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Nitric oxide (NO) is involved in diverse physiological processes in plants, including growth, development, response to
pathogens, and interactions with beneficial microorganisms. In this work, a dedicated microarray representing
the widest database available of NO-related transcripts in
plants has been produced with 999 genes identified by a
cDNA amplified fragment length polymorphism analysis as
modulated in Medicago truncatula roots treated with two
NO donors. The microarray then was used to monitor the
expression of NO-responsive genes in M. truncatula during
the incompatible interaction with the foliar pathogen Colletotrichum trifolii race 1 and during the symbiotic interaction with Sinorhizobium meliloti 1021. A wide modulation
of NO-related genes has been detected during the hypersensitive reaction or during nodule formation and is discussed with special emphasis on the physiological relevance
of these genes in the context of the two biotic interactions.
This work clearly shows that NO-responsive genes behave
differently depending on the plant organ and on the type of
interaction, strengthening the need to consider regulatory
networks, including different signaling molecules.
Nitric oxide (NO) is a lipophilic, highly reactive gaseous
molecule that plays important roles in a wide variety of processes, including disease resistance, growth, and development
(Delledonne 2005). Given the diverse nature of NO functions,
large-scale gene expression studies are required to understand
the signaling networks affected (Grun et al. 2006). Recent investigations have documented the transcriptional changes in
Arabidopsis thaliana and tobacco plants occurring after treatment with the NO-releasing compound sodium nitroprusside
(SNP) (Parani et al. 2004; Polverari et al. 2003; Zago et al.
2006). These studies have confirmed that NO modulates the
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expression of a substantial number of genes that sustain a diversity of cellular functions, in accordance with the pleiotropic
role of this molecule in plant physiology. In these analyses,
NO was found to modulate the transcription of genes related to
signal transduction, such as transcription factors (WRKYs and
zinc finger proteins), receptor-like protein kinases, and mitogenactivated protein kinases, genes related to the plant defense
response and to protection against oxidative stress such as glutathione-S-transferase, glutaredoxin, and catalase (Parani et al.
2004; Polverari et al. 2003; Zago et al. 2006). It also has been
reported recently that a strong overlap exists between genes
modulated by either H2O2 or NO (Zago et al. 2006), supporting the view that NO-dependent gene expression may be regulated by the interplay with other signaling molecules (Neill et
al. 2002).
NO accumulates during the plant resistance response to
pathogens where it triggers resistance-associated cell death
and contributes to the local and systemic induction of defense
genes (Delledonne et al. 1998). The recent observation that
NO also is produced in nitrogen-fixing nodules suggests that it
also may function in symbiotic interactions (Baudouin et al.
2006). In contrast to pathogenesis, in which plants restrict
spreading of the invading pathogen by activation of defense
responses, symbiosis with nitrogen-fixing bacteria is characterized by a close association of leguminous plants with bacteria that belong to the Rhizobiaceae family, leading to the formation of new organs, the so-called nodules. Along these lines,
it is of interest to analyze the expression profile of a large set
of NO-responsive genes during disease resistance and symbiosis. For the present study, we chose the model legume Medicago
truncatula cv. Jemalong, which is able to establish both plant–
symbiont and plant–pathogen interactions (Oldroyd et al.
2005; Torregrosa et al. 2004). A whole-genome array of this
plant is not yet available; therefore, we first performed a
cDNA-amplified fragment length polymorphism (AFLP) analysis of M. truncatula roots treated with two different NO donors.
This open transcript profiling technology allows high-throughput analysis and the detection of rarely expressed transcripts,
and has been adopted extensively for large-scale gene expression analyses (Breyne et al. 2003). In a second step, a dedicated cDNA microarray (Medicago truncatula NO-responsive
genes array; MtNO) constructed with 999 cDNA fragments
whose expression was found to be modulated by NO was used
to analyze the expression of M. truncatula NO-responsive
genes i) upon incompatible interaction with the fungal pathogen Colletotrichum trifolii race 1 and ii) after infection with
the nitrogen-fixing soil bacterium Sinorhizobium meliloti 1021.
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RESULTS
cDNA-AFLP transcript profiling of NO-responsive genes.
Roots from 4-week-old plants grown in an aeroponic chamber were treated with 1 mM SNP or 0.5 mM nitrosoglutathione
(GSNO) to assess the effect of different reactive nitrogen molecules (NO+ released by SNP and NO– released by GSNO)
(Singh et al. 1999; Stamler et al. 1992) on cellular transcriptional responses. Although leaf infiltration of NO donors
already was shown to determine a large transcriptional reprogramming (Parani et al. 2004; Polverari et al. 2003; Zago et al.
2006), the effectiveness of SNP treatment on roots was assessed
by checking the expression of a gene coding for ferritin by
Northern analysis (Supplementary Fig. 1). Ferritin is known to
be transcriptionally induced following NO treatment (Murgia et
al. 2002). A strong ferritin transcript accumulation was detected
3 h after dipping in the SNP solution, thus confirming that this
treatment is suitable for NO-dependent gene expression analysis. A similar preliminary test was not performed for GSNO because of the lack of any known marker of GSNO transcriptional
effect. Then, total RNA from the root tissue was collected at 1
and 3 h after treatment and subjected to the cDNA-AFLP
analysis with an estimated coverage of 55% of the M. truncatula transcriptome (Rombauts et al. 2003). A total of 1,023
cDNA fragments showed altered expression in response to
SNP or GSNO compared with control roots dipped in water.
Construction of a MtNO array.
Bands corresponding to differentially accumulating transcripts were isolated from the gels, reamplified, and cloned.
Because the fragments can be contaminated with co-migrating
bands, three independent colonies from each of the 1,023 transformation experiments were taken. The entire set of triplicatecloned fragments was then polymerase chain reaction (PCR)
amplified, spotted on a microarray, and hybridized with RNA
extracted from roots treated with SNP or GSNO and collected
3 h after the treatment, at which time the highest transcriptional modulation in cDNA-AFLP analysis was observed. By
using log2 ratios of ≥0.3 or ≤–0.3 (corresponding to fold
changes of 1.23 and 0.81, respectively), approximately 98% of
NO-responsive cDNA fragments showed a detectable modulation in at least one of the three clones, (Supplementary Table
1) which was selected as representative for each of the 999
NO-responsive cDNA fragments. The threshold adopted was
selected arbitrarily and settled at relatively low value to include
the largest possible number of potentially NO-modulated genes
in the array, considering that genes only slightly modulated by
NO might be more strongly affected in following biological
experiments. In all, 24 cDNA fragments, for which none of the
three clones was significantly modulated, were not considered
further. The selected 999 fragments were sequenced and compared with the 249,450 M. truncatula expressed sequence tags
(EST) available. Only 830 of 999 sequences showed a significant homology with at least one EST present in the database.
This data was confirmed by the finding that 832 sequences
show homology with sequences from the M. truncatula Gene
Index database whereas, for 167 sequences (17%), no match
was found. More detailed functional annotation was provided
by mapping genes onto the GeneOntology Consortium structure
(Ashburner et al. 2000). Annotation was based on data available at the TIGR M. Truncatula Gene Index (version 8.0) and
was complemented by data available on Gene Ontology Annotation Database. Using this annotation, 626 sequences are
assigned to 1,539 biological process ontology terms (Fig. 1A),
480 sequences are assigned to 901 molecular function ontology
terms (Fig. 1B), and 481 sequences are assigned to 868 cellular
component ontology terms (Fig. 1C). In total, 672 sequences
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had at least one term associated with at least one of the ontologies. (Supplementary Table 2).
A dedicated microarray, designed as an MtNO array, carrying the 999 NO-responsive genes plus 20 control DNA fragments then was prepared. The control DNA genes encoded different nodulins (Rip1, MtN6, MtN9, Enod40, Leg1, Enod12,
Enod16, Enod11, Enod20, and MtAnn1), disease marker genes
(PAL and PR-1), controls for normalizing gene expression
(EF1α and G3PDH), non-Medicago genes (Nebulin, Desmin,
and pSK) and three ArrayControl Spots (Ambion) as spiking
control or as controls for level of nonspecific hybridization.
Expression of genes on the MtNO array
after treatment with NO donors in roots and leaves.
The MtNO array first was used to investigate whether the
two different donors modulated the same set of genes and
whether cellular responses to SNP and GSNO differed among
roots and leaves. Therefore, the microarray was hybridized
with RNA extracted from leaves or roots treated with 1.0 mM
SNP or 0.5 mM GSNO for 3 h (two biological replicates), and
expression data were analyzed with the statistical analysis of
microarrays (SAM) procedure, which allows estimation of the
false discovery rate (FDR ≤ 0.5%) in combination with a fold
change of ≥2 and ≤0.5 (Lohar et al. 2006; Tusher et al. 2001).
This fold change was chosen to investigate in a more accurate
way NO-related transcriptional changes. According to these
criteria, 497 of the 999 genes present on the array still showed
a significant change in expression in at least one organ with at
least one donor. Despite the high reproducibility observed
among the technical and biological replicates, comparison of
gene expression between different NO donors and different tissues revealed significant differences (Fig. 2). GSNO and SNP
exerted the same modulatory effect on only approximately
11% of genes in leaves and 1.6% in roots, and similar expression between leaves and roots was observed for only 1.6% of
the genes responsive to GSNO and for none of the genes responsive to SNP. Thus, modulation of gene expression appears
to be strictly dependent on the form of NO and on the cellular
response in different tissues. This underlines the observation
that the response to NO may vary between different biological
phenomena in which NO is produced.
Expression of genes on the MtNO array
during pathogenic and symbiotic interactions.
Resistance of M. truncatula to C. trifolii race 1 is associated
with a localized hypersensitive reaction (HR) and the induction
of a large number of defense genes (Torregrosa et al. 2004). By
using the cell-permeable NO-specific probe 4,5-diaminofluorescein diacetate (DAF-2DA), which is converted to its fluorescent triazole derivative DAF-2T upon reaction with NO
(Nakatsubo et al. 1998), accumulation of NO was observed at 24
and 48 h postinoculation (hpi) (Fig. 3B and C), corresponding to
the beginning of fungal penetration in plant tissues (Torregrosa
et al. 2004). Mock-inoculated control leaves showed no fluorescence (Fig. 3A). Therefore, total RNA extracted from M. truncatula leaves 24 and 48 hpi with C. trifolii race 1 and from mocktreated leaves was used for MtNO microarray hybridizations.
The analysis was performed on two biological replicates. Genes
with a statistically significant modulation of expression in at
least one time point of infection were selected based on a fold
change ≥2 and ≤0.5. A change in expression was detected in 275
genes (221 induced and 54 repressed) during the plant response
to infection (Fig. 4; Supplementary Table 3). The frequency of
biological process ontology terms associated with NO-related
genes modulated during HR is reported in Figure 5A.
NO also accumulates in functioning nodules, raising the hypothesis that it may exert functions during symbiotic interac-

tions unrelated to disease resistance and cell-death activation
(Baudouin et al. 2006). To monitor the transcriptional changes
of potentially NO-modulated genes in M. truncatula during the
symbiotic process, RNA was collected from young (10 days
postinoculation [dpi]) and older (20 dpi) nodules for which
NO production has been demonstrated previously (Baudouin
et al. 2006) as well as from nodulated control roots (two biological replicates). Genes with a statistically significant variation and a fold change ≥2 and ≤0.5 in at least one time point
then were classified as upregulated or downregulated following the most prominent modulation. Using these criteria, an
expression change was detected for 290 genes (278 induced
and 12 repressed) during nodule development (Fig. 4; Supplementary Table 4). The frequency of biological process ontology terms associated with NO-related genes modulated during
nodulation is reported in Figure 5B.
To validate the microarray results, we selected 11 genes that
were significantly modulated during HR (48 h) or during nodu-

lation (10 dpi) or that were modulated in both cases, for evaluation of transcript abundance by real-time reverse-transcriptase
(RT)-PCR. The two time points selected showed the higher
transcriptional modulation in the two phenomena analyzed.
Three biological replicates were used. Results are shown in
Table 1. A confirmation of the expression changes detected by
microarrays was obtained for seven genes. Discrepancies between the results of these two different techniques are reported
in literature with values ranging from 55 to 20 to 30%
(Czechowski et al. 2004; Salzman et al. 2005; Svensson et al.
2006). In this context, our results show a good correlation between microarray and real-time RT-PCR analyses and indicate
that our microarray data are reliable.
DISCUSSION
In this study, we report the isolation and expression analysis
of 999 NO-responsive M. truncatula genes. Despite extensive

Fig. 1. Distribution of genes in MtNO array with putative functions assigned through annotation using gene ontology. A, Biological process, B, molecular
function, and C, cellular component. Assignments are based on the data available at the TIGR Medicago truncatula Gene Index (version 8.0, 19 January
2005) and on data from the Gene Ontology Annotation Database.
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research on NO activity in plant and animal systems, knowledge about the transcriptional effect of NO is still very scarce.
This question has been addressed previously in the model species A. thaliana, leading to only partial results (Parani et al.

Fig. 2. Gene expression changes during nitric oxide treatments in roots
and leaves. Genes are clustered according to expression patterns. Clustering was performed using Euclidean distances and average linkage method.
Leaves were infiltrated using a syringe without needle with 1.0 mM sodium nitroprusside (SNP) or 0.5 mM nitrosoglutathione (GSNO) and collected after 3 h; roots were treated by dipping with 1.0 mM SNP or 0.5
mM GSNO for 3 h.
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2004; Polverari et al. 2003; Zago et al. 2006). Thus, this work
represents, at present, the widest attempt to investigate NO
effect on gene expression. M. truncatula has been chosen as a
model system because it is a crop plant and allows investigations of different plant–microbe interactions, both pathogenic
and symbiotic, in which NO involvement might be of relevance. The M. truncatula genome is not fully sequenced and
high-output microarray chips were not available at the onset of
our work; therefore, we developed a large-scale cDNA-AFLP
analysis from roots treated with two NO donors, SNP and
GSNO, that enabled us to identify 1,023 putative NO-responsive genes. Of these, 999 genes were validated by microarray
analysis and used, together with a set of specific markers for
symbiosis and pathogenesis, to build a dedicated MtNO array.
The selected 999 cDNA fragments were sequenced and
compared with the M. truncatula Gene Index database, which
collects EST from all published EST projects plus transcript
sequences from GenBank (Quackenbush et al. 2000), retrieving no match for 167 fragments (17%) which, therefore, may
represent novel M. truncatula genes. The analysis of the predicted functions of the 999 genes suggests that NO may control
a large range of cellular functions in M. truncatula, including
primary metabolism, cell response to environmental cues, and
associated regulatory signaling events.
The comparison of gene responsiveness to the two NO donors
in roots and in leaves pointed out a low correlation of responses
between the two organs on the one hand and between different
NO sources applied to the same organ on the other. These results
are in good agreement with a previous study of plant response
to reactive oxygen species (Gadjev et al. 2006), and may explain
the low redundancy observed in previous analyses of gene expression in response to NO donors (Huang et al. 2002; Parani
et al. 2004; Polverari et al. 2003). Moreover, they illustrate that
data obtained using NO donors should be taken with extreme
care and must be interpreted in the correct physiological context. Therefore, we analyzed the expression of genes in the
MtNO array during pathogenic and symbiotic interactions.
Expression of NO-responsive genes
following C. trifolii infection.
M. truncatula develops resistance upon infection with C. trifolii race 1 (Torregrosa et al. 2004). In this work, we report
that this resistance is accompanied by a transient production of
NO and show how NO-responsive genes are expressed during
this specific interaction. Of the 999 NO-related genes examined, 275 presented a significant variation in expression and
were mainly upregulated, with the strongest induction at 48
hpi, in agreement with Torregrosa and associates (2004), who
detected the widest accumulation of defense-related genes at
this time point. Only 41 genes modulated in this model system
had been identified already in expression analyses or in EST
libraries from the same interaction (Torregrosa et al. 2004),
while 234 additional genes have been identified in this work.
The disease resistance pathway induced by C. trifolii in M.
truncatula shows some similarities at the transcriptional level
to other best-characterized pathosystems. Genes with similarity
to genes essential for the development of resistance in Arabidopsis and other species such as NIM-1 (TC103386), EDS-1like protein (TC101591) (Despres et al. 2000; Liu et al. 2002),
the Arabidopsis Disease Resistance Protein AIG-1 (TC95233)
(Reuber and Ausubel 1996), and Hsr201 (TC93957), considered
a marker of an HR (Czernic et al. 1996; Takahashi et al. 2004),
have been identified in this work as NO responsive and transcriptionally activated upon hypersensitivity in alfalfa.
In addition, NO-related genes involved in reactive oxygen
species generation or in plant tolerance to oxidative stresses,
such as a gene showing partial similarity to a class III peroxi-

dase precursor (TC105151) and a thioredoxin h (TC100552),
both shown to be NO or H2O2 inducible in other systems (Zago
et al. 2006), a serine hydroxymethyltransferase (TC106714),
and a spermidine synthase 1 (TC101378), were found to be induced during the interaction with C. trifolii, in agreement with
the detection of an oxidative burst associated with the resistance
of M. truncatula to C. trifolii (Torregrosa et al. 2004). Recent
evidences indicate that class III peroxidase plays a significant
role in generating H2O2 during the Arabidopsis defense response
and in conferring resistance to a wide range of pathogens
(Bindschedler et al. 2006).
Phospholipids-derived products play an important role in
many cellular processes, including biosynthesis of jasmonic
acid and defense signaling (Ryu 2004). Thus, it is not surprising
that genes related to the lipid signaling pathway (TC101452,
TC100188, and TC108506) are among NO-related transcripts
induced during HR: NO is likely to affect lipid peroxidation in
a complex way through interaction of its reactive forms with
lipid radicals or enzymes involved in lipid peroxidation (Hogg
and Kalyanaraman 1999).
Interestingly, two NO-induced genes related to a 26S proteasome degradation pathway (TC100785 and TC101418), an
ubiquitin-protein ligase 2 (TC99995), and two ubiquitin-activating enzyme-like proteins (SUMO) (TC95241 and TC95701)
are induced during HR. Protein modifications and degradation
already have been implicated in regulation of defense responses.
In fact, evidence has shown the involvement of ubiquitine/26S
proteasome in resistance to pathogens (Vierstra 2003); also,
sumoylation seems to be an essential protein modification

step for several biological processes, including resistance
(Novatchkova et al. 2004).
Finally, other NO-responsive genes induced during HR encode components of signal transduction cascades. Among them
are kinases, (TC101908, TC107107, and TC100773), phosphatases (TC102800 and TC98241), and transcription factors of the
zinc finger (TC100777), bZIP (TC95362), and WRKY
(TC108267) families. This last example is especially interesting
because members of the WRKY gene family can regulate the
expression of resistance in Arabidopsis and other species (Du
and Chen 2000; Eulgem and Somssich 2007). Thus, it will be
interesting to investigate further the role of WRKYs as possible
transcriptional activators of defense genes in M. truncatula.
Although an involvement of NO in mediating the transcriptional response to C. trifolii cannot be established yet, the wide
correlations found between NO-related and HR-related gene
expression is interesting and opens the way for further investigations about NO functions on resistance in M. truncatula.
Expression of NO-responsive genes during symbiosis.
We and others have recently observed that NO is produced
in root nodules formed upon rhizobial infection (Baudouin et
al. 2006; Pii et al. 2007). On the basis of these results, we analyzed the expression of NO-responsive genes in young nodules
(10 dpi) and in mature ones (20 dpi). Of the 999 genes responding to NO in Medicago roots, 290 also were regulated in
nodules, and mainly in young nodules, supporting the hypothesis that NO may participate to nodule development, as
suggested by Pii and associates (2007).

Fig. 3. Visualization of nitric oxide (NO) by fluorescence microscopy using 4,5-diaminofluorescein diacetate in epidermis of Medicago truncatula during the
pathogenic infection. Images are representative of confocal laser scanning microscopy detection of NO at different time points after Colletotrichum trifolii
race 1 infection. A, Mock treated negative control; B, 24 h postinoculation (hpi); C, 48 hpi; and D, 72 hpi.
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Following plant-rhizobia recognition, the root hairs undergo
complex developmental changes to promote nodule formation
(Stougaard 2000), such as changes in the profile of flavonoids
released in root exudates which can induce bacterial nod gene

expression (Cooper 2004; Peters and Long 1988). Chalcone
synthase (CHS) genes have been reported to be upregulated in
M. truncatula following inoculation with S. meliloti (Lohar et
al. 2006), whereas silencing of a CHS gene resulted in inhibition
of root nodule formation (Wasson et al. 2006). Interestingly,
several genes involved in flavonoid biosynthesis identified as
NO-related by our analysis also were upregulated at 10 dpi
(TC100398, TC100399, and TC100400).
The modifications of the developmental program of root
hairs during nodulation involve the activity of several signal
transduction components (Madsen et al. 2003; Radutoiu et al.
2003; Tirichine et al. 2007). Accordingly, genes coding for
several kinases (TC101043, TC102457, TC108166, TC94925,
and TC109034), receptor-like kinases (TC103880 and
TC96145), and transcription factors (TC95828 and TC107215)
are upregulated in young nodules. Nodule edification also requires plant cells undergoing endoreduplication cycles that are
tightly dependent on specific proteasome-dependent protein
degradation (Kondorosi et al. 2005). Two genes detected by
our analysis as putatively NO-related (TC101765 and
TC106801), both operating in the proteasome-dependent protein degradation pathway, and several other genes involved in
proteolysis (TC94330, TC94369, and TC97079) are activated
in nodules.
Redox signaling also plays a key role in the establishment of
a functioning nodule (Frendo et al. 2005; Lee et al. 2005;
Wisniewski et al. 2000). The enhanced expression in nodules
of two genes encoding H2O2-generating proteins—a peroxidase
(TC95986) and a germin-like oxalate oxidase (TC95759)—is
worth mentioning and suggests possible cross talks between
NO and H2O2 signaling, as demonstrated in other systems
(Zaninotto et al. 2006). Moreover, a gene encoding a glutathione
synthetase (TC108090) involved in the control of cellular
redox responses via protein thiol status and a gene involved in
glutathione-conjugate transport (TC94904) present similar expression patterns. Glutathione synthetase previously has been
shown to be involved in nodule development (Frendo et al.
2005), and recently, we described the regulation of glutathione
synthesis by NO in M. truncatula roots (Innocenti et al. 2007).
Reprogramming of plant cell primary metabolism is necessary for the integration of large amounts of ammonium produced by bacteroids into amino acids (Udvardi and Day 1997).
Dicarboxylic acids deriving from sucrose breakdown are used
by microsymbionts as carbon sources and provide carbon skeletons for the assimilation of the produced ammonia into amino
acids (Gordon et al. 1999; Udvardi and Day 1997). Sucrose
synthase is the major enzyme responsible for sucrose degradation in mature nodules (Albrecht and Mustroph 2003; Gordon
et al. 1999). A functional implication of sucrose synthase in
efficient nitrogen fixation was demonstrated recently using antisense transgenic plants (Baier et al. 2007). In this framework,
it is interesting to observe that nodulation can affect transcription of genes coding for two sucrose synthases (TC95820 and
TC 100410) and a sucrose transporter (TC944389), and of genes
involved in glycolysis and dicarboxylic acid biosynthesis, such
as glyceraldehyde-3-phosphate dehydrogenase (TC106518), isocytrate dehydrogenase (TC94329), and a cytosolic malate de-

Fig. 4. Gene expression changes during the incompatible Medicago truncatula–Colletotrichum trifolii race 1 (Ctr1) and the symbiotic M. truncatula–Sinorhizobium meliloti (Sm1021) interactions, and in response to nitric
oxide donor treatment (sodium nitroprusside [SNP] and nitrosoglutathione
[GSNO]) in leaves or roots. Genes are clustered according to expression
patterns. Clusters were calculated using Euclidean distances and average
linkage method. Cluster I: genes modulated during hypersensitive response. Cluster II: genes modulated during nodule development.
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Fig. 5. Frequencies of gene ontology terms associated to genes modulated A, during the hypersensitive reaction to Colletotrichum trifolii race 1 and B,
during interaction with Sinorhizobium meliloti. Values are expressed as percentage of genes assigned to a particular term over the number of genes with a
biological process term associated. Assignments are based on the data available at the TIGR Medicago truncatula Gene Index (version 8.0, 19 January 2005)
and on data from the Gene Ontology Annotation Database.
Table 1. Validation of expression patterns by real-time reverse-transcriptase polymerase chain reaction (RT-PCR)a
Microarray
Gene ID

Definition

Modulated specifically during HRb
TC98241
Putative phosphatase
TC108506
Fatty acid hydroxilase
TC100886
Vestitore reductase
Modulated specifically during nodulation
TC100410
Sucrose synthase
TC101043
Phosphofructokinase
TC96961
Syntaxin
TC106808
Glutamine synthetase
TC100430
Cytosolic malic dehydrogenase
Modulated specifically during both HR and nodulation
TC101701
Acyl-CoA oxidase
TC94441
Glutaredoxin
TC100188
Lipoxygenase

Real-time RT-PCR

HR48

NOD10

HR48

P value

NOD10

P value

2.46
2.50
2.46

…
…
…

1.30
2.62
0.45

0.028
0.030
0.030

…
…
…

…
…
…

…
…
…
…
…

14.82
4.76
2.55
4.26
3.66

…
…
…
…

…
…
…
…
…

5.58
9.32
0.74
1.16
12.64

2.41
0.058
2.27

2.85
2.55
2.10

0.55
0.81
1.30

0.017
0.073
0.1

109.14
18.38
14.32

0.07
0.02
0.31
0.34
0.1
0.001
0.014
0.0001

a

The expression of 11 modulated genes belonging to different functional categories and expression clusters was verified by real-time RT-PCR. The experiment was performed on three biological replicates. Expression values are expressed as ratios between analyzed samples and controls. P values supporting
the significance of real-time data also are provided. Validated data are shown in bold.
b
HR = hypersensitive response.
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hydrogenase (TC100430). Concomitantly, a modified protein
metabolism is reflected by the upregulation of 15 genes corresponding to different ribosomal proteins and by increased transcription of genes encoding important enzymes, such as glutamine (TC106808, TC106913, and TC106729) and asparagine
synthases (TC100393) and an amino acid transporter
(TC97228).
Altogether, these data point toward new directions for further
understanding of the molecular events underlying nodule formation and the possible contributions of NO to nodule metabolism.
NO-responsive genes during pathogenic
and symbiotic interactions: commonalities and differences.
The comparison between transcriptional changes detected
on the MtNO array in the incompatible interaction or in the
symbiotic interaction showed limited correlations, either direct
or inverse. Only 10 NO-related genes were significantly
upregulated in both model systems and 47 genes showed an
opposite modulation in pathogenic versus symbiotic conditions.
Although this is not surprising, given the diverse nature of the
two plant–microbe interactions, these genes might be of special interest because they might reflect crucial control points in
which compatible interactions diverge from incompatible ones.
Among the 10 genes significantly upregulated in both model
systems are genes related to lipid metabolism (TC101701 and
TC100188), in agreement with the importance of lipid synthesis during development processes and stress responses, and
genes involved in signal transduction (TC100784, shaggyrelated protein kinase) or in the breakdown of alcohols (alcohol dehydrogenases TC100661 and TC95827).
In all, 47 NO-responsive genes showed an opposite regulation in pathogenesis and symbiosis. Although some differences
may be ascribed to organ specificity, most of these differences
are not organ dependent (i.e., the genes respond similarly to
NO in both leaves and roots). One such example is the already
mentioned sucrose synthase gene TC100410, upregulated in
symbiosis and downregulated in HR development, reflecting
activation of glycolysis in nodules, and the already reported
accumulation of sucrose in incompatible interactions (GomezAriza et al. 2007; Scharte et al. 2005). The differential regulation of glutaredoxin (TC94441) might reflect the need of a
reducing environment in nodules (Harrison et al. 2005) and the
downregulation of the overall reducing capacity of the plant
following pathogen attack (Mou et al. 2003). Signal transduction components also were differentially regulated in the two
processes, such as transcription factors (TC95828, TC107215,
and TC111312) and protein kinases (TC108166 and TC94925).
These findings suggest that several different regulating components, possibly affected by NO production, modulate gene expression in different systems, leading, in some cases, to antagonist effects.
Conclusion.
This work highlights the effect of NO on plant transcripts in
both leaves and roots and, thus, points to a possible role for this
molecule as a transcriptional modulator in the different plant–
microbe interactions in which it is produced. It clearly shows
that NO-responsive genes behave differently depending on the
plant organ and on the type of interaction. This further demonstrates the need for considering regulatory networks, including
different signaling molecules, in order to have a holistic view of
gene transcription changes during plant–microbe interactions.
However, the results presented here suggest that NO might be
involved in the transcriptional changes induced by HR during
pathogenic interaction and might regulate important processes
of symbiotic nodule development and functioning.
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MATERIALS AND METHODS
Plant inoculations and treatments.
M. truncatula cv. Jemalong seed were scarified in 1 M
H2SO4 (8 min), sterilized in 6% bleach solution (4 min), and
then rinsed with sterile distilled water. Sterilized seedlings germinated for 48 h on 0.5% agarose were planted in sand watered with modified Farhaeus medium (Boisson-Dernier et al.
2001). For treatments with NO donors, plants were grown in
an aeroponic growth chamber with nutritive medium, with a
day and night temperature of 22°C and a photoperiod of 16 h.
After 4 weeks, plants were transferred in modified Farhaeus
liquid medium only (control) or containing 1 mM SNP or 0.5
mM GSNO for 1 or 3 h, as indicated. For infection with C. trifolii race 1, seedlings were transferred in soil and detached
leaves taken from 4-week-old plants were used for analysis.
Fungal growth and inoculation procedures were performed as
described (Torregrosa et al. 2004). Inoculated and control
leaves were collected 24, 48, and 72 hpi. For S. meliloti 1021
inoculation, seedlings were transferred to sterile sand and watered with nutritive solution in the absence of nitrogen supply.
Plants were inoculated when 7 days old. Roots and nodules
were collected 10 and 20 dpi. The production of NO was visualized using DAF-2 DA as described (Foissner et al. 2000). Total RNA was isolated from roots and leaves using Trizol reagent (Invitrogen, Paisley, U.K.).
Northern blot.
RNA was extracted using Trizol for both leaves and cells
(Invitrogen). RNA at 5 μg per sample was used in RNA gel
electrophoresis. RNA then was blotted overnight onto a nylon
membrane Hybond-N+ (Amersham Biosciences, Piscataway,
NJ, U.S.A.), crosslinked to the membrane with 2 h baking at
80°C and hybridized with a radioactive probe using the
RediprimeII Amersham kit (Amersham Biosciences). The
Arabidopsis ferritin probe was a Not1-EcoR1 fragment (approximately 600 bp) from the Atfer1 cDNA subcloned in
pBluescript (Gaymard et al. 1996).
cDNA-AFLP analysis.
Poly(A)+ RNA was isolated from total RNA samples using
biotinylated oligo-dT (Promega Corp., Madison, WI, U.S.A.)
in combination with streptavidin magnetic beads (Dynabeads
M-280 Streptavidin; Oxoid, Basingstoke, U.K.) and then was
used for cDNA synthesis. The cDNA-AFLP technique was
performed as described (Breyne et al. 2002) using 32 primer
combinations. The 33P-labeled cDNA fragments were separated
on 6% polyacrylamide gels and visualized by autoradiography.
Bands showing a marked variation in intensity in SNP- or
GSNO-treated samples compared with the controls were cut
out from the gel, reamplified, and cloned.
Construction of dedicated microarrays.
Clones were kept as bacteria stocks at –80°C. Each clone
was PCR amplified. PCR products were cleaned with Millipore (Billerica, MA, U.S.A.) filter plates and eluted in 3× SSC
(1× SSC is 0.15 M NaCl plus 0.015 M sodium citrate) to reach
a final concentration of 50 to 300 ng/μl. DNA was spotted onto
aminosilane-coated slides with a SpotArray24 microarray
spotter (Perkin-Elmer Life Sciences, Zaventem, Belgium).
DNA was UV cross-linked onto the slide. Slides were stored in
the dark at room temperature.
RNA labeling and microarray hybridization.
mRNA was labeled with either Alexa-555 (references) or
Alexa-647 (samples) dies (Invitrogen) using SuperScript Indirect cDNA Labeling System (Invitrogen), according to the

manufacturer’s instructions. Samples and reference probes were
mixed, vacuum dried, and resuspended in Microarray hybridization solution (Amersham Biosciences). Hybridization was
performed for at least 16 to 18 h at 42°C.
Image acquisition and data normalization.
The hybridization signal was detected with a ScanArray
4000XL (PerkinElmer Life Sciences) and quantified with ScanArray Express 3.0 software (PerkinElmer Life Sciences). The
output files were normalized with LIMMA array analysis software (Smyth et al. 2005) using the functions background correction and Lowess correction. The ratios between the Alexa
647 and Alexa 555 signals were log2 transformed for further
data analysis.
Statistical analysis.
Differential gene expression was assessed using the SAM
analysis (Tusher et al. 2001). Data were considered as significant with an FDR < 0.05% and a fold change ratio between 0.5
and 2. A hierarchical clustering procedure was used to test for
coexpression using simple Euclidean distances.
Real-time PCR analysis.
Total RNA samples were extracted using Trizol reagent
(Invitrogen). A set of primers specific for 11 genes analyzed
was designed as follows: AcylCoa forward (for) (TC101701),
AAGCTGCTCTGAAGCTTGTC; AcylCoa reverse (rev)
(TC101701), CTGACAGTTTGTGGATTGCC; Synt for
(TC96961), GTCAACACTTCGCTTCTTCG; Synt rev, AATC
ATCCACCCAAGATGGC; PPK for (TC101043), AAGACCC
TGCCCATTACTCT; PPK rev, GTAACCTGCCATTGCTC
CAT; MDH for (TC100430), TCCCAAGCTTCTGCTCT
TGA; MDH rev, CTCAGGAATGGATGGAGCAA; GS for
(TC106808), TGAGGAGCAAAGCAAGGACT; GS rev, ATC
TTCTCCAGGAGCTTGAC; Phos for (TC101043), TTTGAA
GCTTGAGGGAGGTG; Phos rev, CCTCTCCATTGCTCCA
ATCA; Lipoxy for (TC100188), AAGGATTGACTTCCAGA
GGC; Lipoxy rev, AGGTGAGGGAATTGGATTCC; Vest for
(TC100886), AAGGCTGTGTCGGGATATTC; Vest rev, AAA
ATGCCTAATGCGCCGTC; Fat for (TC108506), CCTTCAA
CTACTCCTGCGTT; Fat rev, GGATGTTCAGTCTTTGG
CTG; Susy for (TC100410), CTTGAAGCAAAGGGAAA
GGG; Susy rev, CACCAAATGCACCATCAGTC; Glutared
for (TC94441), AGCCGTTGAACTCGATTCTG; and Glutared
rev, CAATGTGGTTGCCGCCAATA). Actin 11 (TC106785)
was used as internal normalizer (Actin11 for, GCTATTCAGG
CCGTTCTTTC and Actin11 rev, AAGGGCATAACCCTCG
TAGA). Thermal cycle conditions used were 95°C for 40 s,
55°C for 30 s, and 72°C for 50 s, all repeated for 40 cycles.
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