChip Fluidics Station 400 (Affymetrix) and were then scanned with a
GeneArray scanner (Hewlett-Packard). Gene expression data were analyzed
with the Affymetrix Microarray Suite (MAS 5.0) software. Output from all
GeneChip hybridizations was globally normalized such that its average
intensity was equal to an arbitrary target intensity of 800, to enable compar-
isons between GeneChips. The expression levels of the genes were measured
according to the average difference in intensity between the perfect-match
probes and mismatch probes. According to their expression level and statis-
tical analysis results, a “present”, “marginal”, or “absent” call was assigned to
each probe set. A list of 8,322 “valid” probe sets (out of 10,038 present on the
GeneChip), which were probe sets with signals higher than 20 that were
detected as present in at least one sample, was generated. Gene expression
levels were then compared between sample and control chips from the same
biological replicate, to produce a signal log, ratio. The software was then used
to determine whether the signal log, ratios represented a genuine change in
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mRNA level (change call I for increase, D for decrease), and to determine the
change call significance levels (P values). Variability of the biological repeats
was estimated by applying the linear regression method and by calculating
correlation coefficient (R?) for each pair of data sets. In all data set compar-
isons, R? values were higher than 0.94 indicating high reproducibility of
biological repeats. Genes were considered as differentially expressed if they
showed a change by a factor of at least 2 in both biological repeats, and the
change was significant at P < 0.05, according to Student’s t test (Supplemental
Table S1). The entire data set, including raw and normalized data from all the
microarray experiments is available online from the Tomato Expression
Database (http://ted.bti.cornell.edu/cgi-bin/miame/home.cgi). Genes were
categorized into functional categories based on annotations of the Solanaceae
Genomics Network (http://www.sgn.cornell.edu/) and of The Institute for
Genomic Research (http://www.tigr.org/). The distribution in functional
categories of annotated genes differentially expressed in response to Cmm was
compared to that of the approximately 1,000 annotated tomato genes available
from the database. P values for differences in the percentage of each category
were calculated using a two-sided binomial test with false discovery rate
correction for multiple testing (Benjamini and Hochberg, 1995).

qRT-PCR Analysis

Total RNA was extracted from stems of Cmm-inoculated and control plants
as described elsewhere (Chang et al., 1993). RNA samples (2.5 ug) were
reverse transcribed for 50 min at 42°C in a 20-uL reaction volume containing
100 units of SuperScript I RNase H™ reverse transcriptase (Invitrogen), 10 mm
dithiothreitol, 1X reverse transcriptase buffer (Invitrogen), 40 units of RNase
inhibitor (Invitrogen), 500 uM each dNTP, and 500 ng of oligo(dT);g.,4 primer.
The reaction was stopped by incubation at 70°C for 15 min. Gene-specific
primers for the analyzed genes were designed to have a Tm of 60°C *+ 3°C, by
means of the Primer 3 program of the Biology WorkBench software package
(http:/ /workbench.sdsc.edu/); they are listed in Supplemental Table S2. The
PCR efficiency was determined for each set of primers by using standard
curves with four cDNA dilutions. The PCR reactions were performed in
triplicate and contained template cDNA, 200 nM gene-specific primers, and
SYBR Green QPCR Master Mix (Stratagene) in a volume of 15 uL. Reactions
were carried out with an Mx3000P QPCR system (Stratagene) with the
following cycling program: 10 min at 95°C, followed by 40 cycles of 30 s at
95°C, 1 min at 60°C, and 1 min at 72°C. Fluorescence was measured at the end
of each cycle. The absence of nonspecific products and primer dimers was
confirmed by analysis of melting curves. For data analysis, average threshold
cycle (C;) values were calculated for each gene of interest, on the basis of three
or four independent biological samples, as indicated, and were normalized
and used to calculate relative transcript levels of the transcript as described
elsewhere (Pfaffl, 2001). The GAPDH (glyceraldehyde-3-phosphate dehydro-
genase) gene from tomato (accession no. U97257) was used as an internal
standard for normalization.

Semiquantitative RT-PCR Analysis

RNA samples (2.5 ug) were reverse transcribed as described above for the
quantitative RT-PCR analysis. One microliter of RT reaction mixture was used
for PCR in a 50-uL reaction volume containing 1 unit of Tag DNA polymerase,
200 uM of each dNTP, and 300 nm of each forward and reverse primer for each
gene, as listed in Supplemental Table S2. The PCR conditions were: 2 min at
94°C, followed by 40 cycles of 30 s at 94°C, 1 min at 53°C for SIACO1 and
SIACO2, 48°C for SIACO3, 55°C for SIACO4, SIACO5, and GAPDH, and 1 min
at 72°C. A 10-uL aliquot of each PCR reaction mixture was removed after 25,
30, and 35 cycles, separated on a 1% gel, and visualized by staining with
ethidium bromide. To ensure equal amounts of cDNA, a control reaction was
performed for each PCR reaction with primers corresponding to the tomato
GAPDH gene (accession no. U97257; Supplemental Table S2).

Estimation of Plant Susceptibility to Cmm

The susceptibility of the various tomato lines to Cimm was estimated by
daily monitoring of the appearance of wilt symptoms in a group of at least 30
infected plants, over a period of up to 20 d. For a quantitative estimation of
susceptibility to Cimm, a wilting index, defined as the number of days required
until 50% of the plants showed first wilt symptoms, was determined as
described elsewhere (Meletzus et al., 1993).
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Ethylene Measurements

For each treatment and at time points ranging from 0 to 20 dpi, 1-cm-long
stem pieces were excised from nine independent plants, at 1 cm above the
inoculation sites and distributed among three 25-mL flasks. Following a 3-h
period during which the stem pieces were left uncovered to allow ethylene
produced in response to the wounding to escape, the flasks were sealed for 4 h
and 1-mL gas samples were removed with a syringe and measured for
ethylene content with a Varian 3350 gas chromatograph (Varian).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Table S1. Tomato genes differentially expressed in re-
sponse to infection by Cmim.

Supplemental Table S2. Genes and primer sets used in quantitative and
semiquantitative RT-PCR experiments.

Supplemental Table S3. Comparison between the expected and observed
frequencies of functional categories for Cmm-modulated genes.

Supplemental Table S4. Induction of defense-related genes in Rio Grande
and Ailsa Craig tomato lines upon Cmm infection.
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